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ABSTRACT: Mycobacterium abscessus, an emerging pathogen
responsible for severe lung infections in cystic fibrosis patients,
displays either smooth (S) or rough (R) morphotypes. The S-to-R
transition is associated with reduced levels of glycopeptidolipid
(GPL) production and is correlated with increased pathogenicity
in animal and human hosts. While the structure of GPL is well
established, its biosynthetic pathway is incomplete. In addition, the
biological functions of the distinct structural parts of this complex
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methyltransferase was deleted in the M. abscessus S variant. ~“Uptake ®
Subsequent biochemical and structural analyses demonstrated that ®
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methoxylation of the fatty acyl chain of GPL was abrogated in the J
Afmt mutant, and this defect was rescued upon complementation

with a functional fmt gene. In contrast, the introduction of fmt derivatives mutated at residues essential for methyltransferase activity
failed to complement GPL defects, indicating that fmt encodes an O-methyltransferase. Unexpectedly, phenotypic analyses showed
that Afmt was more hydrophilic than its parental progenitor, as demonstrated by hexadecane—aqueous buffer partitioning and
atomic force microscopy experiments with hydrophobic probes. Importantly, the invasion rate of THP-1 macrophages by Afmt was
reduced by 50% when compared to the wild-type strain. Together, these results indicate that Fmt O-methylates the lipid moiety of
GPL and plays a substantial role in conditioning the surface hydrophobicity of M. abscessus as well as in the early steps of the
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interaction between the bacilli and macrophages.
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Infections caused by nontuberculous mycobacteria (NTM)
are increasing globally and are usually difficult to treat due
to their inherent resistance to many common antibiotics."
Among NTM, Mycobacterium abscessus is a fast-growing species
and an emerging human pathogen that causes nosocomial skin
and soft tissue infections” but also pulmonary infections,
especially in patients with cystic fibrosis (CF) and other lung
disorders.”® Like other NTM, M. abscessus exhibits either
smooth (S) or rough (R) colony morphotypes, which are
associated with distinguishable in vitro and in vivo phenotypes.
This colony-based distinction relies on the production of high
(in S) or low (in R) levels of surface-associated glycopepti-
dolipids (GPLs).>~” Comparative genomic and transcriptomic
studies have been conducted to better understand the
molecular mechanisms responsible for the S-to-R transition
in M. abscessus, revealing multiple insertions or deletions
occurring in the R variants, mainly in the mps1, mps2, gap, and
mmpL4b genes that are involved in either the synthesis or
transport of GPLs.® Epidemiological surveys showcased the
prominence of the M. abscessus R strain in patients with severe
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pulmonary infections”'® and with chronic colonization of the
airways in CF patients,'’ underlining that the distinction
between S and R morphotypes is of paramount importance
and clinically relevant. Indeed, numerous studies have
emphasized that the presence or loss of GPL conditions
important physiological and physiopathological aspects of
infection, among which changes in sliding motility, biofilm
formation, and susceptibility to antibiotics have been
reported.””"' =" Other properties related to the GPL content
have been disclosed, such as bacterial surface hydrophobic-
ity,'*'® aggregation leading to cord formation,”'¥'*'¢
interaction with and intracellular trafficking in macro-
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phages, and induction of a pro-inflammatory response,’
all influencing the clinical outcome of the disease. This has also
been raised by recent studies using various cellular and animal
models, confirming the increased pathogenesis of the R over
the S form."”'%*>*' In particular, the zebrafish model of
infection has been proposed as a relevant and genetically
tractable host—pathogen conjugate for dissecting M. abscessus
interactions with host cells,”* which clearly showed that the S-
to-R transition is associated with exacerbation of the bacterial
burden, the formation of massive serpentine cords, abscess
formation, and increased larval killing.® The mycobacterial cell
envelope comprises, from the inside to the outside, a plasma
membrane surrounded by the peptidoglycan layer, covalently
connected to an arabinogalactan layer, which itself is attached
to the outermost membrane bilayer, designated the mycomem-
brane.””** The inner leaflet of this outer membrane is
predominantly composed of mycolic acids, while the outer
leaflet contains a mixture of free lipids, such as triacylglycerol
(TAG) and diacylglycerol (DAG), and a series of complex
lipids, including trehalose mono- and dimycolate as well as
GPLs. From a structural point of view, GPLs are composed of
a lipopeptide ornamented with a flexible arrangement of
glycosylation that is built from O-methylated and O-acetylated
deoxy hexoses'®**?° (Figure 1A). The peptidic core consists of
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Figure 1. The biosynthetic locus and structure of M. abscessus GPL.
(A) The lipid, peptidic, and glycan moieties of GPL are indicated by
different colors. The schema illustrates the triglycosylated form of
GPL (GPL-3) consisting of a D-Phe-p-alloThr-p-Ala-L-alaninol
peptidic core (green) of which the p-alloThr is glycosylated with a
3,4-di-O-acetyl 6-deoxy-L-talose residue and the alaninol is diglycosy-
lated with rhamnose and 3,4-di-O-methylated rhamnose residues. The
three monosaccharides are presented in the blue area. The orange
arrow shows the methyl group, presumably transferred by the fatty
acid O-methyltransferase enzyme (Fmt) onto position 3 in the lipid
chain (orange area). (B) The GPL locus encodes multiple
components required for biogenesis, modification, and transport of
the GPL. fmt is indicated in orange.

a p-phenylalanine-p-allothreonine-n-alanine (p-Phe-p-alloThr-
p-Ala) tripeptide linked to an r-alaninol. This p-Phe-p-alloThr-
D-Ala-L-alaninol sequence is assembled by two nonribosomal
peptide synthetases, Mpsl and Mps2, and acylated with a 3-
hydroxy/methoxy C,,—Cs; fatty acid by an unidentified
acyltransferase.”*™*® The lipopeptide core is glycosylated
with the allo-Thr linked to a 6-deoxy-a-L-talose (6-dTal),
while the alaninol is linked to an a-L-thamnose (Rha),
producing the less-polar diglycosylated GPL species. In
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addition to the diglycosylated GPLs that contain a 3,4-di-O-
acetylated 6-dTal and a 3,4-di-O-methylated or 2,3,4-tri-O-
methylated Rha,'®*®** M. smegmatis and M. abscessus also
produce more polar GPLs by the addition of a 2,34-
trihydroxylated Rha to the alaninol-linked 3,4-di-O-methyl
Rha.”*** Although structurally identical, triglycosylated GPLs
are more abundant in M. abscessus than in M. smegmatis.”®
GPLs are heterogeneous in structure and vary according to the
fatty acyl chain length and the degree of hydroxylation or O-
methylation of the glycosidic moieties through the action of
various O-glycosyltransferases, O-methyltransferases, and O-
acetyltransferases® (Figure 1A). Interestingly, a recent study
revealed unexpected structural features of the GPL content in
M. abscessus grown on CF sputum or synthetic CF medium,
consisting of an increase in the amount of triglycosylated forms
and possible replacement of the classical carboxy terminal
alaninol by other branched-chain aminol alcohols, valinol or
leucinol.>* Despite the relevance of GPLs in NTM of clinical
significance, the GPL biosynthetic pathway, which has been
well delineated in M. smegmatis and M. avium,”>>373 is only
partly described in M. abscessus. The individual role of several
genes compulsory for GPL production, particularly modifica-
tions of the lipid part of the GPL, remains to be experimentally
investigated. In addition, whether changes in the acyl chain
influence the surface properties of M. abscessus and eventually
its early interaction with host cells remains undetermined. In
this study, we questioned as to whether fmt, a gene located
within the GPL biosynthetic locus of M. abscessus (Figure 1B),
participates in GPL biogenesis.

Construction of a genetically deficient fmt mutant was used
to demonstrate that fmt encodes an O-methyltransferase.
Importantly, deletion of fmt abrogated O-methylation of the
fatty acyl chain of the GPL, which strongly impacted the
bacterial surface properties and phagocytosis of M. abscessus by
human macrophages. Overall, this study advances our
understanding of the genetic requirements for the biosynthesis
and biological functions of the high-GPL producing variant of
this understudied human pathogen.

B RESULTS

Loss of fmt Affects Neither Growth nor Colony
Morphology of M. abscessus In Vitro. To get insights into
the function of the Fmt protein, conventional gene inactivation
was performed in the high-GPL producing M. abscessus S
variant using an unmarked deletion system.’’ The strategy
involves double homologous recombination leading to the
removal of the fmt open reading frame from the GPL locus
(Figure 2A) using the pUX1-katG suicide construct, which
carries a kanamycin resistance (kan®) cassette, a tdTomato red
fluorescence marker, and a katG cassette that confers
sensitivity to isoniazid, an antitubercular drug to which
M. abscessus is naturally resistant.”” Two DNA sequences
flanking fmt were cloned adjacently to each other into pUX1-
katG effectively leading to an fmt-deleted allele in the resulting
pUX1-katG-fmt vector. After transformation, clones that
integrated pUXI1-katG-fmt into their chromosome via a first
homologous recombination were isolated by their resistance to
kanamycin and their red fluorescence. A subsequent second
homologous recombination step resulting in the loss of pUX1-
katG-fmt allowed isolation of potential Afmt clones by their
resistance to isoniazid, loss of red fluorescence, and kanamycin
sensitivity. PCR and sequencing screens on genomic DNA
using primers listed in Table S1 confirmed the genotype of a
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Figure 2. Generation of an unmarked fmt deletion mutant in M. abscessus. (A) The fmt gene is neighbored by the genes gtf2 and mbth. To generate
Afmt, two sequences of 974 and 746 bp located upstream and downstream of fmt were cloned into pUX1-katG. The resulting suicide plasmid
(lacking motifs for episomal replication or mobile elements promoting chromosomal integration) was used to transform M. abscessus, in which it
could only propagate via homologous recombination between the cloned sequences and their chromosomal homologous sequences. The first
recombination event was selected in the presence of kanamycin. A single red fluorescent tdTomato-expressing clone was subjected to the second
round of recombination selected on isoniazid and screened for double crossover phenotypes, i.e., loss of red fluorescence, sensitivity to kanamycin,
and resistance to isoniazid. Dotted lines represent the size (indicated above each line) of the expected PCR products in M. abscessus WT and Afmt.
Black arrows represent the primers used for PCR analysis. (B) PCR analysis demonstrating the deletion of fmt in the mutant strain. Genomic DNA
from WT bacteria was used to amplify the intact fmt locus. Amplicons were subjected to sequencing to confirm the deletion of fmt. (C) Western
blot analysis of the AfmtC strain expressing the Fmt protein in fusion with an HA tag under the control of the native fmt promoter. KasA was
included as a loading control. (D) Colony morphology of the S, R, Afmt, and AfmtC strains on either 7H10%4P€ or LB plates. No difference in
colony morphology between the progenitor S and Afmt strains was found, regardless of the media used. Experiments were carried out twice. (E)
Like the parental S strain, but unlike the R variant, Afmt does not sediment rapidly in liquid culture. The arrow indicates the sedimented bacterial
aggregates. (F) Growth curve of parental S, Afmt and AfmtC strains in 7H9 medium at 37 °C. Data is representative of three independent
experiments. (G) Pellicle-forming capabilities of M. abscessus S, R, Afmt, and AfmtC strains. Experiments were carried out twice.
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Figure 3. Loss of fatty acid methylation on GPL from Afmt. (A) TLC analysis of the crude lipid fractions of the parental, mutant, and
complemented strains. GPL-2 and GPL-3 were separated using either solvent A (CHCl;/MeOH 95:S, v/v; upper panel) or solvent B (CHCl,/
MeOH 9:1, v/v; lower panel) and revealed with orcinol staining after two rounds of migration. GPLs are expressed at similar levels in the parental
(S), Afmt, and AfmtC strains but are absent in the R variant. Mobility of diglycosylated and triglycosylated GPL species differ in Afmt as compared
to the WT and AfmtC strains (upper panel). (B) Diglycosylated fractions (GPL-2) and triglycosylated fractions (GPL-3) were separated by flash
chromatography and visualized on TLC. (C) MS spectra of GPL-2 and GPL-3. The two upper panels correspond to GPL-2 fractions while the two
lower panels correspond to GPL-3 fractions. A decrease of 14 m.u. is observed between WT and Afmt GPL fractions. (D) "H/"*C HSQC spectra
of purified GPL fractions show methoxy functions substituting either the Rha or the lipid moiety. The methoxy group on the lipid moiety is
exclusively found on WT GPL-2 and GPL-3 at § 3.27/57.4 ppm, as indicated by the arrow.

Afmt mutant (Figure 2B). To confirm that fmt alone was
responsible for any phenotypic defects observed in Afmt, the
mutant was complemented by site-specific integration at the
L5 mycobacteriophage chromosomal attachment site®® of a C-
terminally HA-tagged fmt copy under control of its
endogenous promoter (Figure 2C). Western blotting was
carried out by loading an equal amount of total protein extracts
(confirmed by the KasA protein internal loading control). A
band with the approximate molecular weight expected for the
Fmt-HA protein was detected in the complemented strain,
designated AfmtC.

Since it is well established that the absence or the presence
of GPL conditions the morphotype of M. abscessus colonies on
agar medium, we next assessed whether the disruption of fmt
influences the morphology of the strain. Serial dilutions of
cultures were plated on Middlebrook 7H10 or on LB agar, and
single colonies were observed after 4—5 days of incubation. No
visual differences in the morphology were noticed between the
WT (S morphotype), Afmt, and AfmtC colonies, regardless of
the medium used; these strains did not show the typical
serpentine cords typifying the R variant (Figure 2D).

2759

Moreover, Afmt failed to aggregate in liquid culture but
produced homogeneous suspensions similar to M. abscessus S
cultures (Figure 2E). The in vitro growth curves in 7H9 broth
at 37 °C were also similar for the S, Afmt, and AfmtC strains,
indicating that the deletion of fmt does not have an impact on
the replication rate of M. abscessus in planktonic culture
(Figure 2F). Along the same lines, like the S progenitor, Afmt
produced fragile pellicles at the air—liquid interface (Figure
2G).

Disruption of fmt Alters the Overall GPL Profile in
M. abscessus. GPLs are a heterogeneous family of polar
glycolipids whose structures have been well established in
several NTM, including M. abscessus."®*>*° Individual GPLs
comprise three structural parts, a Phe-alloThr-Ala-alaninol
peptidic core, a lipid chain, and a glycan moiety. In M. abscessus,
a C,,—C;; 3-methoxylated fatty-acyl chain esterifies the amino
group of the Phe, while the alloThr and alaninol are substituted
by a 6-dTal and by one or two Rha residues, respectively
(Figure 1A). The presence of one or two Rha residues
differentiates diglycosylated (GPL-2) from triglycosylated
(GPL-3) GPL species. The impact of fmt deletion on the
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Figure 4. Structural analysis of GPL-2. MS? fragmentation spectra of the MS signal (A) at m/z 1258 of WT GPL-2 and (B) at m/z 1244 of Afmt
GPL-2. EI-MS spectra of (C) 3-methoxylated C,; FAMEs isolated from WT GPL-2 and its (D) 3-trimethylsilylated C,g equivalent, from Afmt

GPL-2.

overall GPL profile was first analyzed by lipid extraction and
separation by thin-layer chromatography (TLC). As antici-
pated, GPL production was abrogated in the M. abscessus R
morphotype, whereas the S variant produced large amounts of
highly heterogeneous di- and triglycosylated GPL (Figure
3A).”° Major differences were noticed in the migration profile
between the S variant and Afmt, presumably resulting from
small chemical changes in individual molecules. Two rounds of
migration showed that the modified GPL pattern in Afmt
comprises GPL species that were either produced in lower
amounts or accumulated. Importantly, the wild-type (WT)
GPL profile was restored in AfmtC, indicating that the altered
GPL profile cannot be attributed to a polar effect caused by the
gene deletion in Afmt.

To qualitatively analyze GPL-2 or GPL-3 from WT S and
Afmt strains, an in-depth analysis was carried out. Partial
purification of the GPL-2 and GPL-3 fractions was
accomplished by liquid flash chromatography on a silica gel
column and monitored by TLC analysis (Figure 3B). Starting
from the lower part of the TLC to the solvent front, two
intense and sharp bands, tentatively identified as trehalose-
containing lipids with unsaturated C,4 and C,g fatty acids (data
not shown), were observed along with multiple bands with
higher R; values, corresponding to GPL-3 and GPL-2, on the
basis of their respective mobilities. These fractions were next
subjected to thorough structural analyses.
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The Glycan Moiety of GPL Is Not Altered in the Afmt
Strain. The monosaccharide composition determined by GC/
MS of WT GPL-2 showed the presence of 3,4-di-O-methyl
Rha and 6-dTal in an approximate 1:1 ratio. Very similar
results were obtained with the Afmt GPL-2 fraction (Figure
S1). Both WT GPL-3 and Afmt GPL-3 showed the presence
of 3,4-di-O-methyl Rha, 6-dTal, and Rha in an approximate
1:1:1 ratio (Figure S2). In addition, 3-O-methyl Rha was
observed in much lower quantities on all chromatograms,
suggesting the presence of minor glycoforms. These results not
only confirm that GPL-3 lipids correspond to extended GPL-2
lipids with an additional Rha residue but also imply that loss of
fmt does not influence the monosaccharide composition of
GPL. Mass spectrometry analysis of GPL-2 and GPL-3 from
WT and Afmt showed complex patterns of signals dominated
by two major signals with 28 m.u. increments, tentatively
attributed to two CH, groups (Figure 3C). The 146 Da
increment between WT GPL-2 and WT GPL-3 major signals
at m/z 1258/1286 and m/z 1404/1432 was tentatively
attributed to a deoxyhexose, confirming that WT GPL-3
corresponds to WT GPL-2 with an extra Rha residue, in
agreement with GC/MS analysis and previous reports.”>" The
fine sequence of individual WT GPL was further delineated by
MS? fragmentation of the intense ions at m/z 1258 (Figure
4A) and 1404 (Figure S3A). The presence of terminal Me,Rha
and Ac,dTal residues in WT GPL-2 was established owing to
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Figure 5. The GXG motif is essential for Fmt activity. (A) Multiple sequence alignment of Fmt with the Methanobacterium thermoautotrophicum
protein MTO0146, the corynebacterial protein NCgl2764, the M. tuberculosis protein Rv2952, and its orthologue in M. smegmatis (Mtf2) using
CLUSTALW. Similar residues are shown in red, and identical residues are in green. Wherever possible, the two types of identical amino acids were
surrounded within the same vertically aligned column. Conserved glycine residues (Gly86 and Gly88) within the GXG motif and mutated in this
study are numbered. (B) Western blot analysis of the Afmt strain expressing the Fmt(WT)-HA, Fmt(G86A)-HA, Fmt(G88A)-HA, or Fmt(G86A/
G88A)-HA fusion proteins under the control of the fmt native promoter. (C) TLC analysis of the crude lipid fractions of the parental, mutant, and
the various complemented strains. GPLs were separated using CHCl;/MeOH (9:1, v/v) and revealed after spraying with orcinol and charring.

Black asterisks indicate modified GPL species.

primary fragment ions at m/z 1084 and 1010, respectively, and
confirmed by secondary ion products at m/z 836 and 454
(Figure 4A). In contrast, WT GPL-3 was characterized by a
terminal Rha and Ac,dTal residues owing to primary fragment
ions at m/z 1258 and 1156 and to a number of secondary ion
products (Figure S3A), confirming that WT GPL-3 was further
elongated by a single Rha residue on the Me,Rha as compared
to WT GPL-2. Similar results were obtained on 28 m.u. higher
parent ions for GPL-2 and GPL-3 at m/z 1286 and 1432,
corresponding to a longer lipid chain (data not shown). The
presence of the two acetyl groups on dTal residues to form
Ac,dTal was confirmed by MS and MS/MS analyses of mild
alkali treated GPL that led to an 84 m.u. decrease for the
molecular ion as well as for all fragments containing the dTal
residue. This is exemplified by the MS analysis of saponified
WT GPL-3 that shows two signals at m/z 1319 and 1347
(Figure S4A), as compared to ions at m/z 1404 and 1432 for
the nontreated fraction (Figure 3C) and confirmed by the
corresponding MS/MS fragmentation patterns (Figure S4B).
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As for WT, the MS spectra from Afmt GPL-2 and Afmt
GPL-3 showed complex patterns dominated by major ions
with 146 m.u. increments at m/z 1244/1272 and m/z 1390/
1418, respectively, exhibiting a 14 m.u. decrease compared to
WT GPL-2 and WT GPL-3 (Figure 3C), tentatively assigned
to the loss of a methyl group on Afmt GPL. MS?
fragmentation patterns of the major GPL species (Figures 4B
and S3B) and of their alkali-treated equivalents (data not
shown) established that the glycan moieties of Afmt GPL-2
and Afmt GPL-3 were identical to those of WT GPL-2 and
WT GPL-3. These results clearly indicate that the deletion of
fmt does not alter the glycan moiety of GPL.

The Fatty Acyl Chain of GPL Lacks a 3-Methoxy
Function in Afmt. NMR was subsequently used to
unambiguously identify the origin of the 14 m.u. decrease in
Afmt samples. In particular, "H/"*C HSQC heteronuclear
experiments confirmed that one signal in the region of O-CHj,
chemical shifts at 5 3.27/57.4 ppm ('H/"C) detected for WT
GPL-2 and GPL-3 was absent in the corresponding Afmt
fractions (Figure 3D). This signal was clearly identified as a
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methoxy group associated with the fatty acid chain, according
to its chemical shifts reported in M. smegmatis.’>*’ In contrast,
the two less shielded signals, which were similarly observed in
all samples, were assigned to the O-Me of Me,Rha, in
agreement with previous work.* This confirmed that fmt has
no influence on the methylation of Rha residues. To further
certify the loss of methoxylated fatty acids in Afmt, the fatty
acid composition of WT GPL and Afmt GPL was investigated
by GC/MS. As expected, a mixture of methoxylated fatty acids
dominated by a C,g octacosanoyl form was identified in WT
GPL.* Electronic-impact mass spectrometry (EI-MS) frag-
mentation (Figure 4C) of the fatty acid methyl esters
(FAMEs) highlighted the presence of a methoxy group in
the 3-position owing to the presence of a specific fragment ion
at m/z 117. Similar experiments on Afmt GPL did not permit
the identification of similar methoxylated fatty acids. To
identify potential nonmethoxylated fatty acids, the free
hydroxyl groups of FAMEs extracted from Afmt GPL were
labeled by trimethylsilylation prior to GC/MS analysis. EI/MS
of the reaction products from Afmt GPL showed the presence
of C,g octacosanoyl FAME hydroxylated in the 3-position
owing to the intense fragment ion at m/z 175 (Figure 4D).
Finally, exhaustive analysis of MS data of Afmt GPL-3 revealed
that MS® spectra of ions at m/z 1390 and 1418 generated a
specific fragment ion at m/z 1038, resulting from the cleavage
of the fatty acid C3—C4 bond next to the hydroxyl group that
could be further fragmented by MS*® (Figure SSA). This
specific fragment ion was not detected in WT GPLs, although
an isobaric fragment ion resulting from the cleavage of
glycosidic bonds was found by MS® analysis (Figure SSB).
These data support the view that WT GPLs are substituted by
3-methoxylated fatty acids while Afmt GPLs are substituted by
their hydroxylated equivalents.

The GXG Motif Is Essential for the Methyltransferase
Activity of Fmt. To investigate whether fmt encodes a
methyltransferase, the amino acid sequence of Fmt was aligned
with other validated methyltransferases using CLUSTALW
(https://www.genome.jp/tools-bin/clustalw). The aligned se-
quences include MTO0146/CbiT from Methanobacterium
thermoautotrophicum,”” the corynebacterial MtrP protein
(NCgl2764) assisting the transport of trehalose mycolates,"
the methyltransferase catalyzing the transfer of a methyl group
onto the lipid moiety of phthiotriol and glycosylated
phenolphthiotriol dimycocerosates in M. tuberculosis
(Rv2952),*" and the Fmt orthologue in M. smegmatis Mtf2,*
for which active site residues have been identified. In
particular, two glycine residues are conserved in S-adenosyl
methionine (SAM)-dependent methyltransferase and known
to be involved in binding to the methyl donor. These
correspond to Gly86 and Gly88 in Fmt, which are also
conserved in MT0146/CbiT, NCgl2764, and Mtf2 (Figure
SA). However, only the second glycine residue is conserved in
Rv2952 (Figure SA). We reasoned that, if replacement of these
crucial residues by Ala would result in loss of methoxylation,
trans-complementation of Afmt with the Ala mutated fmt
alleles would fail to restore the WT GPL pattern. Thus, Afmt
was transformed with constructs allowing expression of Fmt
variants (HA-tagged) in which Gly86 and Gly88 were either
individually or simultaneously substituted by Ala. The
introduction of pMV306-fmt-G86A, pMV306-fmt-G88A, or
pMV306-fmt-G86A/G88A into Afmt resulted in similar
expression levels of the different Fmt variants, as judged by
probing the proteins with anti-HA antibodies (Figure SB). The
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TLC profile of the extracted lipids clearly indicates that the
introduction of the single or double mutations in fmt failed at
functionally complementing the GPL profile (Figure SC).

To support these results, GPL-2 and GPL-3 were purified
from Afmt harboring pMV306-fmt-G86A, pMV306-fmt-
G88A, or pMV306-fmt-G86A/G88A and analyzed by MS.
As depicted in Figure S6 and in agreement with the TLC
pattern, the MS profiles in these three strains remain identical
with the one in Afmt. In each of the three Afmt strains
expressing a catalytically inactivated Fmt variant, GPL-3
fractions displayed a set of intense bands with lower R; due
to a more polar behavior (Figure S6A) and identical MS
spectra to Afmt, with two main ions at m/z 1390 and 1418
(Figure S6C). MS? analysis of the fragment ion 1418 — 1038
generated very similar fragmentation pattern to those observed
for Afmt GPL-3 (Figure SSA), strongly suggesting the
presence of a -hydroxyl group on the fatty acid (Figure S7).
In addition, the two major ions at m/z 1244 and 1272 were
found in the GPL-2 fractions of all three strains (Figure S6B).
These results establish the absence of methoxylated GPL in
Afmt producing the catalytically inactivated Fmt proteins.
Collectively, this indicates that both Gly86 and Gly88 are
required for restoring the GPL profile to the WT level and
confirm that Fmt is a canonical methyltransferase.

Hydrophobicity of M. abscessus S Is Dependent on
GPL Methylation. Partitioning of mycobacterial cultures
between hexadecane and an aqueous buffer has been used as a
quantitative marker of hydrophobicity in M. tuberculosis
evolution and pathogenicity, ranging from the hydrophilic
environmental low-pathogenicity ancestors Mycobacterium
kansasii and Mycobacterium canettii to highly hydrophobic
virulent tubercle bacilli.** To address whether the methylation
of GPL affects the surface hydrophobicity of M. abscessus,
hexadecane—aqueous buffer partitioning was applied to the §,
R, Afmt, and AfmtC strains. M. kansasii Hauduroy (ATCC
12478) was included as a highly hydrophilic control strain.*’
Consistent with previous findings, the S variant is more
hydrophilic than the R variant, while M. smegmatis mc*155
exhibited an intermediate phenotype.'* Unexpectedly, Afmt,
while producing normal levels of GPL but lacking the methoxy
on the fatty acid core, was significantly more hydrophilic than
the S variant, almost reaching levels of M. kansasii, while
complementation restored the wild-type hydrophobic proper-
ties of the S strain (Figure 6A). This suggests that lack of O-
methylation is responsible for the increased hydrophilicity of
Afmt.

Hydrophobic Forces Are Weaker within Hydrophobic
Nanodomains on Single Afmt Cells. Atomic force
microscopy (AFM) with chemically modified (hydrophobic)
AFM tips was employed to assay at high spatial resolution the
magnitudes, frequencies, and surface distributions of hydro-
phobic adhesive forces on the surface of Afmt.'>* Low
resolution topographic images (S pm X S pm) were first
recorded, and then, high-resolution adhesion maps were
obtained (250 nm X 250 nm, Figure 6B, blue squares) on
top of the bacteria to avoid edge artifacts. In line with previous
work, " heterogeneous distributions of hydrophobic adhesive
forces were observed, ie., hydrophobic nanodomains sur-
rounded by hydrophilic areas on the surface of M. abscessus S
cells (Figure S8A) as well as on Afmt (Figure S8B) and AfmtC
cells (Figure S8C). The frequencies of detectable hydrophobic
forces on Afmt (24 + 3%, n = 19 cells) did not differ
significantly from those on WT bacteria (16 + 4%) or AfmtC
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Figure 6. Decreased cell-surface hydrophobicity of Afmt. (A)
M. abscessus R is more hydrophobic than S, while the Afmt mutant
strain’s hydrophilicity is significantly higher than S, as assessed by
hexadecane partitioning and shown as the hydrophobicity index (in
percentage of aqueous phase OD prior to partitioning). Histograms
and error bars are means + SD of three independent experiments.
Differences between means were analyzed for significance using a two-
tailed Student’s t-test employing Welch’s correction for unequal
variances. ns, nonsignificant; **p < 0.01; ***p < 0.001. (B) 3D
projections of height images obtained in the quantitative imaging
(QI) mode of M. abscessus S (WT), Afmt, and AfmtC cells. The blue
squares (250 nm X 250 nm) in each image indicate where adhesion
force maps were collected for these representative cells, shown in
Figure S8 (WT #2, Afmt #5, and AfmtC #1). Scale bar = 1 um. (C)
Boxplots of adhesion forces for M. abscessus S wild-type (WT), Afmt,
and AfmtC cells. Whiskers indicate the range; the bottom and top of
the boxes are the 1st and 3rd quartiles, respectively, and the thick
black bar in the middle of the boxes represents the sample median.
The different groups were compared using one-way Mann—Whitney

tests. n = 17 (WT); n = 18 (Afmt); n = 11 (AfmtC).

cells (23 + 4%), indicating that abrogation of GPL methylation
by Fmt does not change the proportion of hydrophobic versus
hydrophilic areas on the cell surfaces.

To test whether changes in the methylation pattern of GPL
affect hydrophobic adhesion within nanodomains, we assessed
the average magnitudes of adhesion forces within these
domains only (i.e., excluding nonadhesive events). The average
adhesion force within hydrophobic nanodomains on Afmt was
281 + 28 pN (mean + SEM, n = 17, 481 curves from 18 cells),
while in WT cells, it was 375 + 37 pN (mean + SEM, n = 11,
476 curves from 17 cells), a moderate (~25%) but significant
difference (p = 0.016). In AfmtC, adhesive forces with
hydrophobic nanodomains were restored to WT levels (371 +
20 pN, mean = SEM, n = 10, 495 curves from 11 cells). These
results shown as boxplots in Figure 6C indicate that the
alteration of the GPL methoxylation pattern correlates with
changes in the surface hydrophobic properties of M. abscessus S
cells. It also supports the view that more hydrophobic classes
of GPL define the hydrophobic nanodomains exhibited on the
surfaces of S variant cells (at least in contribution with other
apolar lipid classes). However, the ratio of hydrophobic to
hydrophilic area did not change in Afmt, indicating that
methoxylation is not the only determinant of GPL hydro-
phobicity and that other chemical differences between the class
of GPL that define the hydrophilic nanodomains and those
that define the hydrophobic ones likely exist.

Reduced Invasion of THP-1 Macrophages by Afmt.
Because cell surface hydrophobicity plays important roles such
as favoring cell—surface interactions with host tissues,*® the
first step leading to infection, we next evaluated the possible
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impact of GPL methylation on adhesion and invasion of
M. abscessus by human THP-1 macrophages. Cells were
infected with the tdTomato-expressing M. abscessus S, Afmt, or
AfmtC strains for 3 h at a multiplicity of infection (MOI) of
2:1, prior to assessing phagocytosis and rate of replication over
time. Following infection, macrophages were treated with 250
pug/mL amikacin for 2 h and then amikacin was maintained at
50 pug/mL to prevent extracellular bacterial growth. At 0, 1, 3,
and S days postinfection (dpi), macrophages were lysed and
plated to determine the intracellular bacterial burden. At day 0
(3 h postinfection), the invasion rate of Afmt was reduced by
almost 50% as compared with the control strain, and this effect
was rescued with AfmtC (Figure 7A). This defect was
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Figure 7. Fmt participates in the invasion of human macrophages by
M. abscessus. Macrophages were infected with the M. abscessus S,
Afmt, and AfmtC strains expressing tdTomato (MOI of 2:1). (A)
CFU were determined at days 0, 1, 3, and 5 postinfection. Data are
mean values + SD for three independent experiments. One-tailed
Mann—Whitney test: ns, nonsignificant; ***p < 0.001. (B)
Percentage of infected THP-1 macrophages at days 0, 1, 3, and 5
postinfection. Data are mean values & SD for three independent
experiments. One-tailed Mann—Whitney test: ns, nonsignificant;
##kp < 0.001. (C) Three immunofluorescent fields were taken after
1 day postinfection at a 40X magnification (using a confocal
microscope), showing the nuclei of macrophages infected with the
various strains. The nuclei are shown in blue. White arrows indicate
mycobacteria within the macrophages. Scale bars represent 20 um.
Experiments were done three times independently.

maintained at 1, 3, and S dpi (Figure 7A). In parallel, at 0,
1, 3, and S dpi, macrophages were stained with DAPI and
observed under an epifluorescence microscope. Microscopic
observations and quantification of the infected cells revealed a
pronounced reduction in the number of infected THP-1 cells
infected with Afmt just after phagocytosis. Again, this effect
was maintained over time as compared to the macrophages
infected with either the WT progenitor or AfmtC strains
(Figure 7B,C). In contrast, no major effect on bacilli
multiplication was observed within the cells, suggesting that
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fmt is important for bacterial invasion rather than for
intracellular survival.

B DISCUSSION

This work provides a first glimpse into the structure—function
relationship of GPL fatty acid methoxylation. It unambiguously
demonstrates that fmt encodes a O-methyltransferase that
catalyzes the transfer of a methyl to the 3-hydroxyl group of
the Cy,—Cj; fatty acyl chain, with which the amino group of
the peptidic core is esterified: (i) unmarked deletion of fmt
leads to the production of GPL carrying a fatty acyl chain
lacking a 3-methoxy group while the glycan moiety remains
unaltered; (ii) substitution of the Gly86 and/or Gly88 residues
of the conserved GXG motif, known to bind to the methyl
donor in other O-methyltransferases,* resulted in the loss of
O-methylation of the lipid domain of GPL; (iii) Fmt is the
orthologue of Mtf2 that methylates the GPL in M. smegmatis.*®
However, because M. smegmatis is a nonpathogenic species, the
impact of lipid O-methylation in the physiopathology of
infection cannot be investigated. In addition, we procure
strong evidence that O-methylation of the GPL fatty acid
increases cell surface hydrophobicity of M. abscessus and
increases internalization of the bacilli by macrophages. By
substituting the endogenous promoter of the mmpS4 mmpL4a-
mmpL4b locus involved in the transport of the GPL with a
leaky acetamidase promoter from M. smegmatis in M. abscessus
S, we previously reported a strain producing low GPL levels
with a rough appearance, similar to R strains.'* This rough low
GPL producing mutant was less hydrophilic than the S variant
but more hydrophilic than the R variant, indicating that
lowering the production of GPL leads to increased hydro-
phobicity. Herein, we show that O-methylation of the lipid
core of GPL represents another way for M. abscessus to regulate
its surface hydrophobicity properties. However, these alter-
ations in the GPL profile were not associated with changes in
the susceptibility to cefoxitin, imipenem, bedaquiline,
amikacin, or rifabutin (data not shown), indicating that
methoxylation of the fatty acyl chain does not contribute to
the envelope permeability and drug sensitivity of M. abscessus.

Earlier comparative studies between the S and R
morphotypes of M. abscessus underscored the positive
correlation between low GPL production and increased
hydrophobicity and virulence in animal models.'* These
features are reminiscent of the role that hydrophobicity has
played in M. tuberculosis evolution toward greater pathoge-
nicity, where more modern pathogenic strains exhibit a higher
proportion of less polar lipids in the outer membrane, which
corresponds with greater surface hydrophobicity.** Impor-
tantly, increased hydrophobicity may enhance the capability
for aerosol transmission, affecting virulence and pathogenic-
ity.*>*” Conversely, M. kansasii, which is much less pathogenic
than M. tuberculosis and less virulent than M. abscessus in the
zebrafish model of infection,*® produces large quantities of
hydrophilic lipids and is characterized by mycomembrane
lipids that are less apolar than those found in M. tuberculosis.*
Our results indicate that M. abscessus S is less hydrophilic than
M. kansasii but more than the R morphotype. Remarkably,
Afmt is more hydrophilic than the S parental strain, indicating
that a simple change in the methoxylation pattern of GPL can
lead to pronounced phenotypic changes in surface hydro-
phobicity. However, considering the wide heterogeneity of the
microbial population in planktonic cultures, comprising a
mixture of bacteria with various degrees of hydrophilicity, we
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aimed at imaging and quantifying surface hydrophobicity at the
single cell level using AFM. As noticed previously, the
M. abscessus S cell surface is characterized by hydrophilic
nanodomains, the latter being completely absent in R variant
cells that express homogeneous surface hydrophobicity,” like
in other GPL-defective mycobacteria.””*"** While the
homogeneous hydrophobicity on the R variant cell surface is
easily explained by the exposure of more hydrophobic lipid
classes, like mycolic acids, in the absence of GPL, two
explanations for the presence of both hydrophobic and
hydrophilic nanodomains on S variant cells were posited: (i)
mycolic acids that are hydrophobic (most likely along with
other hydrophobic lipids) define the hydrophobic nano-
domains, while GPLs, which expose relatively hydrophilic
head groups, define the hydrophilic nanodomains; (ii) more
hydrophobic GPL classes define the hydrophobic nano-
domains, while hydrophilic nanodomains are defined by
more hydrophilic classes.'> The average adhesion force within
hydrophobic nanodomains on Afmt was lower than in the
parental and AfmtC strains, which supports the latter
hypothesis. It is possible that more apolar GPL-2 define the
hydrophobic nanodomains and that a loss of fatty acid
methoxylation leads to decreased hydrophobic adhesive forces
measured specifically within hydrophobic nanodomains of
Afmt. Ensuing studies may explore the contribution of the
GPL glycosylation profile on surface hydrophobicity.

The fatty acid core of GPL is thought to interact with other
lipids present within the outer leaflet of the outer membrane,
implying that the methoxy substituent is likely to be buried
within the membrane and, presumably, not exposed on the
bacterial surface. One cannot, however, exclude that the overall
reduced hydrophobicity of Afmt GPL relies simply on the
direct consequence of the lack of the methoxy group. It is
possible that this methoxy group is important for the GPL to
interact with other membrane lipids. The loss of the methyl
group in Afmt may, therefore, result in “abnormal” interactions
with lipids, favoring the exposition of other polar lipids at the
bacterial surface, thus influencing the overall cell surface
chemical composition and hydrophobic properties. Interest-
ingly, methoxylation has been ascribed to the phenolglycolipids
(PGL) and phthiocerol dimycocerosate (PDIM) in M. tuber-
culosis, two other well-described, complex, virulence lipids.53 In
these lipids, the transfer of a methyl group onto the free
hydroxyl group of the lipid domain of PDIM and PGL is
catalyzed by the methyltransferase Rv2952,"* whose gene is
found within the PDIM/PGL locus, similarly to how fmt is
located within the GPL locus. Multisequence alignments
indicated an overall conservation between Fmt and Rv2952,
albeit the GXG muotif is not fully conserved in Rv2952 as the
first Gly residue is substituted by a Ser. On the basis of our
findings with GPL, it would be interesting to investigate
whether the lack of lipid methoxylation in PDIM and PGL
translates into altered biological properties and influences the
pathogenesis of M. tuberculosis.

The outermost layer of M. abscessus characterizes the
interface between bacilli and their host macrophages. It is
now clear that the hydrophobic effect is a factor in adhesion of
numerous pathogens.”® Mycobacterial exposed adhesins are
recognized by specific cell surface receptors that allow bacteria
to reach and invade their cellular targets. A few adhesins have
been shown to play a role in the interaction between
mycobacteria and host cells, but their surface position and
their approachability to their cognate receptors remain poorly
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understood. This work shows that the decreased cell surface
hydrophobicity of Afmt correlates with reduced invasion of
macrophages by M. abscessus, while the intracellular growth
rate of the mutant was not altered as compared to the one of
the WT progenitor. These findings are consistent with previous
studies demonstrating that internalization of M. smegmatis by
human macrophages is more efficient in a mutant lacking GPL
(mps-inactivated) than in a control strain producing GPL.***
However, whether the reduced adhesion and internalization of
Afmt in macrophages is a direct or indirect effect of the lack of
GPL methoxylation deserves future investigations. One
possibility could be that GPL are direct ligands of macrophage
receptors and that the methoxy of the GPL fatty acid chain
participates in the ligand—receptor recognition. Improved
adherence to target cells is directly correlated with increased
bacterial surface hydrophobicity in Neisseria and Streptococ-
¢i.>>*® Methylation has also been found to increase hydro-
phobicity of the outer surface of the flagellar filament in
Salmonella and, consequently, enhance bacterial adhesion and
host cell invasion.”” Additional work is required to understand
how bacterial surface hydrophobicity can alter the adhesion
strength between bacteria and host cells.

B CONCLUSION

This study underscores the contribution of GPL methoxylation
in the biological functions of this important class of lipids.
Because GPLs are present in numerous NTM, these results
suggest that the activity of Fmt participates in the surface
properties and internalization of other NTM, highlighting
possible therapeutic interventions against these opportunistic
mycobacterial pathogens. Future studies should enlighten the
contribution of the other parts of this complex lipid molecule
with respect to their biological functions.

B METHODS

Mycobacterial Strains, Growth Conditions, and
Reagents. All bacterial strains are listed in Table S2. Rough
(R) and smooth (S) variants of M. abscessus CIP104536" were
usually grown in Middlebrook 7H9 broth (BD Difco)
supplemented with 0.05% Tween 80 and 10% oleic acid,
albumin, dextrose, catalase (OADC enrichment; BD Difco)
(7H9™/OAPC) 4t 37 °C in the presence of antibiotics, when
required. Electro-competent mycobacteria were transformed
using a Bio-Rad Gene pulser (25 uF, 2500 V, 800 Ohms). For
bacterial selection, media were supplemented either with 1
mg/mL hygromycin for strains carrying pTEC27 (Addgene,
plasmid 30182), allowing tdTomato expression, or with 250
pug/mL kanamycin when harboring the pMV306 derivatives.
On plates, colonies were selected either on Middlebrook 7H10
agar (BD Difco) supplemented with 10% OADC enrichment
(7H10°P€) or on LB agar. Antibiotics were purchased from
Sigma-Aldrich.

In Vitro Growth, Colony Morphology Assays, and
Sedimentation. Growth was examined by inoculating the
mid-log phase cultures into fresh 7H9 at an ODgy, of 0.0S.
Cultures were incubated at 37 °C with shaking, and ODgqy, was
monitored for 150 h using a Synergy HI1 hybrid reader
(BioTek). To evaluate colony morphology, bacteria from a log
phase bacterial culture (ODgy = 1) were resuspended in
phosphate buffered saline (PBS) and 2 uL of the cell
suspension was spotted onto 7H109%P€ or LB agar. Plates
were then incubated for 4—5 days at 37 °C, and colonies were
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imaged using a Zeiss microscope equipped with a Zeiss Plan
Neo Fluor Z 1X/0.25 FWD objective. Images were acquired
with an Axiocam$03 monochrome (Zeiss) camera and
processed using ZEN 2 (blue edition). For sedimentation
experiments, cultures were diluted to an ODgy, of 1 and 2 mL
of culture were transferred to a glass tube. Images were taken
after S min.

Pellicle Assays. Pellicle formation was assessed by
inoculating 10 uL of mid-log phase mycobacterial cells
(ODggpy 0.8—1.0) onto medium consisting of M63 supple-
mented with 10% glucose, 1 mM CaCl,, and 1 mM MgSO,,
and the samples were incubated without agitation at 30 °C for
S days.

Hexadecane Partitioning. Exponentially growing bacteria
were washed twice in PUM buffer (100 mM K,HPO,, 54 mM
KH,PO,, 30 mM urea, 0.8 mM MgCl,) and suspended to an
ODgq of 0.7. Aliquots (3 mL) were transferred to glass tubes,
and hexadecane (2.4 mL) was added. After a brief mixing,
samples were incubated for 8 min at 37 °C, and phase
separation was allowed to occur at 22 °C for 15 min. The
hydrophobicity index was defined as aqueous phase ODyj,
expressed as a percentage of that of the bacterial suspension in
PUM buffer alone.*

Construction of Afmt. The suicide vector pUX1-katG®’
was used to generate pUX1-katG-fmt (Table S3), which was
subsequently used to generate an unmarked deletion mutant in
the S variant of M. abscessus. Briefly, the left and right arms (LA
and RA, respectively) were PCR-amplified using genomic
DNA and QS polymerase (New England Biolabs) as well as
primers 1 and 2 (LA) and primers 3 and 4 (RA) (Table S1).
The purified LA and RA amplicons were restricted with Pacl/
Mfel and Mfel/Nhel, respectively, and ligated to the Pacl-
Nhel-linearized pUXI1-katG, vyielding pUXl-katG-fmt, de-
signed to delete 696 bp (87%) of the fmt gene. Electro-
competent M. abscessus was transformed with pUX1-katG-fmt.
The selection of bacteria having undergone the first
homologous recombination event was done by visual screening
of red fluorescent colonies on 7H10°*P¢ supplemented with
250 pug/mL kanamycin. After subculturing the culture
overnight in 7H9™/94P€ in the absence of kanamycin, bacterial
suspensions were serially diluted and plated onto 7H10°4P¢
with S0 pg/mL isoniazid (INH) to select for INH-resistant,
Kan-sensitive, and nonfluorescent colonies. The DNA
junctions were subsequently PCR sequenced to confirm the
proper Afmt genotype.

Complementation Constructs. Plasmids for complemen-
tation were generated by PCR amplification of fmt in fusion
with an HA tag sequence under the control of its endogenous
promoter region (175 bp) using genomic DNA and the
forward primer 9 (containing a Kpnl site) and reverse primer
10 (containing an Ncol site as well as the HA-coding
sequence) and subsequent ligation into the integrative vector
pMV306 cut with Kpnl and Ncol, resulting in pMV306-fmt.
The mutation of the Gly86 or/and Gly88 present in the GXG
motif in Fmt in pMV306-fmt was achieved by site-directed
mutagenesis using the primers listed in Table SI and the
QuikChangeV Site-Directed Mutagenesis Kit (Agilent),
according to the manufacturer’s instructions, yielding
pMV306-fmt-G86A, pMV306-fmt-G88A, and pMV306-fmt-
G86A/G88A. All constructs were verified by DNA sequencing
and introduced into Afmt.

Western Blotting. Bacteria were harvested, resuspended in
PBS, and disrupted by bead beating using 1 mm diameter glass
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beads. Protein concentration was assessed using the BCA
Protein Assay Reagent kit (Pierce), according to the
manufacturer’s instructions. Equal amounts of proteins (S0
ug) were separated by SDS/PAGE and transferred to a
nitrocellulose membrane. For detection of Fmt-HA, Fmt-
G86A-HA, Fmt-G88A-HA, and Fmt-G86A/G88A-HA, mem-
branes were probed for 1 h with rat anti-HA antibodies
(dilution 1:2000; Sigma). The KasA protein, used as an
internal loading control, was revealed using rat anti-KasA
antibodies (dilution 1:2000).°° After washing, membranes
were incubated for 45 min with goat anti-rat antibody
conjugated to HRP (dilution 1:5000; Abcam). The signal
was revealed using the ChemiDoc MP system for imaging and
analyzing gels (Bio-Rad laboratories).

AFM Tip Functionalization, Sample Preparation,
Parameters, and Analysis. Gold OMCL-TR400PB-1 AFM
probes (Olympus) were functionalized by immersing them in a
1 mM ethanolic solution of 1-dodecanothiol overnight and
used fresh. Bacteria were first cultured in 7H9 broth
supplemented with 0.2% (w/v) glucose, 0.2% glycerol, and
0.025% tyloxapol. At the middle exponential phase (ODgyy ~
1.0), bacteria were pelleted by centrifugation, resuspended in
medium lacking tyloxapol, and deaggregated via passing them
10X through a 26 GA syringe needle and finally passing them
through a S ym PVDF syringe filter (Merck), resulting in a
suspension of single bacterial cells. This suspension was seeded
into a 35 mm hydrophobic (untreated) microscopy dish
(iBidi), and bacteria were left to adhere to the hydrophobic
surface overnight at 30 °C. Just prior to AFM measurements,
the bacteria were washed several times with deionized water,
and all AFM experiments were performed in ultrapure
deionized water. Topographic images were recorded in
quantitative imaging (QI) mode using a JPK NanoWizard 4
AFM, bare MSCT probes (k = 0.02), and the following
parameters: an applied force of 250 pN, 25 um/s approach and
retraction speeds, a z-length of 500 nm, a map size of S X §
um, and a resolution of 128 X 128 pixels. Adhesion maps were
also recorded in QI mode but using hydrophobic probes (k =
0.02) and the following parameters: 25 ym/s approach and
retraction speeds, an applied force of 500 pN, a z-length of 500
nm, a map size of 250 nm X 250 nm, and a resolution of 64 X
64 pixels. Owing to tip-geometry induced artifacts that occur
on the steep edges of the cells, care was taken to record
adhesion maps right on top of the bacteria (250 nm X 250 nm
areas). The spring constants of AFM probes were determined
empirically using the method of Hutter and Bechhoefer.”” At
least two different tips were used to collect data for each
sample, and the AFM experiment was repeated on one
occasion. Force—distance curves obtained in QI mode were
treated using the JPK Data Processing software (V.6.1.125).

Macrophage Infection Assays. THP-1 macrophages
were grown, infected with the M. abscessus S, Afmt, and
AfmtC strains, and processed as reported carlier.®’ At various
time points (0, 1, 3, and S days postinfection), macrophages
were washed three times with PBS and lysed with 100 uL of
1% Triton X100. Cell lysis was stopped by adding 900 uL of
PBS, and serial dilutions were plated to monitor the
intracellular bacterial counts. Colonies were counted after S
days of incubation at 37 °C. Microscopy-based infectivity
assays were performed as reported previously.”’ Briefly, THP-1
cells were cultivated on coverslips in 24-well plates at a density
of 10° cells/well. The following day, cells were infected with
tdTomato expressing M. abscessus (MOI = 2). At various time
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points after infection, cells were fixed with 4% paraformalde-
hyde in PBS for 20 min, stained with 1 ug/mL 4’,6-diamidino-
2-phenylindole (DAPI) for S min, washed, mounted onto
microscope slides using Immu-Mount (Calbiochem), and
examined using a confocal microscope (63X objective) (Zeiss
LSM880). Images were acquired and captured on a Zeiss Axio-
imager confocal microscope equipped with a 63X oil objective
and a camera and processed using Zeiss Axiovision software.
Quantification and scoring of the numbers of bacilli present
within macrophages were performed within focus using
Image]. Equal parameters for the capture and scoring of
images were consistently applied to all samples. For each
condition, ~1000 infected macrophages were analyzed.

GPL Extraction. Bacteria grown on 7H109%P¢ agar plates
without detergent were collected, and GPLs were extracted
from the polar lipid fraction, first with chloroform/methanol/
0.3% NaCl (9:10:3, v/v/v) and then by chloroform/methanol/
0.3% NaCl (5:10:4, v/v/v). The combined solvent extracts
were then mixed for S min with chloroform and 0.3% NaCl
(1:1, v/v) and centrifuged at 3000g for S min to separate the
lower-organic phase from the aqueous phase. The upper
aqueous layer was discarded, and the lower-organic phase was
evaporated under a stream of nitrogen and resuspended in
chloroform/methanol (2:1, v/v). Polar lipids were then
subjected to TLC analysis using Silica gel 60 F,s, plates
(Merck). GPLs were separated using either chloroform/
methanol/water (90:10:1, v/v/v) or chloroform/methanol
(9:1 or 95:S, v/v) and sprayed with orcinol/sulfuric acid vapor
prior to revelation by charring.

Glycolipid Purification. 7-TLC. For preparative TLC, 150
uL of glycolipid sample was spotted on a 150 mm band on a 60
um silica gel plate with a glass back (20 cm X 20 cm) and
migrated in a solution of chloroform/methanol/water
(90:10:1, v/v/v). Plate sides were sprayed with orcinol in
20% sulfuric acid and charred to reveal glycolipids while the
plate center was reversibly colored with iodide vapor.

2-Flash Chromatography. Glycolipid extracts were im-
pregnated with silica gel overnight. After an equilibration step,
impregnated silica was added on top of a low-pressure silica gel
column (15 pm, 4 g; Interchim, France) and a linear gradient
started on Puriflash (Interchim, France) from 100% chloro-
form to reach 85% chloroform/15% methanol at 20 min. This
ratio was maintained for 10 min. Six milliliter fractions were
collected during the gradient phase, and the presence of
glycolipids was checked by TLC. Fractions containing GPL
were pooled, dried, and dissolved in chloroform/methanol
(2:1, v/v).

GPL Saponification and Methanolysis. Ten microliters
of purified GPL was dried under nitrogen; 200 uL of sodium
hydroxide (0.1 M) in chloroform/methanol (2:1, v/v) was
added and heated for 2 h at 37 °C. After the reaction, 1 mL of
chloroform and 1 mL of water were added. The mixture was
vortexed for 1 min and then centrifuged for 30 s. The lower
chloroform phase was dried under nitrogen and dissolved in
150 uL of chloroform/methanol (2:1, v/v). For methanolysis,
10 uL of purified GPL was dried under nitrogen and desiccated
overnight; then, 200 uL of methanol/HCI 0.5 N was added
and heated overnight at 100 °C. After the reaction, 1 mL of
chloroform and 1 mL of water were added. The mixture was
vortexed for 1 min and centrifuged for 30 s, and the lower
chloroform phase was dried under nitrogen and dissolved in
250 uL of heptane.
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Itol-acetate Derivatives. For the hydrolysis step, 1 ug of
mesoinositol, 20 L of GPL fraction, and 1 mL of TFA (3 M)
were mixed, then heated for 4 h at 80 °C, dried, and desiccated
overnight. The reduction step was conducted for 4 h at room
temperature in S00 uL of NaBH, (10 mg/mL) in 2 M NH,.
The reaction was stopped with concentrated glacial acetic acid.
Samples were dried at 55 °C under a nitrogen stream by
codistillation with methanol/acetic acid three times, desiccated
overnight, and incubated in 500 xL of acetic anhydride for 4 h
at 80 °C. The reaction products were extracted several times
with chloroform/water. The chloroform-rich phase was then
filtered, dried, and dissolved in 100 uL of chloroform. Similar
experiments were conducted using Rha or 6-dTal standards
(Carbosynth, UK).

MALDI-TOF Mass Spectrometry. Before 5 uL was
spotted on the MALDI plate with a glass capillary tube, S
UL of 10 mg/mL dihydroxybenzoic acid (DHB) in chloro-
form/methanol (1:2, v/v) was mixed with S uL of the sample
extract in chloroform/methanol (2:1, v/v). MS and MS"
spectra were acquired on an Axima Resonance (Shimadzu
Kyoto, Japan) in reflectron mode. For MS® experiments,
collision energy was tuned from 300 to 600 eV. For MS?®, ion
selection occurred with standard resolution with the same
collision energy.

GC-MS Analysis. 1-Itol-acetates. One microliter of itol-
acetate derivatives was injected in splitless mode on a Solgel 1
MS, 30 m X 0.25 mm X 0.25 um capillary column with the
following gradient temperature: 120 to 230 °C at 3 °C/min
and then to 270 °C at 10 °C/min. Compounds were detected
after electronic impact at 70 eV on a HP-7820 gas
chromatograph coupled to a 5976 single quad (Agilent
Technologies, Santa Clara, US) in full scan mode from 50 to
500 Da.

2-FAMEs and TMS Derivatives. After methanolysis, released
FAMEs were extracted in heptane and analyzed on a TRACE
1300 gas chromatograph coupled to an ISQ single quad
(Thermo Fisher Scientific, San Jose, US). One microliter was
injected in splitless mode on a SLB-5 MS, 30 m X 0.25 mm X
0.25 um capillary column with the following gradient
temperature: 50 to 140 °C at 10 °C/min and then to 310
°C at 15 °C/min. After electronic impact at 70 eV, spectra
were acquired simultaneously in selected ion monitoring at 74
and 87 Da and in full scan mode from 50 to 700 Da.
Trimethylsilyl derivatives of FAMEs were produced by adding
100 uL of BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide)-
and 100 uL of pyridine. After 2 h at room temperature, 300 yL
of heptane was added and processed using the same conditions
as for FAMEs. A methyl 3-hydroxy octadecanoate (Matreya,
US) was also submitted to TMS derivation to check the
fragmentation model.

Nuclear Magnetic Resonance. Flash purified GPL were
dried and dissolved in a mixture of CDCl;/CD;0D (2:1, v/v)
with 0.03% trimethylsilane (Eurisotop, France) three times and
then dissolved in a final volume of 200 yL. The sample was
then introduced into a 3 mm glass tube (Shigemi, Allison Park,
PA, US). A TBI probe was used to observe 'H and "*C nuclei
at 293 K on an AVANCE II system (Bruker Biospin GmbH,
Germany). Impulsion sequences used for homonuclear and
heteronuclear experiments were from the manufacturer. After
acquisition, phase correction and calibration on trimethylsilane
signals were performed for 6 'H and § "*C. For HSQC,
calibration was adjusted on the methanol signal.

Statistical Analyses. Statistical analyses were performed
on Prism 5.0 (Graphpad) or in R studio (for AFM
experiments) and detailed for each figure legend: *p < 0.05;
**p < 0.01; ***p < 0.001.
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