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Earlier studies have reported a role for lipooligosaccharides
(LOSs) in sliding motility, biofilm formation, and infection of
host macrophages in Mycobacterium marinum. Although a LOS
biosynthetic gene cluster has recently been identified in this
species, many structural features of the different LOSs (LOS-I-
IV) are still unknown. This clearly hampers assessing the contri-
bution of each LOS in mycobacterial virulence as well as struc-
ture-function-based studies of these important cell wall-
associated glycolipids. In this study, we have identified an M.
marinum isolate, M. marinum 7 (Mma?7), which failed to pro-
duce LOS-IV but instead accumulated large amounts of LOS-III.
Local genomic comparison of the LOS biosynthetic cluster
established the presence of a highly disorganized region in
Mma?7 compared with the standard M strain, characterized by
multiple genetic lesions that are likely to be responsible for the
defect in LOS-IV production in Mma?7. Our results indicate that
the glycosyltransferase LosA alone is not sufficient to ensure
LOS-1V biosynthesis. The availability of different M. marinum
strains allowed us to determine the precise structure of individ-
ual LOSs through the combination of mass spectrometric and
NMR techniques. In particular, we established the presence of
two related 4-C-branched monosaccharides within LOS-II to IV
sequences, of which one was never identified before. In addition,
we provided evidence that LOSs are capable of inhibiting the
secretion of tumor necrosis factor-a in lipopolysaccharide-
stimulated human macrophages. This unexpected finding sug-
gests that these cell wall-associated glycolipids represent key
effectors capable of interfering with the establishment of a pro-
inflammatory response.

A key feature of all members of the genus Mycobacterium is a
cell wall of unique and complex structure, which plays an
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important role in antibiotic resistance and pathogenesis of
mycobacteria by modulating the host immune system and
phagocytic cell functions (1). The mycobacterial cell wall
includes essentially two types of lipids, the mycolic acids, which
are very long chain fatty acids covalently bound to the arabi-
nogalactan polysaccharide attached to a peptidoglycan back-
bone (2), and a vast array of extractable lipids/glycolipids (3).
The latter include the ubiquitous trehalose dimycolate (TDM)?
and phosphatidyl mannosides (PIM) (4) as well as a vast array of
species-specific lipids such as phenol glycolipids (5), phthioc-
erol dimycocerosates (5), sulfolipids (4), glycopeptidolipids,
and lipooligosaccharides (LOSs).

LOSs were found and described in Mycobacterium kansasii
(6-8), Mycobacterium gastri (8, 9), Mycobacterium szulgai
(10), Mycobacterium malmoense (11), Mycobacterium gordo-
nae (12), Mycobacterium butyricum (13), Mycobacterium
mucogenicum (14), the Canetti variant of Mycobacterium
tuberculosis (15) and, more recently in Mycobacterium mari-
num (Mma) (16). However, they remain among the less studied
mycobacterial glycolipids at a biosynthetic, structural, and
functional point of view. To date, only three genes have been
experimentally demonstrated to be involved in the late steps of
LOS biosynthesis in M. marinum (16, 17), and one gene
encodes a polyketide synthase responsible for the synthesis of
the polymethyl-branched fatty acid in the Mycobacterium
smegmatis LOS (18).

LOSs represent highly antigenic glycoconjugates exposed to
the cell surface and useful target molecules for serotyping in a
given mycobacterial species. Their precise role in mycobacteria
virulence as well as in the colony morphology remains unclear
(19, 20). Early studies demonstrated that rough variants of

3 The abbreviations used are: TDM, trehalose dimycolate; COSY, correlation
spectroscopy; FCS, fetal calf serum; GC-MS, gas chromatography-mass
spectrometry; HMBC, heteronuclear multiple-bound correlation; LM, lipo-
mannan; LOS, lipooligosaccharide; MALDI-MS, matrix-assisted laser des-
orption ionization-time of flight-mass spectrometry; Mma, Mycobacterium
marinum; PIM, phosphatidylinositol mannoside; TNF, tumor necrosis fac-
tor; TOCSY, total correlation spectroscopy; NOE, nuclear Overhauser effect;
ELISA, enzyme-linked immunosorbent assay; DIG, digoxigenin; HSQC, het-
eronuclear single quantum coherence; a-Car, a-caryophyllose; PGL, phe-
nolic glycolipid; LPS, lipopolysaccharide; ES-MS, electrospray-mass spec-
trometry; rt, retention time.
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M. kansasii, devoid of all LOSs, induce chronic systemic infec-
tions in mice, whereas smooth variants containing LOSs are
rapidly cleared from the organs of infected animals (19, 21). It
was therefore proposed that LOSs may act as avirulence factors
by masking other cell wall-associated virulence factors.
Accordingly, LOSs are absent in most clinical isolates of M.
tuberculosis as well as in the laboratory strain H37Rv. A recent
genetically based comparison of the LOS biosynthetic cluster in
M. marinum and M. tuberculosis revealed that only about one-
third of the genes are conserved between the two species, with
the genetic locus of M. tuberculosis H37Rv containing fewer
genes (17). Although recent studies suggested a possible role
of LOSs in sliding motility, biofilm formation, and infection of
macrophages by M. marinum (17), the precise contribution of
LOSs to M. marinum pathogenesis or virulence is seriously
hampered by the restricted number of isogenic strains deficient
in their production and the lack of precise structural data of
LOS variants. LOSs from different mycobacterial species
exhibit considerable variations in the glycan core. A previous
work identified the presence of four major LOS variants in
M. marinum, designated LOS-I to LOS-IV (16). Through
partial characterization, the structure of LOS-I was previ-
ously established as 3-O-Me-Rhap-(1-3)-Glcp-(1-3)-Glcp-
(1-4)-Glep-(1-1)-Glep. Although all LOSs were shown to
contain this common oligosaccharidic core substituted by an
additional Xylp unit, LOS-II, -III, and -IV are further substi-
tuted by other unidentified monosaccharides, designated X and
YZ, which leave their exact sequence largely unknown (16).

In this study, we report the identification of a natural mutant
of M. marinum, devoid of LOS-IV production, which allowed
the production of large amounts of LOS-III and the determina-
tion of the fine structure of all LOSs. In addition, the availability
of all LOS variants with defined structures has opened the pos-
sibility to undertake structure-function relationship studies.
These molecules were therefore used in in vitro assays to
uncover their potent biological roles.

EXPERIMENTAL PROCEDURES

M. marinum Strains and Growth Culture Conditions—M.
marinum isolates, originating from infected fish or humans,
used in this study were described previously (22). The reference
strain M, a human isolate (23), was also included in this work.
Bacteria were grown at 30 °C on plates containing Middlebrook
7H10 supplemented with oleic acid/albumin/dextrose/catalase
enrichment or in Sauton’s broth medium.

DNA Manipulation—Restriction enzymes, T4 DNA ligase,
and Vent DNA polymerase were purchased from New England
Biolabs. M. marinum genomic DNA was prepared as described
previously (24). Probes were labeled with digoxigenin (DIG-
dUTP-5') using the PCR DIG probe synthesis kit (Roche
Applied Science), and Southern blot hybridization was per-
formed as described earlier (24). Detection was performed
using the DIG luminescence detection kit (Roche Applied Sci-
ence) according to the manufacturer’s recommendations.

Cloning of Rv1500 (losA) from M. tuberculosis—PCR ampli-
fication of Rv1500, the gene homologous to losA in M. tubercu-
losis, was performed using H37Rv genomic DNA along with the
upstream primer 5'-TGC GCC TCT CAA TCG TAA CGA
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CTA T-3" and downstream primer 5'-AAA GGA ATT CTG
CAG ATG TAA GAT GG-3', which contains an EcoRI site
(underlined). The 1360-bp product was then digested with
EcoRI and cloned into the Mscl/EcoRI-restricted pMV261, a
mycobacterial shuttle vector containing the /&sp60 promoter
(25), thus giving rise to pMV261-Rv1500. Mma7 was trans-
formed with this plasmid or pMV261, and polar lipids were
extracted.

Lipid Extraction and Analysis—Polar and apolar lipids were
extracted according to established procedures (16). Polar lipid
extracts were examined by two-dimensional TLC on plates of
Silica Gel 60 (Merck), using chloroform/methanol/water (60:
30:6, v/v) in the first direction and chloroform/acetic acid/
methanol/water (40:25:3:6, v/v) in the second direction. Glyco-
lipids were visualized by spraying plates with orcinol/sulfuric
acid reagent (0.2%, w/v, orcinol in H,SO,/water, 1:4, v/v) fol-
lowed by charring. Lipids were also visualized by spraying with
5% ethanolic molybdophosphoric acid and charring. Phos-
phate-containing lipids were stained and visualized using the
Dittmer and Lester reagent.

Purification of Glycolipids—To purify LOSs, the crude polar
extract was dissolved in chloroform/methanol (2:1, v/v) and
applied in a DEAE-cellulose column (2 X 30 c¢m) for purifica-
tion. The column was eluted with chloroform/methanol (500
ml; 2:1, v/v) and increasing concentrations of ammonium ace-
tate (5—500 mm) in chloroform/methanol (2:1, v/v). The purifi-
cation process was monitored by one-dimensional TLC using
chloroform/acetic acid/methanol/water (40:25:3:6, v/v). Glyco-
lipids were visualized by spraying plates with orcinol/sulfuric
acid reagent followed by charring. LOS-I, -1I, and -III were co-
eluted from the DEAE column using chloroform/methanol
(2:1, v/v), whereas LOS-IV was eluted from DEAE in the pres-
ence of 40 —60 mm ammonium acetate in chloroform/metha-
nol (2:1, v/v). DEAE fractions containing LOS-I to LOS-III were
concentrated and applied on a silicate gel column for a second
purification step. The column was eluted with chloroform (500
ml) and chloroform/methanol with increasing volumes of
methanol (1-80%). LOS-I was eluted in a fraction containing
15% methanol, and LOS-II and LOS-III were co-eluted in the
presence of 20% methanol. LOS-I to LOS-IV were further puri-
fied into individual species by preparative TLC on 20 X 20-cm
high performance TLC plates of Silica Gel 60 (Merck) and run
in chloroform/acetic acid/methanol/water (40:25:3:6, v/v). Gly-
colipids and lipids were revealed by iodine vapors. Spots corre-
sponding to the glycolipids were scraped from the plates, and
the glycolipids were extracted using chloroform/methanol (2:1,
v/v) and finally purified on Sep-pack C,, cartridge (Waters,
Milford, CT).

Purification of TDM was realized from extracted apolar gly-
colipids. Briefly, apolar glycolipids were dissolved in chloro-
form and applied on Florisil® column chromatography (Acros
Organics). The column was eluted with chloroform (500 ml)
and chloroform/methanol with increasing volumes of metha-
nol (1-50%). The purification process was monitored by one-
dimensional high performance TLC using chloroform/metha-
nol (90:10, v/v). TDM was visualized by spraying plates with
orcinol/sulfuric acid reagent followed by heating the plates at
120 °C. TDM was eluted in fraction containing 10% of metha-
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nol. TDM-containing fractions were pooled and applied on a
second Florisil® column chromatography eluted with chloro-
form (500 ml) and chloroform/methanol with increasing vol-
umes of methanol (1-20%). Purity of TDM was checked by
MALDI-MS and NMR.

Lipooligosaccharide De-O-acylation—LOSs were de-O-acy-
lated in chloroform/methanol (2:1, v/v) containing 0.1 mm
NaOH at 37 °C for 2 h. Solvents were evaporated, and the
resulting oligosaccharides were dissolved in water and further
purified on a carbograph column (Alltech carbograph SPE
column).

Permethylation and Linkage Analysis—Permethylation (or
perdeuteromethylation) was performed according to the pro-
cedure of Ciucanu and Kerek (26). Briefly, compounds were
incubated overnight in a suspension of 200 mg/ml NaOH in dry
DMSO (300 ml) and iodomethane (200 ml) (or iododeu-
teromethane). The methylated (or deuteromethylated) prod-
ucts were extracted in chloroform and washed with water. The
reagents were evaporated, and the sample was dissolved in
methanol prior to mass spectrometry analysis. Permethylated
samples were hydrolyzed with 4 M trifluoroacetic acid for 2 h at
100 °C and reduced with 10 mg/ml sodium NaBH, in 0.5 m
aqueous ammonium hydroxide solution at room temperature
for 4 h, and the reaction was terminated by adding a few drops
of acetic acid. Samples were dried and acetylated with acetic
anhydride at 100 °C for 4 h. The reagent was removed under
nitrogen stream and sample dissolved in chloroform. The chlo-
roform phase was then washed several times with water before
gas chromatography coupled to mass spectrometry (GC-MS)
analysis using a Carlo Erba GC 8000 gas chromatograph
equipped with a 25-m X 0.32-mm CP-Sil5 CB low bleed/MS
capillary column, 0.25-um film phase (Chrompack). Tempera-
ture of the Ross injector was 280 °C, and samples were analyzed
using a temperature program starting at 100 °C for 1 min, fol-
lowed by a temperature ramp of 5 °C min ' to 300 °C. Electron
ionization-mass spectra were obtained using a Finnigan Auto-
mass II mass spectrometer.

Matrix-assisted Laser Desorption lonization-Mass Spectrom-
etry (MALDI-MS) Analyses—The molecular masses of polysac-
charides were measured by MALDI-TOF on a Voyager Elite
reflectron mass spectrometer (PerSeptive Biosystems, Fram-
ingham, MA), equipped with a 337 nm UV laser. Native and
permethylated samples were prepared by mixing directly on the
target 1 ml of the methanol (native and permethylated)-diluted
oligosaccharide solution and 1 ml of 2,5-dihydroxybenzoic acid
matrix solution (10 mg/ml dissolved in acetonitrile/H,O).

Electrospray Ionization-MS Analysis—Nano-electrospray
mass spectrometric analyses were performed using a QSTAR
Pulsar quadrupole time-of-flight mass spectrometer (AB/MDS
Sciex, Toronto, Canada) equipped with a nanoelectrospray ion
source (Protana, Odense, Denmark). Samples were dissolved at
a concentration of 10 pmol/ul in methanol/water (50:50, v/v),
0.1% formic acid and sprayed from gold-coated “medium
length” borosilicate capillaries (Protana, Odense, Denmark). A
potential of 800 V was applied to the capillary tip, and the
declustering potential and the focusing potential were set at 120
and 180V, respectively. For the recording of conventional mass
spectra, TOF data were acquired by accumulation of 10 multi-
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ple channel acquisition scans over the m2/z range 400 —-2000. In
the collision-induced dissociation (MS/MS) analyses, multiple
charged ions were fragmented using nitrogen as collision gas
(5.3 X 102 torr), and the collision energy varied between 40
and 80 eV to obtain maximal fragmentation. The collision-in-
duced dissociation spectra were recorded on the orthogonal
TOF analyzer over a range of m/z 100-1400. Signal detection
was performed with a multichannel plate detector and time to
digital conversion. Resolution was measured as the full width at
half-maximum and was 7000 in the measured mass ranges.
External calibration was performed prior to each measure using
a 1 pmol/ul solution of glufibrinopeptide in methanol/water
(50:50, v/v).

NMR Analysis—NMR experiments were performed on a
Bruker NMR spectrometer 9.4 teslas (where 'H resonated at
400.33 MHz and '3C at 100.66 MHz) and on a Bruker NMR
spectrometer 14.1 teslas (where 'H resonated at 600.13 MHz
and "*C at 150.91 MHz) equipped with a cryo-probe head. Prior
to NMR spectroscopic analyses, LOS-I-IV were repeatedly
exchanged in CD;0D (99.97% purity, Euriso-top®, CEA Saclay,
France) with intermediate drying and then dissolved in CDCl,/
CD,OD (2:1, v/v) (Euriso-top®). *H and **C chemical shifts are
given in parts/million downfield from internal tetramethylsi-
lane at 0 ppm. OS-II and OS-IV were repeatedly exchanged in
*H,0 (99.97% *H, Euriso-top®) with intermediate freeze-dry-
ing and finally dissolved in *H,O (Euriso-top®) in Shigemi®
tubes (Allison Park). Chemical shifts (parts/million) were cali-
brated taking methyl groups from internal acetone at §'H 2.225
and "2C at 31.55 ppm. All experiments were recorded at 300 K
without sample spinning. The Bruker pulse programs were
used and optimized (pulse lengths and delays) for each one- or
two-dimensional experiments.

Cell Culture Conditions and Quantification of TNF-a Secre-
tion by ELISA—RPMI 1640 medium, L-glutamine were pur-
chased from Invitrogen, and fetal calf serum (FCS) was from
Dominique Dutscher (Brumath, France). The 1,25-dihy-
droxyvitamin D, was provided by Calbiochem. The human
TNEF-a protein detection kit was from ABCys. By LPS from
Salmonella typhimurium was purchased from Alexis Corp.
Lipomannan (LM) was purified from MmaM using procedures
reported previously (27, 28). The model bacterial lipopeptide
Pam;Cys-SKKKK (Pam,CSK,) was purchased from EMC
microcollections GmbH (Germany).

The human promonocytic leukemia THP-1 cell line was
grown in RPMI 1640 medium supplemented with 10% FCS, 2
mw L-glutamine, and 2 X 10~° M B-mercaptoethanol in a 5%
CO, air-humidified atmosphere at 37 °C. THP-1 cells were dif-
ferentiated by treatment for 72 h with 50 nm 1,25-dihydroxyvi-
tamin D (29). Viability of cells was over 96% as determined by
trypan blue dye exclusion. To investigate the effect of LOSs on
TNE-a secretion, differentiated THP-1 cells were seeded in
96-well plastic culture plates at a density of 2 X 10° cells/well, in
RPMI 1640 medium supplemented with 5% FCS and r-gluta-
mine. Purified LOSs as well as TDM were resuspended in eth-
anol and hexane, respectively, and sonicated for 3 min. These
glycolipids were coated on plates at the indicated concentra-
tions, which were subsequently dried at 37 °C to ensure com-
plete solvent evaporation. Control wells were layered with sol-

JOURNAL OF BIOLOGICAL CHEMISTRY 20977



M. marinum LOSs Inhibit Secretion in Macrophages

vent without glycolipids. Additionally, purified LM (used as
positive control) was dissolved in apyrogen water and sonicated
before addition to the cells. After 6 h of incubation, culture
supernatants of triplicates were then collected and centrifuged
prior to quantitation of cytokines by ELISA, according to the
manufacturers’ instructions. Cytokines concentrations present
in the supernatants were obtained in comparison with a stand-
ard curve generated with recombinant human TNF-a.

To investigate the TNF-a-inhibitory properties of LOS-II
and LOS-1V on stimulated macrophages, THP-1 cells were pre-
treated with LOSs for 20 h prior to the addition of either LPS (20
ng/ml) or Pam;CSK, (20 ng/ml) and incubated for a further 6 h.
Supernatants were processed for cytokine quantification as
mentioned above. Viability of the cells was checked by flow
cytometry (FACSCalibur flow cytometer) by using propidium
iodide.

Statistical significance was analyzed with a Student’s ¢ test for
unpaired data. Values of p < 0.05 were considered to be
significant.

RESULTS

Identification of an M. marinum Isolate Defective in LOS-IV
Production—LOSs are highly antigenic glycoconjugates
exposed at the cell surface of several mycobacterial species, but
their precise role in virulence and colony morphology is still a
matter of debate (19, 20). Nevertheless, recent studies on M.
marinum mutants carrying transposon insertions in the LOS
biosynthetic cluster indicated that LOSs participate in sliding
motility, biofilm formation and infection of host macrophages
(17). Deciphering the biological properties of LOSs requires
fine structural determination and to date, only a partial struc-
ture of M. marinum LOSs is available (16). Structure-function
relationship studies are also hampered by the lack of detailed
structural information, which can be attributed to the failure of
obtaining high yields of the purified LOS variants, and particu-
larly of the more polar ones (16). We reasoned that screening a
set of M. marinum isolates from various origins would allow us
to select “natural” mutants affected in their quantitative and/or
qualitative LOS content, representing interesting sources for
subsequent LOS production and purification. Therefore, we
included in our study unrelated M. marinum strains isolated
either from humans with fish tank granuloma (Mma20,
Mma21, and Mma98) or from different poikilothermic species
(Mma7, Mmall), which, when injected into adult zebrafish,
developed an acute or a chronic disease (22).

Polar lipids were extracted from all M. marinum strains and
compared with the glycolipid content of the reference M strain
(MmaM) (23). Glycolipid profiles were recorded on two-di-
mensional TLC stained by orcinol/sulfuric acid or ethanolic
molybdophosphoric acid. Lipid phosphates were stained and
visualized using the Dittmer and Lester reagent. The polar gly-
colipid pattern from MmaM (Fig. 1A) was similar to the one
recorded previously for the M. marinum ATCC 927 strain (16),
characterized by the presence of PIMs and different LOS-type
species (LOS-L, -II, -III, and -1V). Comparison of polar glycolip-
ids established that, among all six strains, five exhibited a very
similar profile (data not shown). However, one isolate, Mma?7,
displayed a profoundly altered polar lipid pattern, character-
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FIGURE 1. Two-dimensional TLC patterns of M. marinum polar glycolip-
ids. Following extraction from MmaM (A) or Mma7 (B), polar glycolipids were
separated on two-dimensional TLC using the solvent system chloroform/
methanol/water (60:30:6, v/v) in the first direction and chloroform/acetic
acid/methanol/water (40:25:3:6, v/v) in the second direction. Glycolipids were
detected with orcinol/sulfuric acid stain.

ized by the absence of a compound exhibiting low chromato-
graphic mobility in both directions and the concomitant
accumulation of a higher mobility compound (Fig. 1B).
Based on the literature and the standard molecule chromato-
graphic behaviors, these two compounds were tentatively
assigned as members of the LOS family. Mma7 appeared to
accumulate large amounts of LOS-III but failed to produce
LOS-IV (Fig. 1B).

Comparative Analyses of LOS-I, -1I, -1II in MmaM and
Mma7—To confirm LOS-III accumulation in Mma7, LOSs
were extracted and purified individually from both the MmaM
and Mma?7 strains and their structures compared. The final step
of purification was performed by one-dimensional preparative
TLC that allowed us to generate four compounds tentatively
assigned to LOS-I to -IV and that appeared essentially pure by
TLC analysis (Fig. 24). Individual LOSs were then permethyl-
ated and analyzed by MALDI-MS (Fig. 2B). Permethylated
LOS-I, LOS-II, and LOS-III from Mma?7 gave prominent signals
at m/z1059.6 [M + Na]™*, 1567.8 [M + Na] ", and 1915.8 [M +
Na]™, respectively, in agreement with m/z values previously
established (16). Identical values were obtained for permethyl-
ated LOS-I to LOS-III purified from MmaM (data not shown),
which indicates that both strains synthesize LOSs with identical
structures. In particular, these results demonstrate that Mma7
accumulates LOS-III in large quantities. Accordingly, LOS-IV
could only be purified from MmaM, supporting the fact that
this compound was not produced in Mma?7. Consistently with a
previous report (16), MALDI-MS analysis of permethylated
LOS-1V gave a signal at m/z 2332.7 [M + Na] ™ (Fig. 2B).

Local Genome Comparison Reveals Multiple Lesions with the
LOS Biosynthetic Cluster in Mma7—The altered LOS profile in
Mma7 (Fig. 1B) is reminiscent of the one observed by Alex-
ander et al. (30) in an M. marinum mutant carrying a transpo-
son in a gene homologous to RvI1500, originally assigned to
participate in PIM, synthesis. This gene was subsequently
renamed JosA after it was established that it participates in
LOS-IV rather than PIM, synthesis based on both biochemical
studies (16) and genetic studies in which inactivation of Rv1500
did not alter expression of the PIM pattern in M. tuberculosis
(31). This prompted us to investigate whether the presence of
mutations within /osA in Mma7 could explain the observed
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LOS alteration. Therefore, losA was amplified by PCR, and as
shown in Fig. 34, a band of the expected size was amplified
using MmaM, but not Mma7, genomic DNA. Southern blotting
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FIGURE 2. TLC and mass spectrometric analyses of LOSs from M. marinum
7 strains. Intact purified LOSs fractions were separated by one-dimensional
TLC with chloroform/methanol/water solvent (60:30:6, v/v) (A) and then ana-
lyzed by MALDI-MS as permethylated derivatives (B).
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using losA as a probe generated a positive signal in Mma?7,
although with a different pattern compared with MmaM, sug-
gesting the possibility of mutations within this gene (data not
shown). Indeed, sequence analysis clearly indicated the pres-
ence of multiple lesions in the losA gene of Mma?7, including
substitutions and an important deletion and the 3'-end of the
gene. The derived amino acid sequence of LosA shows that it
carries 18 amino acid substitutions and a truncation of the last
41 residues (Fig. 3B). To test whether these mutations, presum-
ably responsible for a nonfunctional protein, would account for
the lack of LOS-IV production, Mma7 was transformed with a
functional copy of LosA, as described under “Experimental Pro-
cedures.” However, no complementation of LOS-IV produc-
tion was observed, because the LOS profile of this strain
remained identical to the one of Mma?7 (data not shown). This
raised the possibility of additional mutations (presumably in
other LOS biosynthetic genes) preventing LOS-III to LOS-IV
conversion. We thus undertook the local comparison of the
genes surrounding /osA in Mma7 and compared it with MmaM.
Amplification of the four genes MM2314 to MM2317 adjacent
to losA failed to produce a signal of the expected size in Mma7
as compared with MmaM (Fig. 3A). Primers were therefore
designed to amplify short gene segments, which were then
sequenced and subsequently used as probes for a comparative
genomic walk. Using this approach, major changes in the orga-
nization of the LOS cluster were identified, culminating with an
important deletion spanning from the 3’-end of losA to
MM2318 (Fig. 3A). In addition, sequences of the genes lying
downstream of this deleted region (starting from MAM2318)
contained, like losA, multiple mutations (data not shown).
Taken collectively, our genetic studies clearly indicated that the
LOS biosynthetic cluster organization/sequence is severely
impeded in Mma?7, very likely explaining the failure to produce
LOS-IV. Our data also highlighted the fact that losA, although
required (16), is not sufficient to ensure LOS-IV biosynthesis.

B

MmaM MIPGKDALQRWIGLAMRLSIVTTLYMSEPYVLEFYRRVRAAADKITSDVEMIFVDDGSPD 60
Mma7 MIPGKDALQRWIGLAMRLSIVTTLYMSEPYVLEFYRRVRAAADKITSDVEMIFVDDGSPD 60
MmaM GSLDQAVSLLGKDPSVRVIQLSRNFGHHKAMMTGLAHATGDLVFLIDSDLEEDPALLEQF 120
Mma7 GSLDQAVSLLGKDPSVRVIQLSRNFGHHKAMMTGLAHATGDLVFLIDSDLEEDPALLEQF 120
MmaM YEKLIATDADVVFGCQAQRPGSWWKNFGPKMHYRASAMLCNPPLHENVLTVRLMRADYVR 180
Mma7 YEKLIATDADVVFGCQEQRPGGWWKNLGPKVAYRASAMLCDPPLHENVLTVRLMRADYVH 180
MmaM CLVQHQERELSIAGLWQITGFNQIPMSVHKASKGTTTYTFAHKVKALVDNVTSFSNKPLV 240
Mma7 SLVQHQERELSIAGLWQITGFNQVPIAVNKASKGTSTYTFAHRVKALVDNVTSFSNKPLV 240
MmaM FIFYLGAVIFMISSLAAGYLIIDRLFFRVLLGGWPSLIVSIWMLGGLTIFCLGLIGIYIS 300
Mma7 FIFYLGAAIFIISSLAAGYLIIDRLFFRTLLGGWPSLIVSIWMLGGLTIFCLGLIGIYIS 300
MmaM KIFTETKQRPYTIIRRIYGPNFTSQGPASLEAAFRAMPPASWERFGADPVRSPRGDRGL 359
Mma7 KIFAETKQRPYTIIRRIY 318

FIGURE 3. Genomic analysis of the losA region in MmaM and Mma?7. A, illustration of the LOS biosynthetic cluster surrounding losA in MmaM and Mma7
(upper panel). Agarose gel showing the different amplicons (MM2312 to MM2317) obtained using either MmaM or Mma7 genomic DNA. Expected sizes of the
PCR products in MmaM are indicated on the right (lower panel). B, comparison of LosA amino acid sequences in MmaM and Mma?. Point mutations found in

Mma7 are underscored.
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However, although our results clearly established that
Mma7 is deficient in LOS-IV biosynthesis and suggested that
structures of the remaining LOS-I to LOS-III in Mma?7 are
identical to those present in the reference M strain, the fine
structure of LOSs remains largely unknown. In particular, no
data are currently available on the nature and substitution
patterns of terminal monosaccharide X of LOS-II and -III
and monosaccharide YZ in LOS-IV (16). Therefore, an
exhaustive analysis of LOS-II that contains a single copy of
the X monosaccharide was undertaken to identify X. We also
analyzed the substitution pattern of the X-X terminal disac-
charide in LOS-III and partially characterized the YZ mon-
osaccharide in LOS-IV. Structures of LOS-II and -IV were
derived from the MmaM strain. However, because LOS-III is
a minor component in MmaM, we took advantage of Mma7
as a source of LOS-III, as this molecule strongly accumulates
in this strain.

Analysis of LOS-1I Sugar Moiety—Initially, the oligosaccha-
ride moiety of LOS-II was analyzed from both intact and deac-
ylated LOS-II. However, given the higher quality of analyses
performed on the deacylated molecule, only these results will
be presented in detail. LOS-II was deacylated by alkaline
hydrolysis to generate an oligosaccharide (OS-II). Analysis of
native OS-II by MALDI-MS generated a major signal at m/z
1259.6 [M + Na]™ (supplemental Fig. S1), consistent with a
monosaccharide composition of X, Pent,deHex,Hex,Me,,
where X is an unidentified monosaccharide with an average
molecular mass of 296 mass units in native form and Pent is
pentose. Composition was confirmed by ES-MS/MS analysis of
the corresponding doubly charged ion at m/z 641 [M + 2Na]**
(Fig. 4A). In particular, [M + Na]™ B/Y couple fragmentation
ions, according to standard nomenclature (49), at m/z 301/981
confirmed the molecular mass of the unknown X residue pres-
ent in the nonreducing position of OS-II. Furthermore, it estab-
lished the position of a methyl group on the deHex residue as
well as the sequence of OS-II as X-Pent-MedeHex-Hex,, in
agreement with the literature (16). Then MALDI-MS analysis
of the permethylated derivative of OS-II generated a signal at
m/z 1567.8 [M + Na] ™ (supplemental Fig. S1A). It is notewor-
thy that permethylated derivatives of OS-II and LOS-II exhib-
ited similar m/z values, indicating that permethylation of
LOS-IIin alkaline solution completely removed fatty acids. Fur-
thermore, comparison of native and permethylated OS-II m/z
values at m/z 1259.6 and 1567.8 respectively, as well as perm-
ethylated and per-deuteromethylated OS-II values at m/z
1567.8 and 1634.2, respectively, unambiguously indicated the
presence of 22 potentially methylated functional groups in
OS-1I (supplemental Fig. S1A). This permitted us to calculate
that the free monosaccharide X in the permethylated form has
an average molecular mass of 394, and to propose that X pos-
sesses seven functional groups in free form and six when linked
to LOS-IL.

The nature of monosaccharides and linkage patterns of OS-II
were further established by 'H homonuclear and 'H and *3C
heteronuclear NMR experiments. Entire spin systems of all
constituting monosaccharides were established by two-dimen-
sional "H-'"H TOCSY (supplemental Fig. S2) and 'H-"*C HSQC
NMR (Fig. 5) experiments. Glycosyl residues were identified on
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FIGURE 4. Mass spectrometry fragmentation patterns of native OS-ll and
OS-II'. ES-MS/MS analyses of doubly charged ion at m/z641 corresponding to
OS-Il (A) and doubly charged ion at m/z 649 corresponding to OS-II’ (B) are
shown.

the basis of spin systems, chemical shift values, and their rele-
vant vicinal coupling constants patterns. 'H and '*C parame-
ters of the individual monosaccharides are summarized in
Table 1. NMR parameters of intact LOS-II sugar moiety were
very similar to OS-II and mainly differ from the trehalose unit,
considering it bears the lipid moiety (data not shown). The ano-
meric region of the "H-"*C HSQC NMR spectrum of OS-II
permitted the identification of eight signals associated with dis-
tinct monosaccharides labeled I to VII’ (Fig. 6A). According to
their "H/"*C chemical shifts and *J; , coupling constant values,
the I, 11, V, VII, and VII'-H1 signals were all associated with
monosaccharides in a-anomeric configurations (I-H1 6 5.18
(*J,» = 3.5 Hz); II-H1 8 5.19 (}],, = 3.6 Hz); V-H1 8 5.18
(*J,.» = 1.0 Hz); VII-H1 8 4.91 (¥], , = 4.0 Hz); and VII'-H1 &
4.97 (°J, , = 4.0 Hz)), whereas III, IV, and VI-H1 were associ-
ated with monosaccharides in B-anomeric configurations
(II-H1 64.55 (*J, , = 7.7 Hz), IV-H1 § 4.76 (*], , = 7.3 Hz), and
VI-H1 84.52 (¥, , = 8.0 Hz)) (Table 1). Spin systems associated
with I- and 1I-H1/C1 signals at 5.18/94.7 and 5.19/94.5 ppm
typified a-glucopyranosyl units (Table 1). Upfield resonance of
carbons I-C1 and II-C1 around 94.6 ppm (Fig. 6A) as well as
clear *J,, - inter-correlations I-C1/II-H1 and II-C1/I-H1 on
the HMBC spectrum (Fig. 6B) demonstrated that both a-Glc
residues are part of a trehalose unit. Large */, ,, >/, 5, and *J, ,
values (Table 1) for spin systems associated with the -ano-
meric signals III-1 (6 4.55/103.6) and IV-1 (8 4.76/104.0)
typified III and IV as B-glucopyranosyl units. Identification
of a spin system (*/, ,, 1.0 Hz; °J, 5, 4.6 Hz; °J; ,; 9.5 Hz; °J, .,
9.6 Hz) from V-H1 representative of a manno configuration
and of a methyl group at 6 1.34 indicative of a 6-deoxyhex-
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opyranosyl unit permitted the identification of V as an a-rh-
amnopyranosyl unit (Table 1). From the HMBC experiment,
the ®J,,_c vicinal connectivity between the V-H3 at 3.56 ppm
and O-methyl carbon at 57.3 ppm established that residue V
is an a-3-O-Me-Rhap unit (data not shown). Then, the ano-
meric signal resonance at 4.52/104.9 ppm of residue VI was
attributed to a B-xylopyranosyl unit because of H5ax and
Hb5eq assignment and large vicinal coupling constant values
(J1,=8.0,%,5=289,%;,=96,and */, ., = 11.7) (Table
1). The remaining anomeric signals VII-1 and VII'-1 at 4.91/
96.9 and 4.97/97.5 ppm were then assigned to two yet uni-
dentified monosaccharides. Further analyses (see below)
permitted us to assign the VII signal to the unidentified mon-
osaccharide X that was observed by mass spectrometry anal-
ysis in a terminal nonreducing position of LOS-II (Fig. 44).
Similarly, VII’ signal was associated with X', a close relative
of X present in a terminal nonreducing position of a minor
equivalent of LOS-II, LOS-II". Differential relative integra-
tions of H1 signals (I + II + V = 3.10; VII' = 0.35; VII = 0.75;

M. marinum LOSs Inhibit Secretion in Macrophages

IV = 0.98; II = 1.00; VI = 1.02) established that X and X'
were present in less than a single residue per glycolipid,
whereas all others were present as a single copy. Further-
more, the sum of VII and VII'-H1 signal integrations (VII +
VII' = 1.1) strongly suggests that X and X' are part of two
similar molecules called LOS-II (substituted by X) and LOS-
II' (substituted by X') that only differ by the nature of their
respective nonreducing terminal monosaccharide. Accord-
ingly, subsequent NMR and MS analyses permitted us to
establish that the LOS-II fraction consisted in fact of the
mixture of two glycolipids, LOS-II and LOS-II', that were
individualized based on their differential fragmentation pat-
terns and NMR parameters. We subsequently initiated the
structural determination of the unknown monosaccharide
X, and we demonstrated the existence of the minor but
structurally related glycolipid LOS-II" and established its

exact glycosidic sequence.
The glycosidic sequence of OS-II was established from the
HMBC experiment by observing scalar coupling correlations
(*Ju.c) between 'H and **C impli-

i 1V'1'_ i oA cated in glycosidic linkages (Fig.

A [ v Il 1V| 9 B 6B). Trehalose linkage pattern was
_ﬁ/ / h\//%/ “M ww first confirmed by crossed correla-
- o tions I-C1/II-H1 and II-C1/I-H1.
C IV-6 8. 66" IV-6" \-O-Me D VIlb—__ | Then substitutions of II-VI residues

601 I"V? = | "6\/" a /VI -5’ 15 ° . in C3 or C4 positions were estab-
VII-5 VIl-2 V-4 V-6_—2 lished by a continuous series of I1I-
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/\/”’1 - V-3 25 Vilb b resonance shifts by a value of 4—10

1004 V-1 vir-1 -1 40 T ppm on carbon involved in glyco-
V-1 S = sidic linkages (Table 1). Alto-

VI-1 T i gether, in accordance with ES-
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FIGURE 5. "H-'3C NMR analysis of OS-ll fraction. Details of the anomer an

spectrum (A) and the 'H-">C HSQC NMR spectrum of OS-II (C) are shown. Details of the methyl and methylene
resonances containing regions of the "H NMR spectrum (B) and of "H-">C HSQC NMR spectrum of OS-Il (D) are

shown.

TABLE 1

24 22 20 18 16 14 ppm
d bulk regions of the '"H NMR

MS/MS fragmentation pattern of
native OS-1I (Fig. 44), NMR data
clearly indicated that OS-II presents
the following linear monosaccharide

"H and "3C chemical shifts (in ppm) and coupling constant values (in Hz) of OS-Il monosaccharides (measured at 300 K in D, O using acetone

as internal reference)

Values in parentheses are coupling constants; values in bold correspond to substituted carbons. ND indicates not determined.

Sugar units H1/C1 Clyr o) H2/C2 Clyspz)  H3/C3 Clyzpa)  H4A/C4 Cluyaus) H5/C5 H6,6'/C6 Others
(1) a-Glep 5.18/94.7 (3.5) 3.63/723(10.0)  3.84/73.9(9.4)  3.44/71.1 (9.4) 3.82/737  3.85,3.76/61.9
(1) a-Glep 11 519/94.5(3.6)  3.69/72.1(10.0)  3.96/72.3(94)  3.69/80.1 (8.9) 3.95/72.3  3.91,3.85/61.2
(III) B-Glcp 1—4 4.55/103.6 (7.7)  3.52/74.5 (8.7) 3.77/85.3 (9.3) 3.53/69.4 ND 3.52/76.9 3.93,3.76/62.0
(IV) B-Glep 13 476/1040 (7.3) 3.47/755(84)  3.64/83.3(94)  3.48/69.4ND 349/772  3.92,3.73/62.0
(V) 3-O-Me-a-Rhap 1—3 518/102.0 (L0) 4.32/67.5(46)  3.56/79.6 (95)  3.64/80.9 (9.6) 4.13/69.4 1.34/180  3.40/57.3 (O-Me)
(VI) B-Xylp 1—4 4.52/104.9 (8.0)  3.32/74.9 (8.9) 3.62/75.2 (9.6) 3.68/75.2 (11.7) 3.33,4.10/63.9
4-C-branched sugars
(VII) a-3,6-Dideoxy-4-C-(p- HUCL Cly ) H2/C2 (o) H3,3'/C3C 45.1157) H4/C4 H5/C5 H6/C6
altro-1,3,4,5-tetrahydroxyhexyl)-  4.91/96.9 (4)  4.00/65.7 (4/9) 1.94, 1.77/31.7 (11) —/75.8 4.47/68.6 1.15/13.6
D-xylo-hexopyranose 1—4 Ha/Ca Hb,b"/Cb Hc/Cc Hd/Cd He/Ce Hf/Cf
3.78/71.1 1.73,1.68/33.5 3.84/69.4 3.52/79.2 3.93/68.8 1.21/18.2
(VII') a-6-dideoxy-4-C-(o- HL/CL (lhaysr) H2/C2 orpass) H3/C3 H4/C4 H5/C5 H6/C6
altro-1,3,4,5-tetrahydroxyhexyl)-  4.97/97.5(3.5)  3.78/69.6 (10.1) 3.84/72.5 —177.7 4.40/68.4 1.22/14.9
galacto-hexopyranose 1—4 Ha/Ca Hb,b’/Cb Hc/Cc Hd/Cd He/Ce Hf/Cf
4.12/69.4 1.82,1.75/34.8 3.83/69.4 3.50/79.2 3.93/68.8 1.21/18.2

JULY 31, 2009-VOLUME 284+NUMBER 31

JOURNAL OF BIOLOGICAL CHEMISTRY 20981



M. marinum LOSs Inhibit Secretion in Macrophages

A B proton Ha at 3.78 ppm (supplemen-
ppm tal Fig. S4). This interpretation is
944 Q/ II-1 K“'C” I-H1 further supported by strong NOE
1 -1 ' VII-C1/VI-H4 effects from Ha to H5 and H6 on

% G\Q/V”"] I-C1/11-H1 rotating frame Overhauser enhan-
98 ; N , cement spectrum (data not shown).
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FIGURE 6. Sequence analysis of OS-1l by NMR. Expanded areas of two-dimensional 'H-">*C HSQC spectrum (A)

and "H-"3C HMBC spectrum of OS-Il fraction (B) are shown.

sequence:  X-(1—4)-B-Xylp-(1—4)-a-3-O-Me-Rhap-(1—3)--
Glep-(1—3)-B-Glep-(1—4)-a-Glep-(1—1)-a-Glep.

Further determination of the nature of monosaccharide X
was exclusively based on NMR experiments. The entire spin
system of the ring protons was deduced from the COSY and
TOCSY spectra of OS-II (supplemental Figs. S2 and S3). The
observation of VII-H2 signal with an octuplet shape at 6 4.00
and the identification of two shielded VII-H3 signals (VII-H3 at
8 1.94 and VII-H3' at 6 1.77) clearly typified the VII unit as a
3-deoxysugar. The presence of a methylene group in C3 posi-
tion was further confirmed by the observation of two '/, . cor-
relations from C3 carbons (8 31.7) with its corresponding pro-
tons at 6 1.94 and at & 1.77, respectively (Fig. 5D). Triplet and
quadruplet shapes of H3 and H3', induced by vicinal coupling
constants */; , = 9 Hz, °/,, , = 4 Hz and geminal coupling con-
stant *J; 5, = 11 Hz, allowed us to assign H3 as axial and H3' as
equatorial protons (Table 1). Analysis of relayed COSY showed
that H3 and H3’ were only coupled to H2, indicating that C4 is
a quaternary carbon (data not shown). The VII-C4 resonance
was determined on the HMBC spectrum by observing the inter-
nal 2]H,C correlations between VII-C4 and VII-H3’, VII-H5 and
®J.1.c correlation between VII-C4 and VII-H6 signal (supple-
mental Fig. S4). Similarly, C5 resonance was established
because of intra-residue 3]H_C connectivities of VII-C5 with H1
and H3'. Finally, VII-H6 was identified at 1.15 ppm on COSY
spectrum through a correlation with VII-H5 (supplemental Fig.
S3B). Parameters of H6/C6 at 1.15/13.6 established from an
HSQC experiment (Fig. 5D and Table 1) typified a methyl
group. The ring configuration was defined as xylo based on data
from a nuclear Overhauser effect spectroscopy experiment
(data not shown) and vicinal coupling constants pattern previ-
ously defined. Indeed, NOE effect from VII-H3 to VII-H5 indi-
cated the axial orientation of VII-H5 (data not shown). Further-
more, Ha-VII NOE contacts with VII-H6 and VII-H5
suggesting a spatial proximity of this proton and an equatorial
orientation of the side chain (data not shown). Thus, NMR data
permitted us to identify the X monosaccharide as a 3,6-
dideoxyhexopyranose in xylo configuration further substituted
by a side chain in the C4 position.

Accordingly, linkage of side chain to the quaternary ring car-
bon was directly observed on HMBC spectrum because of clear
®J.r.c and ?J; - connectivities of C3 and C4 with an extra ring
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et = 9.8 Hz) (supplemental
Fig. S3B). Then Hb protons permit-
ted us to successively identify Hc,
Hd, and He protons at 6 3.84, 3.52, and 3.93, respectively, all
associated with CHOD groups. Finally, He correlates with a
final Hf proton at 1.21 ppm associated with a methyl group
(supplemental Fig. S3B). Resonance chemical shifts of associ-
ated carbons, defined by the *H-**C HSQC experiment, Cb and
Cf at 33.5 and 18.2 ppm confirmed previous assignments as
—CH,- and —CH, groups, respectively (Fig. 5D and Table 1).
Similarly, Ca, Cc, Cd, and Ce chemical shifts values between
68.8 and 79.2 ppm are in agreement with carbons of CHOD
groups. Altogether, NMR data identified the side chain of X
monosaccharide branched in the C4 position as a 1,3,4,5-tetra-
hydroxyhexyl chain. A complete set of NOE contacts between
protons of the tetrahydroxyhexyl chain (data not shown)
strongly suggested that the configuration of the side chain is
altro, which finally established the structure of previously
unknown monosaccharide X as a

3,6-dideoxy-4-C-(p-altro-1,3,4,5-tetrahydroxyhexyl)-p-xylo-hexopyranc

The nature of the monosaccharide X was further confirmed
by analyzing its fragmentation pattern in MS. LOS-II was per-
methylated, hydrolyzed, reduced by BD,Na, and per-acety-
lated. Derived monosaccharides were analyzed by GC-MS in
electronic impact mode. Chromatographic mobility and frag-
mentation patterns of individual partially methylated alditol
acetate derivatives showed the presence of terminal glucose
(rt = 19.56 min), 4-substituted glucose (rt = 22.07 min), 3-sub-
stituted glucose (r¢# = 21.51 min), 3,4-substituted rhamnose
identified as 4-substituted 3-O-methyl-rhamnose (rt = 19.04
min), and 4-substituted xylose (vt = 18.58 min) (data not
shown), in accordance with NMR and ES-MS/MS analyses. An
additional monosaccharide derivative was observed at rt =
30.54 min that exhibits a fragmentation pattern totally compat-
ible with a terminal 3,6-dideoxy-4-C-(1,3,4,5-tetrahydroxy-
hexyl)-hexopyranose derivative (supplemental Fig. S54). In
particular, the presence of a partially hydroxylated six-carbon
side chain was evidenced by the fragment ion couple 262/205
between C4 and Ca positions. Also, positions of hydroxyl
groups were evidenced because of prominent cleavage ions
between O-methylated Cc and Cd and between O-methylated
Cd and Ce. Finally, structure information determined by
GC-MS techniques is in total agreement with mass spectrom-
etry and NMR data, which confirmed the previous assignment
of the X monosaccharide.
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FIGURE 7. Structures of a-3,6-dideoxy-4-C-(p-altro-1,3,4,5-tetrahydroxy-
hexyl)-p-xylo-hexopyranose (A) and a-6-deoxy-4-C-(p-altro-1,3,4,5-tet-
rahydroxyhexyl)-p-galactopyranose (B).

A polysaccharide chain composed of a 4-C-branched mono-
saccharide that presents a structure identical to X residue was
previously reported in Pseudomonas caryophylli (32). Confor-
mational studies permitted its identification as a 3,6-dideoxy-
4-C-(p-altro-1,3,4,5-tetrahydroxyhexyl)-p-xylo-hexopyranose
that was named caryophyllose (33). The fact that X presented
strictly identical NMR parameters than a-caryophyllose
(a-Car) (34) confirmed the configuration of the side chain as
altro configuration, as we established by nuclear Overhauser
effect spectroscopy experiment and demonstrated its a-ano-
mery (Fig. 74).

Structural Heterogeneity of the LOS-II Sugar Moiety—As
stated above, preliminary observation of NMR data indicated
that the so-called LOS-II fraction consisted in fact of a mixture
of two closely related molecules, LOS-II and LOS-II, differing
by the nature of their terminal nonreducing monosaccharide
residue. LOS-Il is capped by the residue VII (VII-H1/C1 at 4.91/
96.9 ppm), identified as a a-caryophyllose, whereas LOS-1I" is
characterized by the VII' residue (VII'-H1/C1 at 4.97/97.5
ppm). Spin system of VII' residue was totally resolved by 'H-'"H
COSY, TOCSY, 'H-'*C HSQC, and HMBC experiments on
OS-II fraction (Table 1). It exhibited a general pattern similar to
VII, demonstrating it is also a 4-C-branched hexopyranose
(Table 1). In particular on COSY spectrum, correlation of
VII'-H5 with methyl protons at & 1.22 clearly established it is a
a-6-deoxyhexose (supplemental Fig. S3B). Furthermore,
absence of the H4 signal permitted us to detect the presence of
a quaternary carbon on the C4 position, which chemical shift
was established at 77.7 ppm because of */,;  correlation
between VII’-H5 and VII’-C4 on 'H-'*C HMBC spectrum. As
for residue VII, the Ca/Ha linked to C4 was identified from
'H-'3C HMBC spectrum by ?J,; . scalar coupling connectivity
between VII'-Ha and VII'-C4 (supplemental Fig. S4) and from
rotating frame Overhauser enhancement spectrum because of
a NOE effect between VII'-H5 and VII'-Ha (data not shown).
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Then the spin system of side chain was identified on relayed
COSY experiment starting from the proton VII'-Ha, which
demonstrated that it has the same structure than the one sub-
stituting VII (Table 1). Considering the closeness of '"H and '*C
NMR parameters from the chains associated with VII', with the
exception of VII'-Ha, with the one associated with VII resi-
dues, it is most likely that it also exhibits an altro configura-
tion. However, despite these similarities, VII' differs from
the VII residue by the presence of a hydroxyl group on the C3
position, as demonstrated by the large downfield shift of
VII'-H3 from 1.94 to 3.84 ppm and upfield shift of VII'-H2
from 4.00 to 3.78 ppm (Table 1 and supplemental Fig. S2). It
is also obvious from the loss of vicinal coupling constants
between H2 and H3eq and the geminal constant between
two H3. Moderate downfield shift of VII'-Ha (6 4.12) com-
pared with VII-Ha (8 3.78) may also result from the closeness
of the modified C3 position. On the TOCSY analysis, the °/, 5
value of 10.1 Hz indicated that H3 is in axial position. Alto-
gether, NMR data identified the X' residue as a novel 4-C-
branched sugar corresponding to a a-6-deoxy-4-C-(p-altro-
1,3,4,5-tetrahydroxyhexyl)-p-galactopyranose (Fig. 7B).

A closer examination of the 'H-'3C HMBC spectrum
revealed a clear correlation between VII'-C1 and a 'H signal at
0 3.64, tentatively attributed to the H4 of a B-Xylp residue
labeled VI' (Fig. 6B). This residue exhibits identical parameters
to the VI residue, only differing by the minute upfield shift of its
H4 from 3.68 to 3.64 ppm. This indicated that 3-C-hydroxyla-
tion of a-caryophyllose induces a slight modification of the
VI-H4 parameter. Altogether, NMR data established the pres-
ence of two highly related molecules in the LOS-II fraction as
follows: LOS-II terminally substituted by a «-3,6-dideoxy-4-C-
(p-altro-1,3,4,5-tetrahydroxyhexyl)-p-xylo-hexopyranose and
LOS-II" substituted by a a-6-deoxy-4-C-(p-altro-1,3,4,5-tetra-
hydroxyhexyl)-p-galactopyranose. Both molecules were
directly observed from the native and permethylated OS-II
fraction by MALDI-MS. Indeed, MALDI-MS of the native
OS-II fraction shows two major signals at m/z 1259 and 1275
attributed to [M + Na]™ adducts of OS-II and OS-II' (supple-
mental Fig. S14). To rule out the possibility that the signal at
m/z 1275 may originate from the [M + K]* adduct of OS-11, we
also analyzed permethylated and per-deuteromethylated deriv-
atives of the OS-II fraction. After derivatization, OS-II and
OS-1II' could still be differentiated according to the m/z values
of their respective derivatives as [M + Na]™ adducts (supple-
mental Fig. S1A). Indeed, the 30-mass unit increment between
permethylated oligosaccharides and the 33-mass unit incre-
ment between per-deuteromethylated oligosaccharides estab-
lished that OS-II and OS-1I" differed by the presence of a single
hydroxyl group. MS-MS fragmentation patterns of [M +
2Na]?* adducts of native OS-II and OS-II’ confirmed that the
supplementary hydroxyl group was located on the X’ monosac-
charide at the nonreducing end of OS-1I’, in perfect accordance
with the NMR data (Fig. 4B).

Analysis of LOS-III—MALDI-MS analysis of the permethyl-
ated derivative of LOS-III already established that it differed
from LOS-II by an additional caryophyllose (A348 mass units)
(Fig. 2B). Comparative NMR analyses demonstrated that
LOS-II and LOS-III exhibited essentially identical NMR
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parameters (data not shown), and as a consequence both share
a very similar glycan sequence. Indeed, comparison of LOS-II
and LOS-III 'H-'*C HSQC anomeric region spectra showed
that all I- to VII-C1/H1 signals had identical NMR parameters,
and that LOS-III differed exclusively from LOS-II by the pres-
ence of an additional VIII-H1/C1 signal at & 4.87/99.9, tenta-
tively assigned as the anomer of a second a-caryophyllose res-
idue (Fig. 8, A and B). As shown in Table 2, the spin system of
VII from LOS-II and LOS-III essentially differ for their respec-
tive tetrahydroxyhexyl chains. In particular, a large downfield
shift of LOS-III VII-Cc compared with LOS-II VII-Cc from 71.1
to 78.0 ppm, as well as a moderate downfield shift of LOS-III

VII-Hc (A8 +0.26), strongly suggested that LOS-III VII is sub-
stituted in the Cc position by VIII. Accordingly, neighboring
proton and carbon parameters are also moderately affected
(Table 2). The LOS-III VIII spin system then confirmed its
assignment as an additional 3,6-dideoxy-4-C-(1,3,4,5-tetrahy-
droxyhexyl)-hexopyranose residue. Furthermore, perfect
matching between the 'H/*>C chemical shifts of LOS-1I VI and
LOS-III VIII residues established that VIII is a «-3,6-dideoxy-
4-C-(p-altro-1,3,4,5-tetrahydroxyhexyl)-p-xylo-hexopyranose
in a terminal nonreducing position. Moderate downfield shifts
of LOS-VIII H1/C1 parameters (Ad +0.05/3.1) compared with
LOS-II VII can easily be rationalized by the different nature of

the substituted monosaccharide,

B-Xyl for LOS-II and «-Car for

A B C ‘
ppm LOS-III. The linkage pattern of the
92 =1 —I-1 —I-1 a-caryophylloses in LOS-III was
94 — -1 =—I-1 further confirmed by methylation
| , R 3 - analysis in GC-MS. Two relevant
Zz vir-t— Vit it — peaks at rt = 30.55 and 32.23 min
100 V-1 VI-1 V-t \ VI-1 Vo1 VI-1 were associated with caryophyllose
N -1 N 11-1 P -1 based on their electron ioniza-

1021 ¢ / / / \/ tion-MS fragmentations patterns.
1044 IV-1—¢ IV-1—4' X-1 IV-1— Peaks at ¢ = 30.55 min presented
1954 52 50 48 46 44 54 52 50 48 46 44 54 52 50 48 46 an identical fragmentation pattern

FIGURE 8. Comparison of anomeric signals from LOS-II, -1I, and -IV. Anomeric area of the two-dimensional

"H-"3C HSQC spectra from LOS-II (A), LOS-III (B), and LOS-IV (C) is shown.

TABLE 2

ppm
than in LOS-II and was identified

as terminal caryophyllose (data

"H and "3C chemical shifts (in parts/million) of 4-C-branched monosaccharides from LOS-Il and LOS-lI (measured at 300 K in D, 0 using

acetone as internal reference)
ND indicates not determined.

LOS-11

H1/Cl1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6
(V1) a-3,6-dideoxy-4-C-(D-altro- — 557563 3.96/65.2 189-1.73/32.0 /742 433/67.5 1.16/132
1,3,4,5-tetrahydroxyhexyl)-D-
sylo-hexopyranose 1 4 Ha/Ca Hb/Cb He/Cc  Hd/Cd  He/Ce  HI/ICE

370714 1.79-1.73/33.9 3.79/71.1 333/777  3.84/695  125/18.7
LOS-III

H1/Cl1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6
(VI o-3,6-dideoxy-4-C~(D- 4.82/97.1 3.97/652 1.90-1.73/31.9 nd. 433/67.7  1.13/132
altro-1,3,4,5-tetrahydroxyhexyl)-

Ha/Ca Hb/Cb Hc/Cce Hd/Cd He/Ce Hf/Cf
D-xylo-hexopyranose 1, 4

383/704  1.61-2.03/30.0 4.05/78.0 3.64/782  3.70/68.1  1.28/19.7

H1/Cl1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6
(VIII) o-3,6-dideoxy-4-C-(D- 4.87/99.9 3.94/658 1.90-1.73/31.9 nd. 421/67.8  1.16/132
altro-1,3,4,5-tetrahydroxyhexyl)-

Ha/Ca Hb/Cb Hc/Ce Hd/Cd He/Ce Hf/Cf
D-xylo-hexopyranose 1, ¢

3.73/71.5 1.80-1.76/33.9 3.80/712 334/778  3.85/69.7  125/18.8
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not shown). Peak at r¢ = 32.23 min showed the presence of
an additional O-acetyl group at position c indicating that this
position is involved in interglycosidic linkage (supplemental
Fig. S5B). Thus, the OS-III monosaccharide sequence was
identified as a-Car-(1—c)-a-Car-(1—4)-B-Xylp-(1—4)-a-
3-O-Me-Rhap-(1—3)-B-Glcp-(1—3)-B-Glcp-(1—4)-a-Glcp-
(1—=1)-a-Glep.

Analysis of LOS-IV—Contrary to the other LOSs, LOS-IV
was retained on a DEAE column during chloroform/methanol
elution (2:1, v/v) and required ammonium acetate salt to be
eluted, suggesting the presence of an acidic function, very likely
to be localized on the terminal YZ unidentified sugar residue.
To delineate its oligosaccharide sequence, the glycan moiety
was released by de-O-acetylation to generate OS-IV. Native
OS-1V analyzed by MALDI-MS produced a major signal at m1/z
1867.5 [M + Na]™ (supplemental Fig. S1B), suggesting that it
exhibits an apparent m1/z value of 1844 mass units. Surprisingly,
ES-MS analysis permitted us to calculate for the same molecule
an apparent m/z value of 1889 through the observation of a
doubly charged signal at m/z 967.47 [M + 2Na]*>* (data not
shown). Discrepancy of 45 m.u. between the two analyses sug-
gested that native OS-IV undergoes partial degradation upon
laser desorption, probably from the YZ residue. This hypothesis
was confirmed by deducing OS-IV native molecular mass from
MALDI-MS analyses of permethylated and per-deuteromethy-
lated OS-1V derivatives (supplemental Fig. S1). Comparison of
[M + Na] " signals at m/z 2332 and 2422 established that OS-1V
possesses 30 methylatable functional groups of which 4 would
be localized on the terminal YZ residue, allowing us to deduce
that the molecular mass of native OS-1V is indeed 1889 mass
units. Altogether, mass spectrometry analyses permitted us to
estimate the molecular mass of the free YZ residue to 393 Da,
which is way above the molecular mass of all known monosac-
charides, including caryophyllose (296 Da).

Comparison of LOS-IIT and LOS-TV 'H-"*C HSQC spectra
showed a single additional anomeric signal at 4.94/101.5 ppm
assigned to the monosaccharide residue IX (Fig. 8, B and C).
This unique supplementary anomeric signal demonstrated that
the unknown YZ consists of a single monosaccharide unit
despite its high molecular mass (Fig. 8C). Complete spin sys-
tems of constituting monosaccharides were established from
OS-1V in identical condition than for OS-II (supplemental
Table S1). Comparison of NMR parameters of OS-IV with
OS-II demonstrated that OS-IV exhibited an oligosaccharidic
moiety similar to other LOSs with a «a-Car-(1—c)-a-Car-
(1—4)-B-Xylp-(1—4)-a-3-O-Me-Rhap-(1—3)-B-Glcp-(1—3)-
B-Glcp-(1—3)-a-Glep-(1—1)-a-Glep sequence further substi-
tuted by an additional monosaccharide residue labeled IX in Cc
position of terminal a-Car residue (VIII residue). Position of
substitution was assigned because of large downfield shift of
OS-IV VIII-Cc to 79.1 ppm, compared with unsubstituted
OS-1I VII-Cc at 69.4 ppm (Table 1 and supplemental Table S1).
The substitution pattern of Car residues was then confirmed by
methylation analysis in GC-MS (data not shown) that showed a
unique partially methylated and acetylated derivative of Car
residue with a methyl group in the Cc position. NMR parame-
ters of IX residue ring protons and ?J connectivities established
through 'H/*C HSQC and 'H/'H COSY experiments permit-

JULY 31, 2009+VOLUME 284 +NUMBER 31

M. marinum LOSs Inhibit Secretion in Macrophages

1200

B ||I |
0 i i-- — = .

TNF (pg/mL)
g
(=]

0 20202020 0 0 00 0 0 0  LPS(ngmL)
0 00 00 20202020 0 0 0  PamCSK,(ng/mL)
0 0204080 0204080 20 40 80  LOS-IV (ug/mL)

FIGURE 9. Inhibitory effect of LOS-IV on TNF-a secretion in differentiated
THP-1 cells. Cells were preincubated for 20 h with increasing concentrations
of LOS-IVisolated from MmaM and then stimulated with LPS or Pam;CSK,, (20
ng/ml). Culture supernatants were collected after 6 h of induction and
assayed by ELISA for TNF-a secretion. The results presented are from one
representative experiment of three independent experiments with similar
results. Comparable results were obtained using different batches of THP-1
cells and different LOS-IV preparations. Data are expressed as means = S.D. of
triplicate plates. Statistical analyses were performed by using Student’s t test
to compare LOS-IV-pretreated cells with nontreated cells. The p values were
<0.0023 and <0.0003 in comparison with LPS- or Pam;CSK,-stimulated cells,
respectively.

ted us to assign it as a 4,6-dideoxy-galactopyranose in a-ano-
mery (supplemental Table S1). Distinctive chemical shift of
IX-H4/C4 at 4.28/56.3 strongly suggests that IX-C4 is linked to
a nitrogen atom (supplemental Table S1). Furthermore, obser-
vation of a *J;; ¢ correlation on 'H/**C HMBC spectrum (data
not shown) between IX-H4 and a carbon at 170.2 ppm clearly
typified the presence of a —-CO-NH- group substituting IX in
the C4 position. Altogether, the data established that LOS-IV is
capped by a-4,6-dideoxy-Galp substituted in the C4 position by
an aglycone group through an amide linkage.

Role of LOSs in Modulating the Macrophage TNF-o Response—
The mycobacterial cell envelope is important in directing host-
pathogen interactions (3, 4). Several cell envelope-associated
lipids, glycolipids, or lipoglycans have recently been signifi-
cantly studied because they are considered to be important vir-
ulence factors and because of their immunomodulatory prop-
erties (1). Paradoxically, little attention has been paid regarding
the potential immunomodulatory functions of LOSs. We there-
fore took advantage of the availability of purified LOS-I to
LOS-1V with defined structural variations to examine their pro-
pensity to modulate the TNF-« response in the human mono-
cytic cell line THP-1. First, the capacity of the different LOS
subtypes to trigger TNF-« secretion was investigated, but none
of these glycolipids were able to induce a TNF-a response (sup-
plemental Fig. S6), in contrast to LM and TDM, both known as
potent proinflammatory-inducing factors (35-37). We next
examined whether increasing concentrations of LOS-IV may
inhibit TNF-a secretion in macrophages stimulated with either
LPS or Pam;CSK, (20 ng/ml), known to activate macrophage
through TLR4- and TLR2-dependent signaling pathways,
respectively. As presented in Fig. 9, LOS-IV strongly inhibited
the release of TNF-a when the glycolipid was added 20 h before
LPS or Pam;CSK, stimulation. LPS-induced release of TNF-«
was inhibited by LOS-IV in a dose-dependent manner by
55-93%. The release of TNF-« induced by Pam;CSK, was
inhibited by 90% from 20 ug/ml of LOS-IV. Taken together,
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these results suggest that LOSs represent potent glycolipids
interfering with the macrophage TNF-« response.

DISCUSSION

M. marinum causes a systemic tuberculosis-like disease in a
large number of poikilothermic animals and is often used as a
model to study mycobacterial pathogenesis (38 —41). M. mari-
num isolates can be divided into two distinct types based on
genetic diversity and virulence, developing either an acute or a
chronic disease in fish (22). In this study, we analyzed the apolar
and by polar lipid profiles in various strains inducing either
an acute or a chronic disease. The major difference was found in
Mma7, a strain originally isolated from the butterfly fish (22),
which exhibited an altered LOS profile, characterized by a
defect of LOS-IV synthesis and a concomitant accumulation of
LOS-IIL Interestingly, although most zebrafish inoculated with
Mma7 or Mmall (isolated from butterfly fish and sea bass,
respectively) survived 56 days postinfection, those inoculated
with Mma?7 showed no signs of infection for 8 weeks, whereas
those infected with Mmall showed skin lesions (ulceration)
after 45 days (22). Because Mmall produces a standard LOS
profile, similarly to the reference M strain (data not shown), our
results suggest that the differences between strains inducing
chronic and acute diseases are unlikely to be caused by differ-
ences observed in the LOS profiles. These results tend to indi-
cate that the marked differences in pathogenicity of the M.
marinum strains are not because of direct activities of LOSs.
Ren et al. (17) demonstrated that M. marinum strains carrying
transposon in MM2309 and MM2332 are defective in LOS-II
and accumulate an intermediate between LOS-I and -1 respec-
tively, and are affected in sliding motility, biofilm formation,
and infection of host macrophages. However, whether LOSs
participate directly to the pathogenicity of M. marinum
requires to be investigated in more detail by derivating isogenic
strains that are completely deficient in LOS synthesis.

We subsequently established that the failure of Mma7 to syn-
thesize LOS-IV was associated with the presence of multiples
genetic lesions present in the LOS biosynthetic gene cluster
(17). First, LosA, which was reported as a key glycosyltrans-
ferase involved in transferring sugars to LOS-III to form
LOS-1IV (16), contains several point mutations and is lacking its
C terminus in Mma?7. Second, a comparative genomic analysis
indicated that this LOS cluster contains important mutations,
including a 3.8-kb deletion downstream of the truncated JosA
gene. Thus, it can be inferred that the LOS biosynthetic cluster
organization/sequence is severely compromised in Mma?7 and
is very likely responsible for the loss of LOS-IV production. In
addition, the failure to restore LOS-IV biosynthesis in Mma?7
following introduction of a functional JosA gene indicates that
losA, although necessary (16), is not sufficient to ensure LOS-IV
biosynthesis. Our partial characterization of the YZ substituent
in LOS-IV indicates that it consists of a single high molecular
mass N-acylamino-monosaccharide substituted by a very large
side chain, rather than a disaccharide as proposed earlier (16).
Interestingly, another acylamino sugar presented a much sim-
pler side chain has already been identified in M. kansasii as a
4,6-dideoxy-2-O-methyl-3-C-methyl-4-(2'-methoxypropi-
onamido)hexopyranose (42). Therefore, the structural com-
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plexity of this sugar unit probably results from the action of an
important number of enzymes. Thus, it appears conceivable
that, in addition to LosA, multiple enzymes are operating to
ensure both the synthesis and transfer of YZ to LOS-III, and
that the deletion and/or mutations in these genes in Mma7
compromises LOS-IV production in this strain. Work is cur-
rently in progress to establish the exact structure of the remain-
ing YZ monosaccharide.

One surprising finding of this study is the characterization
of a polysaccharide chain composed of a 4-C-branched mon-
osaccharide structurally identical to the one described in P.
caryophylli (32) identified as a 3,6-dideoxy-4-C-(p-altro-
1,3,4,5-tetrahydroxyhexyl)-p-xylo-hexopyranose and subse-
quently designated caryophyllose (33). Caryophyllose is part of
a family of unusual 4-C-branched monosaccharides of which
members have been identified from various Gram-negative
bacteria, including Yersinia species (43, 44) and Burkholderia
brasiliensis (45). All 4-C-branched monosaccharides described
so far are surprisingly based on a 3,6-dideoxyhexose core,
which strongly suggests a conserved origin for this family of
molecules. To our knowledge, a-caryophyllose has only been
described so far in P. caryophylli. A related monosaccharide
differing in the nature of the side chain has been previously
identified at the nonreducing position of an LOS of M. gastri
(9). The presence of this very rare and unusual monosaccharide
in two totally unrelated bacteria suggests the presence of a com-
mon biosynthetic pathway that ultimately leads to a-caryo-
phyllose biosynthesis. Furthermore, we identified a novel mon-
osaccharide that derives from the caryophyllose but differs by
the presence of an additional hydroxyl group in C3 position. To
our knowledge, hydroxylated caryophyllose has never been
observed before. This study describes a novel family of 4-C-
branched 6-deoxyhexoses. In addition, this study reveals an
additional level of complexity within the LOS structures of M.
marinum. Indeed, its presence first permitted us to define
another LOS subtype, designated LOS-II’, in which the termi-
nal a-caryophyllose is replaced by its 3-C-hydroxylated equiv-
alent (OH-Car) that co-exists with LOS-II. Differential integra-
tion of the NMR signals revealed that within the LOS-II
mixture, LOS-II' represents a quantitatively minor compound
compared with LOS-II. Although it was initially identified at
the terminal nonreductive position of LOS-II', OH-Car was
also observed within the glycan sequences of both LOS-III and
LOS-1V, defining again multiple subtypes of LOS-III and LOS-
IV. Indeed, both NMR and mass spectrometry analyses (data
not shown) provided conclusive evidence that LOS-III and -1V
fractions were in fact constituted by mixtures of subtypes in
which OH-Car could replace Car residues in both positions,
thus presumably generating four isoforms for each molecule.
However, the OH-Car residue containing LOS-III and -1V iso-
forms appeared as minor molecules (<10%).

Our study also unraveled a role of LOS in the inhibition of the
TNE-a response in LPS-stimulated human macrophages. This
unexpected finding is somehow reminiscent to the observation
that phenolic glycolipids (PGL), produced by a subset of M.
tuberculosis isolates of the Beijing family, are responsible for the
“hyperlethality” phenotype of these strains in mice (46). Indeed,
loss of PGL was found to correlate with an increase in the
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release of the pro-inflammatory cytokines in vitro, including
TNEF-a. Moreover, the addition of purified PGL to macro-
phages inhibited the secretion of TNF-« in a dose-dependent
manner but did not induce the release of this cytokine (46). This
anti-inflammatory effect has recently been confirmed using
PGL purified from M. marinum (47). Our data suggest that, in
addition to PGL, LOS can also confer the ability to inhibit the
release of key inflammatory effector molecules by the innate
immune system of the host. Whether this inhibition manifests
itself in the hyperlethal phenotype of virulence M. marinum
strains in infected fish remains, however, to be further demon-
strated. Recent work demonstrated that loss of TNF signaling
was responsible for an increase of M. marinum-infected
zebrafish mortality and M. marinum intracellular growth and
an acceleration in granuloma formation, followed by necrotic
death of overladen macrophages and granuloma breakdown
(48). It is therefore tempting to speculate that LOSs, by inhib-
iting TNF signaling, directly influence these physiopathological
processes.

Our results point out an important immunomodulatory role
of LOS, which may also be of high biological significance in the
context of infection with other pathogenic species. In particu-
lar, LOSs are found in the Canetti strain, a smooth variant of M.
tuberculosis (15). Further work is now required to address
whether LOSs participate and contribute in the Canetti strain
to pathogenesis or virulence by inhibiting the pro-inflamma-
tory response in the Canetti strain.
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