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SUMMARY

“Mycobacterium abscessus is an opportunistic pathogen, ubiquitous in the environment, that
often causes infections in humans with compromised natural defences such as patients with
cystic fibrosis or other chronic lung diseases. A current taxonomic classification suggests
separation of M. abscessus into three distinct subspecies: M. abscessus subsp. abscessus, M.
abscessus subsp. bolletii, and M. abscessus subsp. massiliense. Although a saprophyte in water
and soil, following lung infection M. abscessus can swiftly grow and survive intra-cellularly
within macrophages as well as in extra-cellular caseous lesions and airway mucus. Several
factors contribute to the success of this rapidly growing mycobacterium. A plethora of intrinsic
resistance mechanisms renders almost all clinically used antibiotics ineffective against M.
abscessus. In addition, the presence of a highly dynamic open pan-genome in M. abscessus
might explain the ease with which the bacterium evolves and adapts to a wide-spectrum of
stressful environmental conditions encountered in diverse habitats. Importantly, the respiratory
habitat of M. abscessus brings it in close proximity to highly virulent pathogens (for example,
Pseudomonas aeruginosa in cystic fibrosis lung) which can serve as donors of novel drug

resistance or virulence genes” (Luthra, S. et al.).

“Mechanisms underpinning intrinsic drug resistance of M. abscessus are multi-fold and fall
into two main groups: first, the presence of a highly impermeable cell envelope and/or multi-
drug efflux pumps might reduce the effective concentration of antibiotics within the bacterial
cells; second, the genome of M. abscessus encodes several putative enzymes which can
inactivate antibiotics by modification and/or degradation or lower the affinity of the drug for
its target by modifying the target. For long, molecular investigations aimed at elucidating
antibiotic resistance mechanisms of M. abscessus were limited, however, significant progress
has been made in recent years owing to the development of efficient tools for genetic

manipulation of this bacterium” (Luthra, S. et al.).

We examined, in this study, the role of limiting factors [i.e. B-barrel proteins that function as
porins and surface-exposed glycopeptidolipids (GPL)] in regulating B-lactam transport across
the mycomembrane and the impact of changes in cell envelope composition with or without
the presence of a specific mechanism involved in B-lactam removal (i.e. deactivation by
periplasmic [-lactamase) on the antibacterial susceptibility of M. abscessus toward a
representative set of compounds from three different B-lactam subclasses (i.e. cephalosporins,
carbapenems and a penem). This was accomplished through a series of gene knockouts
(obtained via two-step homologous recombination) and by the determination of minimal

inhibitory concentrations of antibiotics for all M. abscessus strains.



SUMMARY

Here, we reveal that in M. abscessus, B-lactam susceptibility is linked to the presence of the
general porin MapA and that the chromosomally encoded B-lactamase Blama» can confer a
higher level of PB-lactam resistance in a mapA mutant than in wildtype M. abscessus.
Additionally, the results suggest that the GPL environment can affect the levels of susceptibility
to drugs that mainly diffuse across the membrane barrier through non-specific porins. This
work has yielded new insights into the types and numbers of factors that influence
susceptibility to B-lactam antibiotics in M. abscessus and how sets of genes act in concert,

rather than in isolation, to elicit bacterial resistance to antibiotics.

Through a better understanding of how the modification of cell envelope permeability elicits
bacterial resistance, we might be able to develop new, effective means to overcome the

‘impermeability’ resistance strategy in an effort to fight M. abscessus infections.

Reference
Reproduced from Luthra, S. et al. The role of antibiotic-target-modifying and antibiotic-
modifying enzymes in Mycobacterium abscessus drug resistance. Front. Microbiol. 9, 1-13

(2018) (see chapter 2).
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Introduction

Mpycobacterium abscessus is the major non-tuberculous mycobacterium (NTM) infecting
people with cystic fibrosis (CF), with increasing incidence of infections reported within the CF
community globally!. This rapidly growing environmental mycobacterium is separated into
three clearly divergent subspecies: M. abscessus subsp. abscessus, M. abscessus subsp.
massiliense and M. abscessus subsp. bolletii*. Treatment of CF patients that become infected
with M. abscessus, in whom this intrinsically multidrug-resistant species causes rapid decline
in lung function?, is often unsuccessful despite extended combinatorial drug therapy*®, which
leads to increased morbidity and mortality. Initially, infections in CF patients were thought to
result from independent environmental acquisition of M. abscessus. However, multinational,
population-level whole-genome sequencing of clinical isolates from infected CF individuals
showed that a greater number of infections were driven by indirect transmission between
patients (probably via an environmental intermediary), of a few virulent M. abscessus clones
that have recently emerged and have rapidly become globally dispersed®. These clones
displayed increased virulence in in vitro and in vivo infection models, were more tolerant of
antimicrobial agents and correlated with worse clinical outcomes?, indicating that the ongoing
evolution of infecting M. abscessus clones has promoted increased pathogenicity. This
observation emphasizes the urgent need for effective therapeutic strategies and control of cross-
infection to restrict the evolution of M. abscessus from an environmental saprophyte to a true

lung pathogen.

An unusual mechanism of cell growth in rough M. abscessus promotes virulence and immune

evasion during infection

Cell growth in Mycobacterium tuberculosis, an ancient and deadly human pathogen, is
characterized by a ‘cording’ phenotype’, as reported by Robert Koch in 1882. In M.
tuberculosis, aggregation occurs pole to pole and side to side in bacilli aligned in parallel to
generate large serpentine cords, which are key players in the virulence of this bacterium. Large
and complex cell wall lipids, particularly the production of trehalose dimycolate (which is
referred to as cord factor), contribute to this growth property of mycobacteria. More recently,
the ability to grow as cords has been reported for non-tuberculous mycobacteria®, including in
rough M. abscessus variant’. Studies that have used zebrafish have modelled how extracellular
replication of rough M. abscessus generates cords in infected embryos!'®. Cording is a key

mechanism that rough M. abscessus uses to evade the immune system during infection by
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forming massive extracellular cords that cannot be contained by neutrophils and macrophages,

thus facilitating bacterial survival in vivo'’.

Importantly, this unusual mechanism of growth has a substantial negative effect on zebrafish:
cords are inducers of abscess production, which predominantly occurs in the central nervous
system in the host and cord-induced blood vessel damage may result in haemorrhage,
ultimately promoting acute infection and accelerated larval killing!®. It is worth noting that
susceptibility to M. abscessus infection and cording are greatly increased in embryos with
defects in tumour necrosis factor (TNF) signalling!! or cystic fibrosis transmembrane
conductance regulator synthesis'?> or with a lack of macrophages!® compared with wildtype
embryos. It therefore seems reasonable to propose that inhibition of cording may attenuate
virulence in M. abscessus and promote clearance of the infection. This notion is supported by
the finding that a mutant strain of rough M. abscessus that exhibits MAB 4780 gene deletion,
has a defect in corded growth and that cord-depleted AMAB 4780 bacteria show greatly
reduced survival in zebrafish embryos lacking either neutrophils or macrophages as well as in
wildtype embryos'®. Building on this work, the combination of structural and biochemical
techniques was useful to show that MAB 4780 gene product is a dehydratase that is involved
in mycolic acid metabolism, which is consistent with a role for these lipids in the generation of

cords'.

The cell envelope of mycobacteria

The hallmark of mycobacteria is their protective cell envelope, which is composed of surface
lipids, cell wall and the cytoplasmic membrane, and contains many proteins. The mycobacterial
cell wall core consists of peptidoglycan, arabinogalactan and very long chain fatty acids, the
mycolic acids as inferred from biochemical'* and microscopic studies'>!®. The defining feature
of this envelope is a unique outer membrane (the mycomembrane) that is a supported
asymmetric lipid bilayer in which the inner leaflet is composed of mycolic acids connected by
covalent interactions to the underlying arabinogalactan of the arabinogalactan-peptidoglycan
co-polymer!”. Its outer leaflet consists of free lipids that include long chain lipids such as
trehalose dimycolates as well as smaller lipids (16-18 carbons long) such as the diacyl and
triacyl trehaloses'®!°. Mycolic acids are composed of 2-alkyl, 3-hydroxy fatty acids that are
more than 70 carbons long with only a few double bonds. In mycolic acid, the a-chain, which
is the lipid at the 2 position, is saturated and consists of 22-26 carbon atoms, while the

meromycolate, which is the lipid on the 3-hydroxyl, contains 42-62 carbon atoms'®!”. An x-
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ray diffraction study confirmed the existence of an outer membrane in mycobacteria and
revealed a quasi-crystalline packing of cell wall lipids?°. The inner layer of covalently linked
mycolic acids showed an extremely low fluidity, while the outer leaflet was moderately fluid
as observed by analysis using electron paramagnetic resonance of spin-labeled fatty acids in
isolated cell walls of Mycobacterium chelonae*'?. Due to its physical properties, the
mycomembrane poses a significant permeation barrier, providing mycobacteria with intrinsic
resistance to most antibiotics. The permeability of the mycobacterial cell envelope toward -
lactams is 100—1000 times less than that provided by the cell envelope of Gram-negative

bacteria®.

Surface-associated glycopeptidolipids (GPL) are free lipids found in the mycomembrane outer
leaflet of several NTM-species, including opportunistic pathogens such as M. abscessus, M.
chelonae and Mycobacterium avium and saprophytic mycobacteria such as Mycobacterium
smegmatis. Similarly to other NTM-species, M. abscessus displays both smooth and rough
colony morphotypes with clear differences in surface properties and physiopathological aspects
and importantly, this morphological heterogeneity is dictated by the GPL composition of the
cell envelope. The presence of hydrophilic GPL in smooth M. abscessus promotes sliding
motility whereas the rough variant, in which these lipids are lacking or present at extremely
low levels, i1s characterized by increased surface hydrophobicity and displays aggregative
properties with a propensity to form massive cord-like structures and biofilms?*?°. The gpl
locus, highly conserved in M. abscessus, M. avium and M. smegmatis, encompasses a large
collection of genes that encode factors responsible for the biosynthesis, modification and
translocation of GPL. Within the gp! cluster, mpsI and mps2 encode non-ribosomal peptide
synthases involved in assembly of the tripeptide-amino-alcohol moiety?® and gap encodes an
integral membrane protein required for GPL translocation across the cell membrane in M.
smegmatis®’. The mmpS4-mmpL4a-mmpL4b system of M. abscessus codes not only for two
resistance-nodulation-division (RND)-type transporters, MmpL4a and MmpL4b, that are
involved in GPL transport across the cell membrane®®, but also for MmpS4, a membrane
protein that is proposed to facilitate the assembly of the GPL biogenesis and export machinery
megacomplex®. It has been suggested that the role of MmpS4 is to function as an accessory
protein (similarly to the periplasmic adaptor protein found in tripartite efflux systems of Gram-
negative bacteria) that likely forms a complex with a channel protein in the
mycomembrane®>?. The transport pathway of GPL across the periplasm to the outer

mycomembrane remains elusive. Transitioning from a smooth to a rough variant in M.
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abscessus, which usually occurs during infection, implicates genetic changes such as single-
nucleotide polymorphisms and small insertions or deletions within genes involved in GPL
production including mps! and mps2 or those required for transport of GPL such as mmpS4,

mmpL4a and mmpL4b>*3!,

GPL are major contributors to pathogenesis of M. abscessus

Differences in cell wall GPL composition and the resulting heterogeneity in colony
morphology affect interactions between M. abscessus and the host, its ability to withstand host
defences and confer distinct survival advantages to the pathogen during infection. In addition,
this morphological heterogeneity has a central role in virulence of M. abscessus. GPL-depleted
rough M. abscessus found as small clusters are taken up by macrophages and localized within
social phagosomes that accommodate many bacilli in a phagosome®2. In contrast, huge clumps
of rough bacilli are not phagocytosed by macrophages and remain associated with phagocytic
cups on the surface of the macrophage. The high GPL producing smooth M. abscessus are
engulfed by macrophages, which ensure their localization in loner phagosomes, which enclose
individual bacteria in a phagosome®?. Rough and smooth variants within macrophages have
been reported to vary considerably in their lifestyles inside the phagosome, which results in
discrete host responses to the two variants. Inside macrophages, rough variants found within
social phagosomes rapidly encounter phagosome acidification that results from phagosome—
lysosome fusion and leads to induction of autophagy and apoptosis®2. In contrast, the presence
of a close apposition between the cell wall of smooth variant and the phagosome membrane
inhibits activation of apoptosis and autophagy by blocking phagosome maturation. Notably,
this close proximity of smooth variant to the phagosome membrane generates an electron

transparent zone> around the bacterial cell.

Depending on the M. abscessus variant that is present, the ability of the granuloma to contain
the infection differs; for instance, inside macrophages, smooth M. abscessus can persist for a
long time, eventually inducing a local pro-inflammatory response and recruitment of additional
neutrophils and dendritic cells that assemble around infected macrophages to generate a
granuloma'®**. Rough M. abscessus can also trigger formation of the granuloma; although, the
depletion of GPL in the rough variant triggers increased macrophage apoptosis, thereby
releasing bacteria, which then undergo extracellular replication in the form of serpentine cords.
While enabling the bacterium to withstand phagocytosis and contributing to immune evasion,

the formation of massive serpentine cords results in intense inflammation and extensive tissue
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damage. Furthermore, the reported ability of the smooth variant to induce phagosome-to-
cytosol communication through disruption of the phagosome membrane, may have a major
influence on macrophage autophagy and apoptosis®’.. The ESX-4 secretion system® and

MmpL8yas (REF.3%) are thought to play a part in phagosome escape.

A model for the mechanisms by which these variants induce distinct host responses has been

8 and

formulated and involves unmasking of underlying immunomodulatory lipoproteins?
phosphatidyl-myo-inositol mannosides®’, which are Toll-like receptor 2 (TLR2) agonists, by
depletion of surface-associated GPL in rough bacteria. This results in stimulation of TNF
expression and strong inflammation. This model also accounts for the phenomenon that GPL
synthesis may facilitate host colonization of the smooth variant during early infection stages

by shielding the immunostimulatory cell wall components, thereby possibly delaying immune

activation through blockage of TLR2 signalling in respiratory epithelial cells®.

Mycobacterial general porins

Most solutes diffuse through the mycomembrane via B-barrel protein channels, termed porins,
that allow the passive uptake of small, water-soluble molecules***>. The mycobacterial outer
membrane contains very small amounts of porin, whose channel allows the penetration of small
molecules only at a very slow rate*. The pore-containing B-barrel protein, MspA, which was
observed in chloroform/ methanol extracts of M. smegmatis cells*, is the best studied
mycobacterial porin, both structurally and functionally. It was reported that the disruption of
mspA in M. smegmatis led to decreased outer membrane permeability to glucose (4-fold) and
cephaloridine (9-fold)*, showing that this non-specific porin is the main entry point for
hydrophilic small molecules in M. smegmatis. The x-ray crystal structure of MspA was the first
structure of a mycobacterial outer membrane protein to be solved*. The structure revealed the
existence of two consecutive 16-stranded -barrels and a globular rim domain in an octameric
goblet-shaped protein that contains a single 9.6-nm-long central channel*®. The atomic
structure of this porin has unique properties that were not observed in Gram-negative bacterial
porins, which are ~4 nm long and consist of trimers of 16-stranded B-barrels, each of which is
a pore itself*’**®. The analysis of stained ultrathin sections of mycobacterial cells by electron
microscopy suggested outer membrane lipidic layer thicknesses of around 5-12 nm*-!, which
seemingly conflicts with the length of the hydrophobic B-barrel domain of MspA, which is only
3.7 nm*. This inconsistency was reconciled by a cysteine scanning study that described the

native topology of MspA and suggested that part of the hydrophilic rim domain as well as loops
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are inserted into the M. smegmatis outer membrane2. This study provided the first indication
that a B-barrel outer membrane protein spans the outer membrane with elements other than

amphipathic antiparallel B-strands.

Inhibition of cell wall biosynthesis

B-Lactam antibiotics are efficacious, well tolerated and display a very wide spectrum of activity
and have become the most frequently prescribed antibiotics in the clinic in recent time’* (FIG.
1). Initially, it was thought that inhibition of peptidoglycan synthesis by B-lactams was caused
by inactivation of only the penicillin-binding proteins (also known as D, D-transpeptidases) that
facilitate the cross-linking of immature peptidoglycan units by catalysing peptide bond
formation between the fourth and third residues of adjacent peptide strands (designated 4—3
linkages)>*. Notably, in the peptidoglycan of M. abscessus, the major degree of cross-linking
occurs between the third residues of the peptide side chains (designated 3—3 linkages)®, which
is accomplished by nonclassical transpeptidases, known as, L, D-transpeptidases, by contrast,
the classical 4—3 linkages are fewer in number. Recent evidence suggests that M. abscessus
may exhibit higher susceptibility to carbapenems’; this is attributed to the unique ability of
this B-lactam subclass to block L, D-transpeptidase activity®’. It is worth noting that only two B-
lactams, including imipenem (a carbapenem) and cefoxitin (a cephalosporin) are currently in
use in combinatorial therapies (comprising the use of several antibiotic classes,

aminoglycosides and macrolides in particular) against M. abscessus°® (TABLE 1).

A study determined the relative inhibition of activities of two L, D-transpeptidases (namely,
Ldtmab1 and Ldtwman2) from M. abscessus by a wide variety of B-lactams (including penicillins,
cephalosporins, carbapenems and a penem) and found that some compounds (doripenem,
biapenem and faropenem) possessed excellent abilities to inactivate both enzymes and that the
combination of cefdinir (a cephalosporin) and doripenem (a carbapenem), two B-lactam
subtypes that showed distinct affinities for Ldtmab1 and Ldtmab2, was synergistic against both
susceptible M. abscessus and multidrug resistant clinical isolates®. The study authors suggest
that dual combinations of B-lactams can be more effective against M. abscessus, displaying a
synergistic effect (as noted above for doripenem and cefdinir drug combination) that could be
attributed to different levels of inhibition of nonredundant targets which include both D, D-
transpeptidases and L, D-transpeptidases. As the naturally occurring broad-spectrum [3-
lactamase Blawmab is the highest contributor to B-lactam resistance in M. abscessus®*®!, the

concept has emerged of adding a -lactamase inhibitor such as the non-p-lactam inhibitor

14
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Generic B-lactams

) OH
R! R S
S , R2 ~\\|;‘2
N\>< N__~ R N y/ R |
o) 0 0 N
CO,H CO,H CO,H o S04
Penicillin Cephalosporin Carbapenem Monobactam

Fig. 1 | Structures of P-lactams. Shown are the generic structures of the B-lactams penicillin,
cephalosporin, carbapenem and monobactam.

Table 1. Carbapenems of current clinical utility

OH

Name R, R, Approval date®” Status
Imipenem H NH 1985 Widely available
N—
/~ H
—S
Meropenem CH; H ©O 1996 Widely available
N N~
|
—S
Ertapenem CH; COzH 2001 Widely available
N
H
L{H
—S
Doripenem CH; ﬂ O o 2007 Widely available
W
—S
Biapenem CH; /=N 2001 (Japan) Available in Japan
N .J
.
—8
Tebipenem CH; S/ﬁ 2009 (Japan) Available in Japan

“FDA approved unless otherwise noted.

*Dates were updated from Medeiros (1997) (www.accessdata.fda.gov/scripts/cder/drugsatfda; www.drugs.com; adisin
sighl.springer.com /drugs/800010812).

“Formulated as the pivoxil ester.

Table reproduced from Bush & Bradford (2016) (REF.3).
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61,62

avibactam, which provides excellent protection against Blamap *°, to a dual-B-lactam

combination to possibly further enhance the lethality of combinatorial antibiotic treatment.

Porins and B-lactam susceptibility

It is generally accepted that the journey that a B-lactam must take to reach its site of action in
Gram-negative bacteria begins with translocation through a porin channel. Recent clinical
evidence points towards three major mechanisms for the change in membrane permeability
through porin modification by Gram-negative bacteria, which causes multidrug resistance.
These include: a substitution of the expressed porin; a mutation that decreases porin function;
and an alteration in the porin production level®®. The clinical data that we discuss here
emphasize the association between outer membrane permeability and B-lactam susceptibility

and provide an understanding of the adaptive response of bacteria to antibiotic stress.

Porin replacement

Several studies describe a change in porin balance in clinical Klebsiella pneumoniae strains
isolated during patient antibiotherapy®®. A study observed that there was a shift in the type of
porin produced (OmpK35, producing a large channel, was substituted by the smaller OmpK36
channel) in most of the K. pneumoniae isolates collected from patients undergoing treatment®*,
In terms of B-lactam susceptibility, there is a clear difference between these K. pneumoniae
porins. The susceptibility conferred by OmpK35 to B-lactams, including cefpirome,
cefotaxime, cefotetan and cefepime is 4-8 times higher compared with the susceptibility that is
observed in OmpK36 producing strains®®. Altered permeability combined with overproduction
of an AcrAB efflux pump that transports drugs from the periplasm across the outer membrane

was detected in strains isolated after patient antibiotherapy. These mechanisms acting together

severely restrict the intracellular accumulation of antibiotics®.

Similarly, in Salmonella enterica subsp. enterica serovar Typhimurium (S. typhi), B-lactam
susceptibility has been found to be associated with the balance of porin expression in clinical
isolates. Cephalosporin (cephalexin, cefoxitin and cefazolin) susceptibility was observed in all
S. typhi isolates collected from a patient before antibiotic treatment®®. However, a
cephalosporin-resistant isolate was recovered from a wound drain sample only days after
cephalexin therapy was started. No significant increase in B-lactamase activity was detected in
this isolate that evolved from a susceptible pre-therapy strain. The expression of the genes
encoding OmpC and OmpF is modulated by distinct genetic control systems, such as small

regulatory RNAs (MicC and MicF) and the two-component system EnvZ — OmpR*%#1:67-6% Tn
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the susceptible parental strain, the EnvZ — OmpR-mediated control of OmpC-OmpF balance
by osmolarity was normal in vitro: at low osmolarity, both OmpF- and OmpC-type porins were
expressed and at high osmolarity, only OmpC-type porins were synthesized. By contrast, the
resistant strain was found to be fully repressed in the synthesis of OmpF- and OmpC-type
porins under high osmolarity conditions, and produced only OmpF-type porins at low

osmolarity®®.

These findings emphasize a generalizable step in the porin adaptive response — high osmolarity
conditions found in vivo favour the production of the more restricted OmpC channel, which
naturally reduces the permeation of polar large molecules. Liposome swelling assays were
useful to show that cephalosporins diffuse through OmpF and OmpC channels at different
rates’’. The acquisition of sequential adaptive modifications in porin synthesis under
continuous antibiotic pressure, to which the pathogen is exposed in vivo, further decreases
antibiotic influx at every step’!. Clinical isolates lacking OmpC show complete impermeability
to B-lactams. The loss of both major porins can cause a significant reduction in growth rate in

resistant isolates, while enabling survival during intensive antibiotic treatment’?.

Following the loss of general porins, Enterobacteriaceae isolates can deploy alternative porins
to restore their fitness. A possible porin substitution involves deployment of a quiescent porin’>.
Examples include OmpN from Escherichia coli, OmpK37 of K. pneumoniae and OmpS2 from
S. typhi. A narrow pore caused by the existence of a bulky tyrosine residue in the constriction
region of OmpN, might function to block the transport of large B-lactams, such as cefoxitime
or cefotaxime, while allowing passage of small nutrients much more readily’*. Notably, the
OmpN-encoding gene is transcribed divergently to the MicC sRNA, which is known to post-
transcriptionally repress OmpC expression, on the ompN — micC operon, and it has recently
been reported that B-lactam compounds increase the transcription of ompN and micC genes’.
An association was reported between the expression of the quiescent porin OmpK37 (OmpN
homologue) and B-lactam resistance in a strain of K. pneumoniae that lacks OmpK35 and
OmpK36. In contrast to OmpK35 or OmpK36 expression, the expression of OmpK37 provided

a strong decrease in B-lactam susceptibility in K. pneumoniae in vitro™.

Synthesis of mutated porins

In enterobacterial porins, the 35-residue internal loop L3, sitting in a bent conformation inside
the pore, allows the formation of a constriction region (also called eyelet), giving rise to a

narrow pore*'**. The amino-acid residues on L3 loop that point towards the lumen are

17
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negatively charged residues (Asp105 and Glul09 in E. coli OmpC) that lie opposite a positive
cluster (Lys16, Arg37, Arg74 and Argl24 in OmpC) on the barrel wall, causing a strong
(transverse) electrostatic field across the constriction zone that governs the permeation of small

polar molecules***!

. The constriction region exerts considerable influence on antibiotic
diffusion and therefore represents a critical region of the porin’®. Consequently, the type of
mutation that changes the electrostatic properties of a porin will be found in L3 loop at or close

to the eyelet.

A variant of Omp36, exhibiting the G112D substitution in L3 internal loop, was detected in [3-
lactam-resistant isolates of Enterobacter aerogenes’”’®. An ompF mutant carrying the G119D
substitution, previously obtained using targeted mutagenesis, resembles this Omp36 porin
mutation. The presence of a major protrusion in the lumen of OmpF caused by the G119D
mutation, produces strong steric hindrance inside the pore that leads to high-level B-lactam
resistance’>®. In E. aerogenes, -lactam translocation through the Omp36 porin is severely
reduced in isolates that carry the G112D mutation (cefepime diffusion through the G112D
Omp36 porin is strongly decreased)®'®2. The E. aerogenes Omp36 G112D mutation causes
similar electrophysiological changes in the porin channel as that caused by the G119D mutation

of E. coli OmpF’8".

Clinical E. coli strains synthesize OmpC variants that carry diverse mutations of amino acids
positioned in the pore eyelet, which lead to alterations of the shape but not the size of the
transverse electric field. This traps the drug in an unfavourable orientation and makes
permeation through the constriction zone difficult®-**, Thus, the level of drug diffusion through
the porin is reduced, causing a reduction in intracellular concentration, and leading to -lactam
resistance, independent of the number of channels produced®. Furthermore, this decreased

susceptibility to B-lactams also correlates with p-lactamase expression®.

Decreased porin production

A study observed that there was a close connection between imipenem therapy and the isolation
of resistant strains of E. aerogenes that were altered in the levels of the major Omp36 porin®®.
These E. aerogenes isolates with reduced imipenem susceptibility, that were obtained only days
after the start of antibiotic treatment, were descendants of an original susceptible infecting
strain, as indicated by epidemiological typing®’. Notably, the isolates collected a few days after
the cessation of treatment were susceptible to imipenem. This observation is suggestive of the

involvement of a mechanism that regulates porin synthesis. There was a good correlation
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between the absence of Omp36 porin and the B-lactam (imipenem and cephalosporin)
resistance of the isolates®®. Furthermore, this Omp36 repression was accompanied by the
expression of an efflux transporter in resistant £. aerogenes strains, suggesting a coordinated

regulation of porin and transporter synthesis®¢-58,

Similarly, in Enterobacter cloacae, reduced synthesis of the major porins, together with the
overproduction of an efflux system, was detected in a resistant clinical strain that was isolated
after antibiotherapy (imipenem and amikacin)®. This suggests that the synthesis of porins is
regulated by an efficient mechanism, most likely involving the Mar regulon that functions
primarily in the enterobacterial response following external stresses such as antibiotics,
disinfectants and detergents. The Mar regulon consists of an activator encoded by marA that is
in an operon with marR, which encodes a repressor that is able to repress the transcription of
marA®™°%°! A regulatory cascade is triggered by the de-repression of mar4 under antibiotic
stress conditions that downregulates the levels of porins and upregulates the levels of multidrug

efflux pumps, and leads to global control of envelope permeability®”2%4,

Obijectives of the study

1. To investigate the relationship between the presence of general diffusion porins that

belong to the MspA porin family and B-lactam susceptibility in M. abscessus.

2. To explore the association between an altered porin phenotype and P-lactamase

expression during resistance.

3. Given that specific interactions between membrane proteins and lipids are increasingly
prominent in cell biology, we sought to explore whether the total loss of GPL (a change
that enables M. abscessus to transition from a smooth to a rough variant) has an impact
upon the integral membrane proteins embedded in the mycomembrane, especially those

involved in antibiotic transport (i.e. general porins).
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CHAPTER 1

Antibiotic resistance characteristics of Mycobacterium abscessus rely on specific outer

membrane porins and surface-associated glycopeptidolipids

Sakshi Luthra and Peter Sander

In preparation

Abstract

Infections with Mycobacterium abscessus, which is a multidrug-resistant species of
nontuberculous mycobacteria, are effectively untreatable and are becoming more prevalent
globally. The impermeability of the mycobacterial cell envelope represents a key drug-
resistance mechanism that M. abscessus uses to decrease the internal accumulation of
antibiotics. Through a better understanding of how the modification of cell envelope
permeability elicits bacterial resistance, we might be able to develop new, effective means to
overcome the ‘impermeability’ resistance strategy in an effort to fight M. abscessus infections.
Here, by determination of susceptibility of an extensive collection of gene knockout strains to
a series of B-lactams, we reveal that in M. abscessus, B-lactam susceptibility is linked to the
presence of the general porin MapA and that the chromosomally encoded B-lactamase Blamap
can confer a higher level of B-lactam resistance in a map4 mutant than in wildtype M.
abscessus. Additionally, the results suggest that the glycopeptidolipid (GPL) environment can
affect the levels of susceptibility to drugs that mainly diffuse across the membrane barrier
through non-specific porins. This work has yielded new insights into the types and numbers of
factors that influence susceptibility to B-lactam compounds in M. abscessus and how sets of

genes act in concert, rather than in isolation, to elicit bacterial resistance to antibiotics.
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Introduction

Mpycobacterium abscessus is the major non-tuberculous mycobacterium (NTM) infecting
people with cystic fibrosis (CF), with increasing incidence of infections reported within the CF
community globally!. This rapidly growing environmental mycobacterium is separated into
three clearly divergent subspecies: M. abscessus subsp. abscessus, M. abscessus subsp.
massiliense and M. abscessus subsp. bolletii*. Treatment of CF patients that become infected
with M. abscessus, in whom this intrinsically multidrug-resistant species causes rapid decline
in lung function?, is often unsuccessful despite extended combinatorial drug therapy*®, which
leads to increased morbidity and mortality. Initially, infections in CF patients were thought to
result from independent environmental acquisition of M. abscessus. However, multinational,
population-level whole-genome sequencing of clinical isolates from infected CF individuals
showed that a greater number of infections were driven by indirect transmission between
patients (probably via an environmental intermediary), of a few virulent M. abscessus clones
that have recently emerged and have rapidly become globally dispersed®>. These clones
displayed increased virulence in in vitro and in vivo infection models, were more tolerant of
antimicrobial agents and correlated with worse clinical outcomes?, indicating that the ongoing
evolution of infecting M. abscessus clones has promoted increased pathogenicity. This
observation emphasizes the urgent need for effective therapeutic strategies and control of cross-
infection to restrict the evolution of M. abscessus from an environmental saprophyte to a true

lung pathogen.

The hallmark of mycobacteria is their protective cell envelope, which is composed of surface
lipids, cell wall and the cytoplasmic membrane, and contains many proteins. The mycobacterial
cell wall core consists of peptidoglycan, arabinogalactan and very long chain fatty acids, the
mycolic acids as inferred from biochemical” and microscopic studies®®. The defining feature
of this envelope is a unique outer membrane (the mycomembrane) that is a supported
asymmetric lipid bilayer in which the inner leaflet is composed of mycolic acids connected by
covalent interactions to the underlying arabinogalactan of the arabinogalactan-peptidoglycan
co-polymer'®. Its outer leaflet consists of free lipids that include long chain lipids such as
trehalose dimycolates as well as smaller lipids (16-18 carbons long) such as the diacyl and
triacyl trehaloses!!"!2. Mycolic acids are composed of 2-alkyl, 3-hydroxy fatty acids that are
more than 70 carbons long with only a few double bonds. In mycolic acid, the a-chain, which
is the lipid at the 2 position, is saturated and consists of 22-26 carbon atoms, while the

meromycolate, which is the lipid on the 3-hydroxyl, contains 42-62 carbon atoms'!>, An x-
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ray diffraction study confirmed the existence of an outer membrane in mycobacteria and
revealed a quasi-crystalline packing of cell wall lipids'®. The inner layer of covalently linked
mycolic acids showed an extremely low fluidity, while the outer leaflet was moderately fluid
as observed by analysis using electron paramagnetic resonance of spin-labeled fatty acids in

isolated cell walls of Mycobacterium chelonae'*"

. Due to its physical properties, the
mycomembrane poses a significant permeation barrier, providing mycobacteria with intrinsic
resistance to most antibiotics. The permeability of the mycobacterial cell envelope toward -
lactams is 100—1000 times less than that provided by the cell envelope of Gram-negative

bacteria'®.

Most solutes diffuse through the mycomembrane via B-barrel protein channels, termed porins,
that allow the passive uptake of small, water-soluble molecules'’"". The mycobacterial outer
membrane contains very small amounts of porin, whose channel allows the penetration of small
molecules only at a very slow rate?’. The pore-containing B-barrel protein, MspA, which was
observed in chloroform/ methanol extracts of Mycobacterium smegmatis cells®!, is the best
studied mycobacterial porin, both structurally and functionally. It was reported that the
disruption of mspA in M. smegmatis led to decreased outer membrane permeability to glucose
(4-fold) and cephaloridine (9-fold)*?, showing that this non-specific porin is the main entry
point for hydrophilic small molecules in M. smegmatis. The x-ray crystal structure of MspA
was the first structure of a mycobacterial outer membrane protein to be solved®*. The structure
revealed the existence of two consecutive 16-stranded B-barrels and a globular rim domain in
an octameric goblet-shaped protein that contains a single 9.6-nm-long central channel?. The
atomic structure of this porin has unique properties that were not observed in Gram-negative
bacterial porins, which are ~4 nm long and consist of trimers of 16-stranded B-barrels, each of
which is a pore itself?*?*. The analysis of stained ultrathin sections of mycobacterial cells by
electron microscopy suggested outer membrane lipidic layer thicknesses of around 5-12 nm?%
28 which seemingly conflicts with the length of the hydrophobic B-barrel domain of MspA,
which is only 3.7 nm?*. This inconsistency was reconciled by a cysteine scanning study that
described the native topology of MspA and suggested that part of the hydrophilic rim domain
as well as loops are inserted into the M. smegmatis outer membrane?’. This study provided the
first indication that a B-barrel outer membrane protein spans the outer membrane with elements

other than amphipathic antiparallel B-strands.

B-Lactam antibiotics are efficacious, well tolerated and display a very wide spectrum of activity

and have become the most frequently prescribed antibiotics in the clinic in recent time>’.
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Initially, it was thought that inhibition of peptidoglycan synthesis by B-lactams was caused by
inactivation of only the penicillin-binding proteins (also known as D, D-transpeptidases) that
facilitate the cross-linking of immature peptidoglycan units by catalysing peptide bond
formation between the fourth and third residues of adjacent peptide strands (designated 4—3
linkages)*!. Notably, in the peptidoglycan of M. abscessus, the major degree of cross-linking
occurs between the third residues of the peptide side chains (designated 3—3 linkages)*?, which
is accomplished by nonclassical transpeptidases, known as, L, D-transpeptidases, by contrast,
the classical 4—3 linkages are fewer in number. Recent evidence suggests that M. abscessus
may exhibit higher susceptibility to carbapenems??; this is attributed to the unique ability of
this B-lactam subclass to block L, D-transpeptidase activity>*. It is worth noting that only two B-
lactams, including imipenem (a carbapenem) and cefoxitin (a cephalosporin) are currently in
use in combinatorial therapies against M. abscessus®>. A study determined the relative
inhibition of activities of two L, D-transpeptidases (namely, Ldtman1 and Ldtman2) from M.
abscessus by a wide variety of B-lactams (including penicillins, cephalosporins, carbapenems
and a penem) and found that some compounds (doripenem, biapenem and faropenem)
possessed excellent abilities to inactivate both enzymes and that the combination of cefdinir (a
cephalosporin) and doripenem (a carbapenem), two B-lactam subtypes that showed distinct
affinities for Ldtmab1 and Ldtman2, Was synergistic against both susceptible M. abscessus and
multidrug resistant clinical isolates*®. The study authors suggest that dual combinations of B-
lactams can be more effective against M. abscessus, displaying a synergistic effect (as noted
above for doripenem and cefdinir drug combination) that could be attributed to different levels
of inhibition of nonredundant targets which include both D, D-transpeptidases and L, D-
transpeptidases. As the naturally occurring broad-spectrum B-lactamase Blamab 1s the highest
contributor to B-lactam resistance in M. abscessus®"*3, the concept has emerged of adding a B-
lactamase inhibitor such as the non-f-lactam inhibitor avibactam, which provides excellent
protection against Blama>>?, to a dual-B-lactam combination to possibly further enhance the

lethality of combinatorial antibiotic treatment.

Surface-associated GPL are free lipids found in the mycomembrane outer leaflet of several
NTM-species, including opportunistic pathogens such as M. abscessus, M. chelonae and
Mycobacterium avium and saprophytic mycobacteria such as M. smegmatis. Similarly to other
NTM-species, M. abscessus displays both smooth and rough colony morphotypes with clear
differences in surface properties and physiopathological aspects and importantly, this

morphological heterogeneity is dictated by the GPL composition of the cell envelope. The
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presence of hydrophilic GPL in smooth M. abscessus promotes sliding motility whereas the
rough variant, in which these lipids are lacking or present at extremely low levels, is
characterized by increased surface hydrophobicity and displays aggregative properties with a

propensity to form massive cord-like structures and biofilms***!

. The gpl locus, highly
conserved in M. abscessus, M. avium and M. smegmatis, encompasses a large collection of
genes that encode factors responsible for the biosynthesis, modification and translocation of
GPL. Within the gp! cluster, mps! and mps2 encode non-ribosomal peptide synthases involved
in assembly of the tripeptide-amino-alcohol moiety*? and gap encodes an integral membrane
protein required for GPL translocation across the cell membrane in M. smegmatis®.
Transitioning from a smooth to a rough variant in M. abscessus, which usually occurs during
infection, implicates genetic changes such as single-nucleotide polymorphisms and small
insertions or deletions within genes involved in GPL production including mps! and mps2 or

those required for transport of GPL such as mmpS4, mmpL4a and mmpL4b***.

By the determination of susceptibility of an extensive collection of gene knockout strains to a
series of B-lactams, here, we show that in M. abscessus, B-lactam susceptibility is linked to the
presence of the general porin MapA and that the chromosomally encoded B-lactamase Blamab
can confer a higher level of B-lactam resistance in a mapA mutant than in the wildtype strain
of M. abscessus. In addition, the results suggest that the GPL environment can affect the levels
of susceptibility to drugs that mainly diffuse across the membrane barrier through non-specific
porins. These results uncover the transport pathway of a prominent class of antibiotics through
the mycobacterial outer membrane and allow the understanding of membrane-associated

resistance mechanisms in an intrinsically multidrug-resistant species of NTM.
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Results

Construction of porin and glycopeptidolipid mutants in M. abscessus

The genome of M. abscessus encodes three orthologues of MspA, the prototype of a family of
four known octameric general diffusion porins found in M. smegmatis*®. The MspA channel is
the main entry pathway for hydrophilic molecules in M. smegmatis**. The MapA and MapB
proteins from M. abscessus, encoded by two adjacent genes MAB 1080 & MAB 1081,
respectively, have sequences that share high similarity with the MspA polypeptide sequence.
The mapC (MAB 2800) gene, spatially distinct from mapA and mapB genes in the M.
abscessus genome, encodes a protein showing a structural relationship to MspA. To investigate
the relationship between the presence of general diffusion porins that belong to the MspA porin
family and B-lactam susceptibility in M. abscessus and to explore the association between an
altered porin phenotype and B-lactamase expression during resistance, unmarked gene
deletions for all three porin-encoding genes were generated in both p-lactamase-producing M.
abscessus ATCC 19977 strain and B-lactamase-null M. abscessus Abla strain. To generate
unmarked gene deletions in M. abscessus by homologous recombination, flanking regions of
porin-encoding genes, mapA, mapB and mapC, were cloned into the mycobacterial suicide
vector pKH-apr-dsred2-katG, yielding the knockout vectors pKH-AmapA, pKH-AmapB and
pKH-AmapC, respectively.

The knockout vector harbors an apramycin resistance marker required for selection of single
crossover transformants resulting from chromosomal integration of plasmid by intermolecular
homologous recombination. The plasmid also carries the katG gene that serves as a
counterselection marker. Expression of katG, encoding a drug activating enzyme, renders M.
abscessus sensitive to the prodrug isoniazid and facilitates selection of gene deletion mutants
resulting from the loss of vector caused by a second intramolecular homologous

recombination*®.

Following transformation of knockout plasmid into M. abscessus by
electroporation, single crossover transformants were first selected on apramycin plates and
distinguished from background growth by colony fluorescence of red fluorescent protein
DsRed2 (present on the vector backbone as a fusion gene with apramycin resistance marker)
and confirmed by colony PCR. Positive single crossover clones were then subjected to
isoniazid counterselection and non-fluorescent colonies corresponding to clones in which the
second recombination event had occurred, were screened for gene deletion by PCR amplifying

the deleted region. The genotype of each M. abscessus porin gene deletion mutant was

confirmed by Southern blot analysis (FIG. 2a, b, c).
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M. abscessiis M. abscessiis
AmapA Agpl AmapB Agpl
M. abscessus AmapB M. abscessus AmapC
M. abscessus AmapA
pMV361-mapA
M. abscessus AmapA M. abscessus ATCC
19977 WT

M. abscessus AmapA
pMV361

M. abscessus Abla

M. abscessus

Abla AmapA
pOLYG-bla

M. abscessus M. abscessis M. abscessius

Abla AmapA Abla AmapB Abla AmapC
M. abscessus
Abla AmapA

pOLYG
M. abscessus M abscessus
Abla AmapA Agpl Abla AmapB Agpl

M. abscessus Agpl

M abscessus Abla

pOLYG-bla

M. abscessus Abla
pOLYG

M. abscessus
Abla Agpl

Figure 1 | Genealogy of M. abscessus strains used for the generation of single, double and triple knockout strains in this study.
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For functional complementation of M. abscessus AmapA strain carrying mapA gene disruption
conferring a carbapenem resistance phenotype, the single copy pMV361 integrative vector that
integrates into the mycobacterial chromosome via attP/attB recombination*, was used. The
complementation vector pMV361-mapA or the control vector pMV361-apr was transformed
into M. abscessus AmapA strain and integrants were obtained by positive selection on
apramycin plates. The presence of mapA or apr gene in the resulting strains was confirmed by
colony PCR. Furthermore, to confirm if the observed correlation between the absence of MapA
porin and the level of B-lactam susceptibility in M. abscessus was associated with B-lactamase
expression, the operon containing Blama,-encoding gene (MAB 2875) was expressed in f-
lactamase-null M. abscessus strains that either show normal expression of wildtype MapA (i.e.
M. abscessus Abla) or exhibit MapA loss (i.e. M. abscessus Abla AmapA), using the replicative
multicopy pOLYG vector. Following electroporation of pOLY G-bla complementation vector
or pPOLY G-apr control vector into M. abscessus Abla and M. abscessus Abla AmapA mutants,
respectively, transformants were selected on agar plates containing apramycin and confirmed

by colony PCR.

Table 1. Strains used in this study

Strain Description Source

E. coli XL1-Blue MRF’ Cloning and propagation of plasmids Stratagene

M. abscessus ATCC 19977 | M. abscessus type strain (Ripoll et al.,

M. abscessus Abla M. abscessus bla deletion mutant; derivative ?Igg?n)inski et
of M. abscessus ATCC 19977 al., 2017)

M. abscessus AmapA M. abscessus mapA deletion mutant; This study

derivative of M. abscessus ATCC 19977

M. abscessus AmapB M. abscessus mapB deletion mutant; This study
derivative of M. abscessus ATCC 19977

M. abscessus AmapC M. abscessus mapC deletion mutant; This study
derivative of M. abscessus ATCC 19977

M. abscessus Agpl M. abscessus gpl deletion mutant; derivative | This study
of M. abscessus ATCC 19977

M. abscessus Abla AmapA M. abscessus bla mapA double deletion This study
mutant; derivative of M. abscessus Abla
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pOLYG

transformed with pOLYG control vector

M. abscessus Abla AmapB M. abscessus bla mapB double deletion This study
mutant; derivative of M. abscessus Abla
M. abscessus Abla AmapC M. abscessus bla mapC double deletion This study
mutant; derivative of M. abscessus Abla
M. abscessus Abla Agpl M. abscessus bla gpl double deletion This study
mutant; derivative of M. abscessus Abla
M. abscessus AmapA Agpl M. abscessus mapA gpl double deletion This study
mutant; derivative of M. abscessus AmapA
M. abscessus AmapB Agpl M. abscessus mapB gpl double deletion This study
mutant; derivative of M. abscessus AmapB
M. abscessus Abla AmapA M. abscessus bla mapA gpl triple deletion This study
Agpl mutant; derivative of M. abscessus Abla
AmapA
M. abscessus Abla AmapB M. abscessus bla mapB gpl triple deletion This study
Agpl mutant; derivative of M. abscessus Abla
AmapB
M. abscessus Abla M. abscessus bla null mutant transformed This study
pOLYG-bla with pOLY G-bla complementation vector
M. abscessus Abla M. abscessus bla null mutant transformed This study
pOLYG with control vector pOLYG
M. abscessus AmapA M. abscessus mapA null mutant transformed | This study
pMV361-mapA with complementation vector pMV361-
mapA
M. abscessus AmapA M. abscessus mapA null mutant transformed | This study
pMV361 with pMV361 control vector
M. abscessus Abla AmapA M. abscessus bla mapA double mutant This study
pOLYG-bla transformed with complementation vector
pOLYG-bla
M. abscessus Abla AmapA M. abscessus bla mapA double mutant This study
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Table 2. Plasmids used in this study

Plasmid

Purpose and description; selection marker

Source

pKH-apr-dsred2-katG

Suicide vector for generation of gene deletions
in M. abscessus. Contains an apr-dsred2 fusion
gene for positive selection and a katG gene for
negative selection; AprR, INH®

(Rominski et
al., 2017)

pKH-AmapA

Suicide vector for gene deletion.
A derivative of pKH-apr-dsred2-katG
containing mapA flanking regions; Apr®, INH®

This study

pKH-AmapB

Suicide vector for gene deletion.
A derivative of pKH-apr-dsred2-katG
containing mapB flanking regions; Apr®, INHS

This study

pKH-AmapA-AmapB

Suicide vector for gene deletion.
A derivative of pKH-apr-dsred2-katG carrying
the AmapA AmapB allele; AprR, INHS

This study

pKH-AmapA_N

Suicide vector for gene deletion.

Analogous to pKH-AmapA but meant for mapA
deletion in M. abscessus AmapB and Abla
AmapB strains; AprR, INHS

This study

pKH-AmapB_N

Suicide vector for gene deletion.

Analogous to pKH-AmapB but meant for mapB
deletion in M. abscessus AmapA and Abla
AmapA strains; AprR, INHS

This study

pKH-AmapC

Suicide vector for gene deletion.
A derivative of pKH-apr-dsred2-katG
containing mapC flanking regions; AprR, INHS

This study

pKH-Agpl

Suicide vector for gene deletion.
A derivative of pKH-apr-dsred2-katG carrying
the Agpl allele; AprR, INHS

This study

pMV361-apr

E. coli replicative vector that contains the
mycobacteriophage integrase int and attP site
for integration into the mycobacterial
chromosome as a single copy by site-specific
recombination with the attB site; AprR, Kan®

(Rominski et
al., 2017)

pMV361-mapA

Integrative vector for gene complementation.
A derivative of pMV361-apr containing the
mapA gene; AprR, Kan®

This study
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pOLYG-apr Vector for constitutive expression in (Becker et al.,
mycobacteria. Contains a mycobacterial origin | 2017)

of replication (oriM), thus being a replicative
multicopy vector that can confer higher
expression levels than the integrative pMV361-
apr vector; AprR, HygR

pOLYG-bla Replicative vector for gene complementation. | This study
A derivative of pOLYG-apr containing the
MAB_2874-MAB_2875 (bla) operon; AprR,
Hyg~

pMV361-MapA-MapB | Intermediate vector containing ORFs coding This study
for MapA (fused to a C-terminal Strep-tag I1)
and MapB. A derivative of pMV361-apr; AprR,
KanR

pINIT-cat Intermediate vector used for initial sequence (Arnold et al.,
verification and subsequent subcloning of the 2018)

ORF to a desired FX cloning compatible
expression vector; CmR

pACEC3GH-apr Replicative vector harboring an acetamide (Arnold et al.,
inducible promoter for a controlled, high-level | 2018)
expression in mycobacteria. Compatible with
FX cloning and fuses a 3C cleavage site, a GFP
tag (for detection of protein production) and a
Hisio-tag (for protein purification) to the C-
terminus of the target ORF; Apr®

pACE-MapA-MapB Replicative expression vector based on the This study
acetamide promoter. A derivative of
pACEC3GH-apr containing ORFs coding for
MapA (with a C-terminal Strep-tag Il fusion)
and MapB (with a C-terminal Hisio-tag fusion).
Lacks the GFP tag; Apr®

pACE-MspA Replicative expression vector based on the This study
acetamide promoter. A derivative of
pACEC3GH-apr containing the ORF coding
for MspA (with a C-terminal Hisyo-tag fusion).
Is devoid of GFP tag; Apr®

Apr®, apramycin resistance marker; Kan®, kanamycin resistance marker; Hyg®, hygromycin
resistance marker; CmR, chloramphenicol resistance marker; INHS, isoniazid susceptibility
cassette
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In the mycomembrane of smooth M. abscessus, a high-GPL producer*!, GPL form the
environment into which outer membrane proteins are inserted. Hence, it seems very likely that
outer membrane porins interact with GPL and such interactions may have a role in the
formation of stable channels in the mycomembrane. To investigate the influence of the total
loss of GPL on resistance to hydrophilic B-lactams in M. abscessus, a collection of rough M.
abscessus strains showing an arrest of GPL production was generated by the deletion of three
adjacent genes, mps! (MAB_4099c¢), mps2 (MAB_4098c) and gap (MAB_4097c), of the gp!
locus using the knockout plasmid pKH-Agp!/. These include (i) rough variants of M. abscessus
strains that exhibit normal porin expression with or without basal production of periplasmic -
lactamase (i.e. M. abscessus Agpl and M. abscessus Abla Agpl strains); (i) GPL-null M.
abscessus strains that are devoid of a general porin but exhibit normal B-lactamase expression
(i.e. M. abscessus AmapA Agpl and M. abscessus AmapB Agpl strains); (iii) M. abscessus
strains that exhibit an altered GPL phenotype together with porin loss and lack of -lactamase
activity (i.e. M. abscessus Abla AmapA Agpl and M. abscessus Abla AmapB Agpl strains). The
double deletion mutants, M. abscessus Abla Agpl, M. abscessus AmapA Agpl and M. abscessus
AmapB Agpl, respectively, were generated by transformation of pKH-Agpl/ vector into the
following single deletion mutants, M. abscessus Abla, M. abscessus AmapA and M. abscessus
AmapB, respectively. Furthermore, transformation of pKH-Agp/ plasmid into M. abscessus
Abla AmapA and M. abscessus Abla AmapB double mutants enabled the construction of M.
abscessus Abla AmapA Agpl and M. abscessus Abla AmapB Agpl triple mutants, respectively
(refer Table 1 for list of strains, FIG. 1 for genealogy of strains and Table 2 for list of plasmids).
The deletion of gp/ genes in M. abscessus was confirmed by Southern blot analysis (FIG. 2d).
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Figure 2 | Genotypic analyses of porin and glycopeptidolipid mutants of M. abscessus.
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(A) Generation of unmarked gene deletion of the general diffusion porin mapA4 in M. abscessus ATCC
19977 strain and M. abscessus Abla mutant. Deletion of mapA in M. abscessus was confirmed by
Southern blot analysis of BamHI digested genomic DNA with a 5' mapA probe. The hybridization
fragments from the wildtype control (WT, expected size of 3.1 kb), the strain harboring the integrated
pKH-AmapA suicide vector as obtained after site-specific homologous recombination (3' SCO,
expected sizes of 3.1 kb and 5.7 kb) and the mapA deletion mutant (A, expected size of 2.4 kb) for M.
abscessus ATCC 19977 and M. abscessus Abla strains, are shown. (B) Generation of unmarked gene
deletion of the general diffusion porin mapB in M. abscessus ATCC 19977 strain and M. abscessus Abla
mutant. Deletion of mapB in M. abscessus was verified by Southern blot analysis of BamHI digested
genomic DNA with a 3' mapB probe. The hybridization fragments from the wildtype control, the strain
containing the integrated suicide vector pKH-AmapB and the mapB deletion mutant for M. abscessus
ATCC 19977 and M. abscessus Abla strains, are shown. The expected sizes of the hybridization
fragments for wildtype/ 5' or 3' single crossover/ mutant are as follows: 3.4 kb/ 3.4 kb and 6.2 kb or 3.7
kb and 8 kb/ 5.8 kb. The two bands observed in strains containing the integrated suicide vector
correspond to the expected sizes of fragments for 5' single crossover in M. abscessus ATCC 19977
strain and for 3' single crossover in M. abscessus Abla strain. (C) Generation of unmarked gene deletion
of the general diffusion porin mapC in M. abscessus ATCC 19977 strain and M. abscessus Abla mutant.
Deletion of mapC in M. abscessus was confirmed by Southern blot analysis of BamHI digested genomic
DNA with a 5' mapC probe. For M. abscessus ATCC 19977 and M. abscessus Abla strains, the
hybridization fragments from the wildtype control, the strain containing the integrated pKH-AmapC
suicide vector and the mapC deletion mutant are shown. The expected sizes of the hybridization
fragments for wildtype/ 5' or 3' single crossover/ mutant are as follows: 5.2 kb/ 4.6 kb and 6.5 kb or 5.2
kb and 5.8 kb/ 4.6 kb. In strains containing the integrated suicide vector, the observed bands correspond
to the expected sizes of fragments for 5' single crossover in M. abscessus ATCC 19977 strain and for 3'
single crossover in M. abscessus Abla strain. (D) Targeted deletion of mps!I, mps2 and gap, clustered
on the distal end of the gp/ locus and encoding components used for the production and transport of
GPL, in M. abscessus. Deletion of this cluster in M. abscessus mutants including M. abscessus AmapA,
M. abscessus Abla AmapA, M. abscessus AmapB and M. abscessus Abla AmapB, was confirmed by
Southern blot analysis of Van911 digested genomic DNA with a 5' gp/ probe. The hybridization
fragments from the strain containing the integrated pKH-Agp/ suicide vector (expected sizes of 2 kb
and 2.9 kb) and the gp/ deletion mutant (expected size of 2 kb) for M. abscessus AmapA, M. abscessus
Abla AmapA, M. abscessus AmapB and M. abscessus Abla AmapB strains and from the M. abscessus
ATCC 19977 wildtype control (expected size of 2.9 kb) are shown.

Starting with wildtype M. abscessus or a strain lacking either mapA or mapB gene, our efforts
to generate mapA mapB double mutant using this genetic approach (see the methods section)
were unsuccessful. This suggests that the loss of both porins likely leads to severe loss of

bacterial fitness.

MapA and MapB porins from M. abscessus form hetero-oligomers in M. smegmatis

In Gram-negative bacteria, the B-barrel assembly machinery complex is responsible for the
final assembly of porins as functional trimers into the outer membrane*” and a stable interaction
with LPS is also required for porin biogenesis*®, in contrast, how B-barrel transmembrane

proteins are assembled into the outer membrane of mycobacteria remains to be understood.
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The major porin MspA from M. smegmatis contains eight polypeptide subunits that constitute
a tightly interconnected homo-octamer with a goblet-like conformation and a single channel®’.
Moreover, M. smegmatis also contains two other very closely related isomers, MspB and
MspC, that differ in only 2 and 4 positions, respectively, from MspA?® and this observation
renders the natural existence of hetero-oligomeric Msp porins in M. smegmatis very likely. In
fact, the formation of hetero-oligomers of MspA was demonstrated in M. smegmatis strain
ML16 that lacks the three porin genes mspA, mspC and mspD, respectively, by expression of
MspA proteins with different affinity tags®. Like in M. smegmatis, the MspA orthologues
MapA and MapB of M. abscessus are two very closely related proteins with only three

exchange positions and can possibly form hetero-oligomeric porins.

To address this, the mapA gene fused to a C-terminal Strep-tag II and the mapB gene fused to
a Hisio-tag at its C-terminus, were expressed in M. smegmatis mc* 155 strain using a single
expression vector harboring a mycobacterial origin of replication and the strong acetamide
inducible promoter to allow a controlled, high-level expression of proteins®’. In addition, the
wildtype mspA gene with a C-terminal Hisio-tag was expressed in M. smegmatis using the
pACE vector”. To examine the expression of tagged porins in the outer membrane of M.
smegmatis, we employed a selective extraction procedure for Msp-type porins which mainly
yields MspA when M. smegmatis whole cells are heated to 100 °C in the presence of 0.5% octyl-
POE?. The detection of tagged proteins in these selective extracts by Western blot experiments
using anti-His-tag and anti-Strep-tag II antibodies demonstrated that all three proteins were
produced in M. smegmatis, although at levels not detectable in Coomassie Brilliant Blue-
stained polyacrylamide gels (not shown). The oligomer was clearly observed in detergent
extracts for both MapA and MapB proteins, as the major band in Western blot experiments
indicating that these M. abscessus proteins were mainly produced as oligomers that were stable
enough to resist dissociation and denaturation at 100 C for 30 min during extraction out of M.
smegmatis (FIG. 3a). As expected, the major part of the tagged MspA protein in selective
extracts of M. smegmatis was observed as oligomer in these experiments (FIG. 3a). The MapB
protein was selectively purified from these detergent extracts using Ni*’-NTA chromatography
via the C-terminal Hisio-tag. After purification, both the oligomer and the monomer of MapB
protein were observed as clear bands in a Western blot experiment using anti-His-tag antibody
(FIG. 3b). Furthermore, the detection of the oligomer but not the monomer of purified MapB
protein by Western blot analysis using anti-Strep-tag Il antibody demonstrated that MapA (with
a C-terminal Strep-tag II) was copurified with MapB (FIG. 3b). This observation indicates that
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the oligomers formed by M. abscessus MapA and MapB in the mycomembrane of M.

smegmatis are heterogeneous in composition.
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Figure 3 | Expression and preparation of M. abscessus general porins in M. smegmatis.

(A) Detection of the M. smegmatis general porin MspA and the MapA and MapB porins from M.
abscessus, expressed as tagged proteins with a C-terminally fused Hisjo-tag or Strep-tag II, from the
replicative pACE expression vector in M. smegmatis mc*155 strain. The MspA-like porins were
selectively extracted by heating M. smegmatis whole cells to 100 C in a buffer containing 0.5% octyl-
POE. The detergent extracts were separated on a 10% polyacrylamide gel and MspA-His;o and MapB-
Hisjo proteins were detected by Western blotting using anti-His-tag antibody (shown in left panel). The
right panel shows the production of MapA-Strep Il protein in selective extracts of M. smegmatis,
visualized by Western blot analysis using anti-Strep-tag II antibody. The two bands observed for MspA-
Hisio, MapB-Hiso (left panel) and MapA-Strep II (right panel) correspond to oligomer (upper band at
around 130 kDa) and monomer (lower band between 15 and 25 kDa). The expression vector pACE-
MspA served as a positive control. (B) Production of hetero-oligomers of M. abscessus MapA and
MapB in M. smegmatis. The MapB-His;o protein was selectively purified from detergent extracts using
Ni?*-NTA chromatography via the C-terminally fused Hisjo-tag. Samples from M. smegmatis whole cell
extract (CL), the buffer containing total protein after precipitation with acetone (P) and the two fractions
eluting from Ni**-NTA chromatography (E1 and E2) were separated by SDS-PAGE and MapB-Hisio
was detected by Western blotting using anti-His-tag antibody (shown in left panel). The two bands
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observed for MapB-Hisy in fractions eluting from Ni**-NTA chromatography, correspond to oligomer
(upper band at around 130 kDa) and monomer (lower band between 15 and 25 kDa). The right panel
shows the same series of protein samples separated by SDS-PAGE and analysed by Western blotting
using anti-Strep-tag II antibody for detection of hetero-oligomer production. The single band observed
for MapA-Strep II in fractions obtained after Ni>*-NTA purification of MapB-His, corresponds to the
expected size of the MapB-Hisio oligomer. Samples from M. smegmatis detergent extracts and the buffer
containing total protein after precipitation with acetone included in the analysis, served as positive
controls.

B-Lactam susceptibility of M. abscessus strains

To decipher the influence of distinct mechanisms of mycomembrane modification (i.e. a lack
of general diffusion porins and/ or an altered glycopeptidolipid phenotype) on the antibiotic
influx process and to discern the contribution of reduced mycomembrane permeability alone
or in combination with enzymatic degradation (i.e. basal or overexpression of periplasmic -
lactamase) on the antibacterial susceptibility of M. abscessus towards P-lactams, we
determined the susceptibilities of M. abscessus strains toward a variety of B-lactams, including
a cephalosporin (cefotaxime), carbapenems (imipenem, meropenem, doripenem, biapenem and
ertapenem) and a penem (faropenem) in minimal inhibitory concentration (MIC) assays. The
MICs were determined in Cation-Adjusted Miiller-Hinton Broth by visual inspection of
bacterial growth after 3, 5, 7 and 12 days of incubation. The median MIC values read on day 5
are shown in Tables 3 and 4. The median MIC values determined at all time points are listed in

Table S2.

The Blamay enzyme is able to hydrolyse, at least to some extent, all tested B-lactams as inferred
from drug MIC values for B-lactamase-null and B-lactamase-overexpressing strains of M.
abscessus (M. abscessus Abla and M. abscessus Abla pOLY G-bla strains; see Table 4) and

from the data available concerning Blawmap kinetic parameters for most of these antibiotics®’.

The disruption of the mapA gene, which encodes a MspA-type general diffusion porin, in M.
abscessus ATCC 19977 strain showing constitutive expression of the chromosomal Ambler
class A B-lactamase Blamap at a low level, provided a decrease in carbapenem susceptibility
(FIG. 4a). For M. abscessus AmapA strain, small increases (up to 2- to 4-fold) in MICs were
observed for all carbapenems while the level of susceptibility to cefotaxime and faropenem
was unaltered compared with M. abscessus wildtype strain. In contrast, M. abscessus showing
a lack of either MapB or MapC porin (other orthologues of M. smegmatis MspA) was unaltered
in its susceptibility to all B-lactam compounds (no observed change in MICs compared with
M. abscessus wildtype strain). These observations suggest that there is a differential -lactam

susceptibility among these M. abscessus porins.
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Table 3. MIC values of deletion mutants that exhibit porin loss and/or an altered glycopeptidolipid phenotype compared to wildtype M. abscessus
(median, day 5) *P

Compound M. abscessus strain
Wildtype | AmapA ‘ AmapB ‘ AmapC ‘ Agpl ‘ AmapA Agp! ‘ AmapB Agpl
Day 5 MIC (mg/L
Cefotaxime 32 32 32 32 128 512 256
Imipenem 16 64 16 16 16 64 16
Meropenem 32 64 32 32 32 128 64
Doripenem 16 64 16 16 16 128 32
Biapenem 64 128 64 64 64 256 128
Ertapenem 128 512 128 128 128 512 256
Faropenem 32 32 32 32 64 256 128

2 A complete overview of MIC results evaluated on days 3, 5, 7 and 12 is provided in Table S2
b Carbapenem susceptibility phenotype of mapA-null strain carrying the complementation vector pMV361-mapA or the empty vector pMV361 as
a control is also reported in Table S2
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Table 4. MIC values of deletion mutants that exhibit porin loss together with lack of B-lactamase activity compared to M. abscessus Abla strain

(median, day 5) ¢
Compound M. abscessus strain
Abla Abla Abla Abla AmapA | Abla AmapA | Abla AmapA | Abla AmapB | Abla AmapC
pOLYG-bla pOLYG pOLYG-bla pOLYG
Day 5 MIC (mg/L)
Cefotaxime 16 128 16 16 128 16 16 16
Imipenem 4 32 8 4 256 8 4 4
Meropenem 4 256 4 4 256 8 4 4
Doripenem 4 128 4 4 512 8 4 4
Biapenem 8 128 16 8 256 16 8 8
Ertapenem 8 512 16 32 1024 32 16 8
Faropenem 8 64 16 8 256 16 8 8

d MIC data of M. abscessus bla mutant and M. abscessus bla mapA double mutant carrying the complementation plasmid pOLY G-bla or the empty
plasmid pOLYG as a control is also reported in Table 4

bA complete overview of MIC results evaluated on days 3, 5, 7 and 12 is provided in Table S2

¢ B-Lactam susceptibility phenotype of rough variants of B-lactamase-null strains that either exhibit normal porin expression (M. abscessus Abla
Agpl) or show an altered porin phenotype (M. abscessus Abla AmapA Agpl and M. abscessus Abla AmapB Agpl) is also reported in Table S2
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Notably, no change in susceptibility to various B-lactams, including imipenem, meropenem,
doripenem, biapenem, cefotaxime and faropenem, was observed following the loss of MapA
in M. abscessus Abla strain showing a lack of B-lactamase activity (FIG. 4b). Likewise, the -
lactamase-null M. abscessus Abla AmapB strain that lacked MapB porin also showed an
unaltered susceptibility to these B-lactams (no observed change in MICs compared with M.
abscessus Abla strain). The data showed small increases (up to 2- to 4-fold) in MICs for only
ertapenem in these two [B-lactamase-null M. abscessus porin mutants compared with the
parental strain M. abscessus Abla. Similarly, no change in B-lactam susceptibility was observed
following the disruption of mapC gene in M. abscessus Abla strain. These findings suggest that
the relationship between an altered porin phenotype (porin loss) and the level of B-lactam

susceptibility in M. abscessus seems to be associated with B-lactamase expression.

The M. abscessus wildtype strain, owing to its constitutive expression of the B-lactamase
Blamab, displayed high levels of resistance to certain carbapenems including meropenem,
biapenem and ertapenem (as evidenced by 8- to 16-fold higher MICs) and low to intermediate
resistance to other B-lactams (up to 2- to 4-fold higher MICs) compared with M. abscessus
Abla strain. A sequential step that involved a modification of the porin profile of M. abscessus
wildtype strain by disruption of the MapA-encoding gene resulted in further reduced
susceptibility and large increases (up to 16- to 64-fold) in MICs were observed for all
carbapenems in the resulting M. abscessus AmapA strain compared with the susceptibility that
was observed in M. abscessus Abla strain (FIG. 5a). These observations are in agreement with
the notion that in porin-deficient strains the effect of hydrolysing -lactamase activity on the
overall susceptibility to a P-lactam is strongly reinforced by reduced outer membrane

permeability.

To further support this notion as well as to test an alternative hypothesis that high levels of -
lactamase activity (owing to Blamab overproduction) can amplify the effect of porin alteration
on B-lactam susceptibility of M. abscessus, the bla gene was overexpressed in B-lactamase-null
M. abscessus strains that either exhibit normal expression of wildtype MapA (i.e. M. abscessus
Abla) or show an altered porin phenotype (i.e. M. abscessus Abla AmapA) and B-lactam
susceptibilities of the corresponding strains were determined. To achieve constitutive
expression of B-lactamase at a high level, the operon containing Blamap-encoding gene was
expressed in M. abscessus Abla and M. abscessus Abla AmapA strains using the mycobacterial

replicative vector pOLYG-apr°!. Amplification of the bla gene with its native promoter on a
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replicating plasmid can confer higher production levels than the basal expression level

observed in M. abscessus wildtype strain.

As expected, a strong decrease in susceptibility to all antibiotics was observed in f-lactamase-
overproducing M. abscessus Abla pOLY G-bla strain as evidenced by 8- to 64-fold higher MICs
for carbapenems and 8-fold higher MICs for both cefotaxime and faropenem compared with
M. abscessus Abla strain. Importantly, the level of susceptibility to B-lactams observed in M.
abscessus wildtype strain showing basal [B-lactamase expression, was higher than the
susceptibility that was observed in M. abscessus Abla pOLYG-bla strain. Furthermore, M.
abscessus exhibiting f-lactamase overexpression displayed the highest level of resistance after
the loss of a general porin. In this regard, significantly large increases (up to 32- to 128-fold)
in MICs were observed for certain carbapenems, including biapenem, imipenem, doripenem
and ertapenem as well as for the B-lactam faropenem (up to 32-fold) in the M. abscessus Abla
AmapA pOLYG-bla strain compared with M. abscessus Abla strain (FIG. 5b). These and
previous observations suggest that the hydrolytic activity of B-lactamase can cause much higher
levels of B-lactam resistance in M. abscessus strains that exhibit porin defects (i.e. M. abscessus
AmapA and M. abscessus Abla AmapA pOLY G-bla strains), especially when the enzyme is

overexpressed.

Notably, we found that the different levels of resistance to certain B-lactams conferred by the
loss of the same porin in M. abscessus strains correlate with differences in the levels of B-
lactamase expressed by these strains. In this connection, the B-lactamase-overproducing M.
abscessus Abla AmapA pOLY G-bla strain that lacked MapA porin, exhibited higher resistance
to imipenem and faropenem as evidenced by 8- and 4-fold higher MICs compared with M.
abscessus Abla pOLY G-bla strain (FIG. 6b). In contrast, the loss of MapA in M. abscessus
wildtype strain showing basal B-lactamase expression, led to a smaller increase in the MIC for
imipenem (up to 4-fold) while susceptibility to faropenem was unaltered (FIG. 6a). Taken
together, the notion that there exists a cooperativity between the two mechanisms — porin
alteration and hydrolytic B-lactamase activity during resistance, is strongly supported by these

findings.

Given that specific interactions between membrane proteins and lipids are increasingly
prominent in cell biology, we sought to explore whether the total loss of GPL (a change that
enables M. abscessus to transition from a smooth to a rough variant) has an impact upon the

integral membrane proteins embedded in the mycomembrane, especially those involved in
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antibiotic transport (i.e. general porins). For this purpose, we determined and analysed the [-
lactam susceptibilities of smooth and rough M. abscessus variants that harbour an altered porin
phenotype with or without Blamay enzyme activity. The rough strains exhibit a lack of GPL
expression owing to the disruption of three genes of the gp/ cluster i.e. mpsi, mps2 and gap
that encode protein components of the GPL biosynthesis and transport machinery, respectively.
It was observed that for specific B-lactams, the decrease in susceptibility following the loss of
a general porin (MapA or MapB) was more pronounced in a GPL-null rough M. abscessus
strain than in the corresponding smooth strain showing expression of surface-exposed GPL.
The MapA-null M. abscessus AmapA Agpl strain, devoid of its surface-exposed GPL, was
found to be less susceptible to specific carbapenems including meropenem, biapenem and
doripenem (as evidenced by 4- to 8-fold higher MICs compared with M. abscessus wildtype
strain) compared with the susceptibility that was observed for these antibiotics in GPL-
expressing M. abscessus AmapA strain showing a lack of the same porin (up to 2- to 4-fold
higher MICs compared with M. abscessus wildtype strain). Moreover, the M. abscessus AmapA
Agpl strain also displayed increased resistance to faropenem and cefotaxime (up to 8- to 16-
fold higher MICs compared with M. abscessus wildtype strain) whereas the susceptibility to
these antibiotics was unaltered in the M. abscessus AmapA strain (no observed change in MICs
compared with M. abscessus wildtype strain) (FIG. 7b, c). Likewise, a reduced susceptibility
to specific compounds, including meropenem, doripenem, biapenem, ertapenem, faropenem
and cefotaxime was detected in the GPL-null M. abscessus AmapB Agpl strain that lacked
MapB porin (as evidenced by 2- to 8-fold higher MICs compared with M. abscessus wildtype
strain) whereas the MapB-null smooth M. abscessus variant i.e. M. abscessus AmapB was
unaltered in its susceptibility to these antibiotics compared with M. abscessus wildtype strain
(FIG. 7d, e). Notably, no change in susceptibility to all carbapenems was observed following
the loss of only surface-exposed GPL in M. abscessus wildtype strain. However, the data
showed small increases (up to 2- to 4-fold) in MICs for faropenem and cefotaxime in M.

abscessus Agpl strain compared with M. abscessus wildtype strain (FIG. 7a).

It is of particular interest that in terms of antibiotic susceptibility, the phenotype conferred by
the combined loss of GPL and porin in M. abscessus is different from the phenotype that is
observed when only one membrane component, either porin or GPL, is missing. Individually,
both porin (either MapA or MapB) and GPL loss either decrease or do not alter the
susceptibility of M. abscessus to specific B-lactams (FIG. 7a, b, d). However, when both factors

are missing, the susceptibility of the cells to these antibiotics is reduced further (FIG. 7c, e).
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This phenotype can be explained by a proposal that suggests that specific interactions with
surface-exposed GPL, the most abundant free lipids in smooth M. abscessus, guide the folding
and insertion of porins into the mycomembrane and the absence of GPL in a rough variant is
associated with a reduced incorporation of porins into the bilayer, a situation that may produce
a decrease in susceptibility to small hydrophilic B-lactams (for which non-specific porin
channels serve as their main entry pathway into the cell) owing to a decrease in membrane
permeability. So, this model, if correct, predicts that owing to the disruption of a porin-encoding
gene together with defects in GPL-mediated porin biogenesis, both M. abscessus AmapA Agpl
and AmapB Agpl strains harbour lower levels of porins than found in the corresponding smooth
strains in which a general porin is missing (i.e. M. abscessus AmapA and AmapB) or in a rough
strain in which the GPL-dependent porin assembly is defective (i.e. M. abscessus Agpl). This
notion may explain the observed effects on susceptibility to specific B-lactams in these mutants.
However, direct evidence (for instance, by mutagenesis and structural studies) providing
support for a specific molecular interaction between GPL and mycobacterial porin and whether

binding to GPL has a direct influence on biogenesis of porins in vivo, is currently lacking.
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Discussion

The low permeability of the mycobacterial cell envelope plays a major role in the well-known
intrinsic resistance of M. abscessus to a wide variety of antibiotics. We examined, in this study,
the role of limiting factors (i.e. B-barrel proteins that function as porins and surface-exposed
GPL) in regulating B-lactam transport across the mycomembrane and the impact of changes in
cell envelope composition with or without the presence of a specific mechanism involved in -
lactam removal (i.e. deactivation by periplasmic -lactamase) on the antibacterial susceptibility
of M. abscessus toward a representative set of compounds from three different B-lactam
subclasses (i.e. cephalosporins, carbapenems and a penem). This was accomplished through a
series of gene knockouts (obtained via two-step homologous recombination) and by the

determination of minimal inhibitory concentrations of antibiotics for all M. abscessus strains.

Three orthologues of MspA, which is the dominant porin in M. smegmatis, are encoded on the
M. abscessus genome. Here, we chose to focus on the closely related MspA homologues from
M. abscessus, namely, MapA and MapB, which are two very similar proteins that share ~98%
amino acid sequence similarity. Interestingly, a differential antibiotic susceptibility was
detected in strains of M. abscessus lacking either MapA or MapB porin. The level of
susceptibility to carbapenems, including imipenem, meropenem, doripenem, biapenem and
ertapenem, was decreased in M. abscessus AmapA strain that was devoid of the porin MapA
(as evidenced by 2- to 4-fold higher MICs compared with M. abscessus wildtype strain) (FIG.
4a, lower panel). However, a strain exhibiting MapB loss i.e. M. abscessus AmapB was as
susceptible to these antibiotics as the M. abscessus wildtype strain. The simplest explanation
for this observation is that among these two non-specific porins of M. abscessus, MapA is likely
synthesized at high levels and therefore plays a major role in the transport of most B-lactams.
In contrast, the porin MapB seems to have only a minor role in B-lactam resistance presumably

due to a reduced level of expression in M. abscessus.

Strikingly, the decreased susceptibility to various carbapenems (including imipenem,
meropenem, doripenem and biapenem) conferred by the mapA4 mutant, was suppressed by the
disruption of the Blamar-encoding gene in M. abscessus. This observation can be explained by
the fact that the transport of hydrophilic toxic molecules such as B-lactams across the outer
membrane mainly occurs by passive diffusion through porins. Consequently, the level of
antibiotic accumulation in the periplasm will eventually approach the external level regardless

of the magnitude of the diffusion rate, in the absence of a mechanism for removal of incoming
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T ¢ Bl B
| P L e 3 . p | p
Strain AT('{C 19977 AmapA Abla Abla AmapA
wildtype
B-Lactam MIC (mg/L) [#Fold change] MIC (mg/L) [PFold change]
Imipenem 16 64 (4-fold) 4 4
Meropenem 32 64 (2-fold) 4 4
Doripenem 16 64 (4-fold) 4 4
Biapenem 64 128 (2-fold) 8 8
Ertapenem 128 512 (4-fold) 8 32 (4-fold)
3Fold change in MIC compared to M. abscessus ®Fold change in MIC compared to
wildtype strain M. abscessus Abla strain

Figure 4 | Loss of M. abscessus MapA porin correlates with carbapenem resistance that is also associated with p-lactamase production. The transport of
B-lactams through the outer membrane via a porin is shown. The larger channel (P) joining the surrounding medium (left column) and the periplasm (right
column) represents normal synthesis of wildtype porin while an altered porin phenotype (porin loss) is represented by the smaller channel (P*). A B-lactamase
expressed in the periplasm cleaves B-lactams and is represented by the green arrow (B). The critical intracellular concentration required for target inhibition is
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denoted by a red dashed line (part a, upper panel). The decreased periplasmic accumulation of the drug in porin-deficient cells is closely related to the activity
of the B-lactamase enzyme. The two limiting factors cooperate to reduce the intracellular concentration of active B-lactams (part a, upper panel). Genetic analysis
reveals a functional connection between MapA and Blawma, as a mapA-null mutant renders M. abscessus more resistant to various p-lactams only when the
mutant strain carries a functional bla gene (part a, lower panel). Because the transport of f-lactam molecules through porins is driven by passive diffusion and
is a relatively fast event, the accumulation level in the periplasm approaches that in the surrounding medium unless the drug is inactivated by hydrolysing
enzymes (or extruded directly into the external medium by tripartite efflux systems) (part b, upper panel). This would explain why the loss of Blama, reverses a
resistance phenotype for many carbapenems caused by the lack of MapA in M. abscessus (part b, lower panel). In parts a, b in the figure, the image in the upper
panel is reproduced from Vergalli, J. et al. (REF.*).
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antibiotic molecules (for instance, by enzymatic degradation and/or an efflux pump activity)
from the periplasmic space?®>3. Importantly, permeation of antibiotics across bacterial
membranes through porins occurs relatively rapidly and steady state accumulation levels are
generally reached after 5-15 min of incubation as previously reported for antibiotics of different
classes>*. This phenomenon is thought to occur in M. abscessus Abla AmapA strain owing to
its lack of expression of the chromosomally encoded B-lactamase Blamab, a hydrolysing enzyme
located in the periplasmic space that facilitates the rapid addition of a water molecule across
the common B-lactam bond, leading to the generation of a microbiologically ineffective ring-
opened antibiotic®*. This would explain why an association between the absence of MapA and
reduced carbapenem susceptibility that was observed in M. abscessus mapA mutant, was not

detected in M. abscessus bla mapA double mutant (FIG. 4b).

By contrast, we interpret the reduced carbapenem susceptibility of M. abscessus AmapA strain
to mean that this phenotype results from a functional interaction between two key factors -
porin deficiency (owing to mapA gene disruption) and hydrolytic B-lactamase activity. The loss
of the MapA porin is thought to decrease the permeability of the mycomembrane, leading to
reduced periplasmic accumulation of the antibiotic, which correlates with the resistance
phenotype. Importantly, this decrease in the periplasmic antibiotic level is also associated with
B-lactamase production®®>>3, This simple model may explain the reduced susceptibility
conferred by the mapA mutant to specific B-lactams in the p-lactamase-expressing M.
abscessus strain (FIG. 4a). These results leave little doubt that the relationship between an
altered porin phenotype (porin loss) and the level of B-lactam susceptibility in M. abscessus is
associated with B-lactamase expression. This finding is consistent with the mounting recent
evidence for the prevalence of these well-combined resistance strategies in key Gram-negative
clinical pathogens such as Escherichia coli, Enterobacter cloacae, Enterobacter aerogenes,
Klebsiella pneumoniae, Salmonella enterica subsp. enterica serovar Typhimurium and
Pseudomonas aeruginosa®>>*. In various collections of antibiotic-resistant Enterobacteriaceae
clinical isolates, an altered porin phenotype [a decrease in porin expression or the mutational
loss of the major porins, porin exchange (OmpF, which has a large channel size, is substituted
by the smaller OmpC channel) or a mutation that perturbs the transverse electric field at and
close to the pore constriction area] is often found to be associated with overexpression of
multidrug efflux pumps and the production of various P-lactamases; these mechanisms
synergistically contribute to reduce the intracellular accumulation of active B-lactams, which

leads to bacterial survival and therapeutic failure3>3-3-7,
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a
p | [ n_B. | px |
Strain Abla Abla AmapA ATCC 19977 AmapA
wildtype

B-Lactam MIC (mg/L) [?Fold change]

Imipenem 4 4 16 (4-fold) 64 (16-fold)
Meropenem 4 4 32 (8-fold) 64 (16-fold)
Doripenem 4 4 16 (4-fold) 64 (16-fold)

Biapenem 8 8 64 (8-fold) 128 (16-fold)
Ertapenem 8 32 (4-fold) 128 (16-fold) 512 (64-fold)

aFold change in MIC compared to M. abscessus Abla strain

MIC
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b
I L
B | . -Bf’ | px|
Strain Abla Abla AmapA Abla Abla AmapA
pOLYG-bla pOLYG-bla
B-Lactam MIC (mg/L) [#Fold change]
Imipenem 4 4 32 (8-fold) 256 (64-fold)
Doripenem 4 4 128 (32-fold) 512 (128-fold)
Biapenem 8 8 128 (16-fold) 256 (32-fold)
Ertapenem 8 32 (4-fold) 512 (64-fold) 1024 (128-fold)
Faropenem 8 8 64 (8-fold) 256 (32-fold)

Abla Abla AmapA
pOLYG pOLYG
MIC (mg/L)
8 8
4 8
16 16
16 32
16 16

aFold change in MIC compared to M. abscessus Abla strain

MIC

Figure 5| The effect of Blamap activity on -lactam susceptibility of M. abscessus is enhanced by knocking out mapA.
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Shows that the activity of the Blama, B-lactamase can produce much higher levels of B-lactam resistance in M. abscessus strains that exhibit porin defects (i.e.
M. abscessus AmapA and M. abscessus Abla AmapA pOLY G-bla strains), especially when the enzyme is overexpressed. A simple schematic of the mechanistic
model that accounts for this phenomenon is shown at the top of the figure. The thickness of the green arrows reflects the level of B-lactamase expression. The
thin arrow (B) corresponds to basal expression and the thick arrow (#) represents overproduction of the enzyme (parts a, b, upper panel). Wildtype M. abscessus,
owing to its constitutive expression of the B-lactamase Blamas, exhibits a decrease in carbapenem susceptibility (up to 4- to 16-fold higher MICs compared with
M. abscessus Abla strain). A sequential step that involves a modification of the porin profile of wildtype M. abscessus by disruption of the MapA-encoding
gene results in further reduced susceptibility to these antibiotics. Accordingly, large increases (up to 16- to 64-fold) in MICs are observed for all carbapenems
in M. abscessus AmapA strain compared with the susceptibility that is observed in M. abscessus Abla strain (part a, lower panel). Overexpression of bla into a
bla-null strain causes a drastic reduction in B-lactam susceptibility. Accordingly, M. abscessus Abla pOLYG-bla strain shows both reduced faropenem
susceptibility (up to 8-fold higher MIC) and carbapenem (imipenem, biapenem, doripenem and ertapenem) resistance (up to 8- to 64-fold higher MICs)
compared with M. abscessus Abla strain. The lack of MapA in a B-lactamase-overexpressing M. abscessus strain results in the highest level of resistance. In
this regard, significantly large increases (up to 32- to 128-fold) in MICs are observed for carbapenems, including biapenem, imipenem, doripenem and ertapenem
as well as for faropenem (up to 32-fold) in M. abscessus Abla AmapA pOLY G-bla strain compared with M. abscessus Abla strain (part b, lower panel). In parts
a, b in the figure, the image in the upper panel is reproduced from Vergalli, J. et al. (REF.>).
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The decrease in susceptibility to all carbapenems caused by basal B-lactamase production in
M. abscessus wildtype strain was less pronounced (up to 4- to 16-fold higher MICs compared
with M. abscessus Abla strain) than that conferred by Blamab (at basal expression level) in M.
abscessus AmapA strain (as evidenced by 16- to 64-fold higher MICs compared with M.
abscessus Abla strain) (FIG. 5a, lower panel). Similarly, when Blama, was overexpressed in a
B-lactamase-null M. abscessus strain that showed a reduction in outer membrane porin levels
caused by total loss of the MapA porin (i.e. M. abscessus Abla AmapA pOLYG-bla strain),
susceptibility to specific B-lactams was severely decreased (as evidenced by 32- to 128-fold
higher MICs for carbapenems including biapenem, imipenem, doripenem and ertapenem and
32-fold higher MIC for the B-lactam faropenem compared with M. abscessus Abla strain) (FIG.
5b, lower panel). By contrast, the decrease in susceptibility to these agents conferred by the
enzyme, when synthesized at the same level, in a B-lactamase-null M. abscessus strain that
exhibited normal porin expression (i.e. M. abscessus Abla pOLYG-bla strain), was less
pronounced (up to 8- to 64-fold higher MICs for carbapenems including imipenem, biapenem,
doripenem and ertapenem and 8-fold higher MIC for the -lactam faropenem compared with
M. abscessus Abla strain) (FIG. 5b, lower panel). From these results it can be concluded that
the overall effect of mapA gene disruption caused the Blama, enzyme to become more efficient
in hydrolysing certain B-lactams, thereby conferring high levels of resistance to these
compounds in the producing M. abscessus strains. This finding is consistent with the
expectation that since steady-state concentrations of B-lactams in the periplasmic space are
determined by antibiotic influx and removal rates, it is likely that in porin-deficient cells the
resulting level of antibiotic accumulation in the periplasm is below the saturation level of the
enzyme (especially when reduced permeability is combined with high-levels of B-lactamase
activity due to increased expression), which increases the efficiency of the enzyme and makes

the system far more effective in producing resistance under these conditions?®3.

In this connection, a combination of an effective permeability barrier and multidrug efflux
transporters, especially the three component efflux complexes belonging to resistance-
nodulation-division (RND) superfamily of H'-drug antiporters, which extrude drugs directly
into the external medium rather than into the periplasm, results in synergistic enhancement of
resistance towards various antibiotics in Gram-negative bacteria?®>*. In RND-type tripartite
efflux systems, a complex consisting of an inner membrane transporter (such as AcrB of E. coli
and MexB of P. aeruginosa), a periplasmic accessory protein (such as AcrA of E. coli and

MexA of P. aeruginosa) and an outer membrane channel (such as TolC of E. coli and OprM of
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P. aeruginosa) forms a continuous channel opening into the surrounding medium for extrusion
of antibiotic molecules from the periplasm that have either penetrated through the outer
membrane or have been pumped out from the cytoplasm by simple transporters>*343¥ Some
RND transporters can handle a wide variety of substrates. AcrB transporter from E. coli was
shown to pump out a wide range of antibiotics (such as macrolides, B-lactams, tetracyclines
and chloramphenicol), detergents (such as SDS and Triton X-100), dyes (such as ethidium
bromide, acriflavine and crystal violet), bile acids and solvents, substrates that are unrelated

not only in physical properties but also in chemical structure®®->*,

Notably, in mycobacteria, the transport of a large and diverse repertoire of lipid species to the
mycomembrane is mediated by several MmpL transporters that belong to the RND family of
proteins. Genes encoding MmpL proteins are diverse and widely distributed in M. abscessus*'.
For example, the mmpS4-mmpL4a-mmpL4b system of M. abscessus codes not only for two
RND-type transporters, MmpL4a and MmpL4b, that are involved in GPL transport across the
inner membrane®’, but also for MmpS4, a membrane protein that is proposed to facilitate the
assembly of the GPL biogenesis and export machinery megacomplex®. It has been suggested
that the role of MmpS4 is to function as an accessory protein (similarly to the periplasmic
adaptor protein found in tripartite efflux systems of Gram-negative bacteria) that likely forms
a complex with a channel protein in the mycomembrane**®°, How GPL are transported across
the periplasm to the outer mycomembrane remains elusive. Importantly, emerging evidence
has indicated that M. abscessus deploys MmpL-derived efflux pump systems to transport drugs
across the mycomembrane to the extracellular environment*!-*163, Various point mutations in
MAB 2299c, encoding a TetR transcriptional regulator that was able to repress the expression
of two M. abscessus MmpS-MmpL efflux pumps (MAB_ 2300-2301 and MAB 1135¢c-1134c),
were uncovered by whole-genome sequencing in in vitro-selected clofazimine-resistant strains
that also showed cross-resistance to bedaquiline. The expression of both efflux systems was
upregulated in M. abscessus strains that expressed variants of MAB 2299c¢, owing to loss of
DNA-binding activity of this regulatory protein. Consequently, drug efflux was increased,
thereby conferring resistance to clofazimine and bedaquiline in these strains®!%2. Similarly,
mutations in the TetR-encoding gene MAB 4384, a regulatory protein of a MmpS5-MmpL5
complex efflux pump expression, were associated with resistance to thiacetazone analogues in
M. abscessus®. However, so far, there is no strong evidence to suggest the involvement of this

type of efflux activity in B-lactam resistance in M. abscessus.
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Sein ATCC 19977 AmapA Abla Abla AmapA
wildtype pOLYG-bla pOLYG-bla
B-Lactam MIC (mg/L) [?Fold change] MIC (mg/L) [’Fold change]
Imipenem 16 64 (4-fold) 32 256 (8-fold)
Faropenem 32 32 64 256 (4-fold)
aFold change in MIC compared to M. abscessus ®Fold change in MIC compared to
wildtype strain M. abscessus Abla pOLYG-bla
strain

Figure 6 | M. abscessus strains that are altered in the levels of Blam.s, show different levels of resistance to p-lactams following the loss of MapA. In this
connection, the B-lactamase-overproducing M. abscessus Abla AmapA pOLY G-bla strain that is devoid of MapA, exhibits increased levels of resistance to
imipenem and faropenem as evidenced by 8- and 4-fold higher MICs compared with M. abscessus Abla pOLY G-bla strain (part b, lower panel). By contrast,
when mapA gene is inactivated in the wildtype strain of M. abscessus expressing Blamas at a low level, a small increase (up to 4-fold) in MIC for imipenem is
observed. Notably, M. abscessus AmapA strain is as susceptible as M. abscessus wildtype strain to faropenem (part a, lower panel). A simple schematic of the
mechanistic model that accounts for this phenomenon is shown at the top of the figure. Shows how the limiting factors (porins and -lactamases) act in concert,
rather than in isolation, to control the antibiotic accumulation level inside bacterial cells (parts a, b, upper panel). In parts a, b in the figure, the image in the
upper panel is reproduced from Vergalli, J. et al. (REF.>?).
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Furthermore, we discovered that M. abscessus strains that were altered in the levels of the -
lactamase, showed different levels of resistance to B-lactams following the loss of MapA. In
this connection, the f-lactamase-overproducing M. abscessus Abla AmapA pOLY G-bla strain
that lacked MapA, showed increased levels of resistance to imipenem and faropenem as
evidenced by 8- and 4-fold higher MICs compared with M. abscessus Abla pOLY G-bla strain
(FIG. 6b, lower panel). By contrast, when mapA gene was inactivated in the wildtype strain of
M. abscessus that expressed Blamap at a low level, a small increase (up to 4-fold) in MIC for
imipenem was detected. Notably, M. abscessus AmapA strain was as susceptible as M.
abscessus wildtype strain to faropenem (FIG. 6a, lower panel). The different levels of
resistance can be explained by the synergy between the outer membrane barrier and the
enzymatic barrier due to -lactamase. As the concentration of active antibiotic in the periplasm
is a consequence of the balance between the rate of influx and the rate of removal, reducing the
number of porins in the outer membrane is likely to cause a drastic reduction in the intracellular
accumulation of B-lactams when these molecules are removed rapidly from the periplasmic
space (as a result of high levels of B-lactamase activity). When hydrolysis occurs rapidly, the
outer membrane barrier acts as a limiting factor in the overall deactivation of B-lactams by the
periplasmic enzyme, and thus reduced outer membrane permeability has strong effect on MIC.
In contrast, the deficiency of porins is unlikely to have a substantial effect on the internal

antibiotic level and on MIC when drug removal from the periplasm occurs at a slow rate?*%,

Regarding B-lactam susceptibility, it was observed that the loss of a porin (either MapA or
MapB) in a GPL-producing M. abscessus strain resulted in milder phenotypes than those
caused by the lack of the same porin in a strain that was devoid of GPL (FIG. 7b, c, d and e,
lower panel). This observation can be explained by a model which proposes that specific
interactions between porins and GPL, the most abundant free lipids that form the outer leaflet
of the mycomembrane in smooth M. abscessus, possibly help to drive the biogenesis of porins
at the mycomembrane and one crucial consequence of the absence of GPL in a rough variant
is the decrease in porin incorporation into the bilayer, a scenario that may produce a decrease
in susceptibility to small hydrophilic B-lactams (that mainly enter the cell through non-specific
porin channels) owing to a decrease in membrane permeability. This concept can be
rationalized by the fact that gram-negative bacterial porins contain specific binding sites for
lipopolysaccharide (LPS), the main component of the outer membrane barrier function, that
allow them to stabilize, rather than perturb, the ordered structure of LPS monolayer and

maintain its impermeability*®. A decrease in porin production was detected in the LPS mutants
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of Salmonella typhimurium and Escherichia coli (i.e. the so-called ‘deep rough’ mutants) that
produce a core oligosaccharide of very incomplete structure containing only KDO (3-deoxy-
D-manno-oct-2-ulosonic acid) residues or KDO and one or two heptose residues. The LPS
mutants exhibited increased susceptibility to hydrophobic compounds, a characteristic that was
associated with increased outer membrane permeability. The reduction in outer membrane
protein (OMP) levels caused by LPS alteration in the deep rough mutants, causes a disruption
of the bilayer's asymmetry by allowing phospholipids to flip to the external leaflet of the outer
membrane. The presence of phospholipids that were shown to be distributed in patches in the
external leaflet of the outer membrane of these mutants (as mixing of phospholipids and LPS
is thermodynamically unfavourable), has direct consequences for the translocation of
hydrophobic compounds, as such molecules can easily permeate through the phospholipid
bilayer regions of this modified outer membrane. This would explain why the susceptibility to

lipophilic compounds is increased in these mutants®>7!.

It has been conclusively demonstrated experimentally by mutagenesis and structural studies
(X-ray and neutron scattering) that a stable interaction with LPS is essential for successful
assembly of porin trimers in vivo*®. This would explain why a defect in LPS structure results
in reduced incorporation of porins into the outer membrane of deep rough mutants, as such
porin-LPS interactions could not possibly occur properly with the deep rough LPS owing to its
very incomplete structure. Using the solved crystal structure of Enterobacter cloacae porin
OmpE36 with bound LPS and by mutation of residues in two potential LPS binding sites on
OmpF porin of E. coli that were predicted using the structure of LPS-OMP complex solved for
FhuA, the siderophore transporter from E. coli, Arunmanee et al.*® found that there were two
specific LPS binding sites per porin monomer and that the presence of one site (designated LPS
B site) was required for the biogenesis of trimers in vivo in the outer membrane. In Gram-
negative bacteria, the B-barrel assembly machinery (BAM) complex at the outer membrane, is
responsible for the assembly of most OMPs. The nascent OMPs are stabilized by periplasmic
chaperones such as Skp and SurA and delivered to components of the BAM complex for
folding and insertion into the outer membrane via a mechanism that remains poorly
understood*’. As OmpF also binds LPS via the LPS B site on the protein and this binding is
required for the maturation of trimer in vivo, it has been postulated that the OmpF-LPS B
association stabilizes an intermediate during the formation of trimeric OmpF in the outer
membrane by the BAM complex, however, this notion remains to be demonstrated

experimentally*®,
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Mounting evidence indicates a strong interaction of the nonpolar outer surface of the -barrels
of porin MspA with components of the outer membrane in M. smegmatis. The hydrophobic -
barrels of MspA are bound by large amounts of membrane lipids even after extensive
purification, as demonstrated by infrared spectroscopy. Addition of 2% SDS did not dissociate
the bound lipids from MspA and these lipids were only partially removed by acetone
precipitation’?, implying the presence of a tight association between lipids and the membrane-
exposed hydrophobic surface of MspA. A study performed to examine the membrane topology
of MspA by cysteine scanning mutagenesis, showed that the residues on the outer surface of
the two P-barrels that form the hydrophobic stem domain, were highly protected from
modification by a membrane-impermeable compound in vitro, although nearly all of these
residues were predicted as accessible from the crystal structure®”. This suggests that other
molecules cover the external surface of the hydrophobic B-barrel domain and protect it from
labeling. This notion is supported by the close association of lipids with the membrane-facing
hydrophobic stem domain as observed in preparations of native MspA from M. smegmatis outer
membrane if lipids are not removed intentionally’?. Furthermore, Heinz et al.”> found that
purified MspA was less protected against thermal denaturation compared to MspA in detergent
extracts of M. smegmatis (for instance, only MspA octamer was detectable in octyl-POE
extracts after heating M. smegmatis cells to 100°C for 30 min, in contrast, the monomer was
already observed after incubation of purified MspA at 80 C for 15 min). This observation may
be explained by the existence of a stabilizing molecule that was removed in the course of
purification. As the octyl-POE extracts of M. smegmatis, contained only small amounts of
proteins other than MspA, the associated lipids, that were removed by precipitation with

acetone during purification, are thought to increase the stability of MspA.

The important observations made for MspA of M. smegmatis, which is the best studied
mycobacterial porin and what is known about the role of LPS in the biogenesis of B-barrel
membrane proteins in Gram-negative negative bacteria, align with our proposed idea that
MspA-like general porins specifically interact with GPL in the external leaflet of the
mycomembrane and that the assembly of these OMPs in vivo in the mycomembrane requires
GPL binding. However, experimental verification is certainly necessary to fully test this model.
The proposed model, if correct, predicts that a reduced incorporation of general porins
(possibly MapB and MapC) linked to the absence of GPL in rough M. abscessus AmapA Agpl
strain that is devoid of MapA, results in further decreased influx, which correlates with

increased resistance to various carbapenems, including meropenem, biapenem and doripenem

62



CHAPTER 1

GPL loss
a e
Strain Al;sﬂ(sl t;?e?? Agpl

B-Lactam MIC (mg/L) [*Fold change]
Cefotaxime 32 128 (4-fold)

Imipenem 16 16
Meropenem 32 32
Doripenem 16 16

Biapenem 64 64
Ertapenem 128 128
Faropenem 32 64 (2-fold)

ATCC 19977 AmapA

wildtype

MIC (mg/L) [’Fold change]
32 32
16 64 (4-fold)
32 64 (2-fold)
16 64 (4-fold)
64 128 (2-fold)
128 512 (4-fold)
32 32

ATCC 19977 AmapA Agpl
wildtype
MIC (mg/L) [*Fold change]
32 512 (16-fold)
16 64 (4-fold)
32 128 (4-fold)
16 128 (8-fold)
64 256 (4-fold)
128 512 (4-fold)
32 256 (8-fold)

abeFold change in MIC compared to M. abscessus

wildtype strain
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GPL loss
a _—
Strain ATCC 19977 Agpl ATCC 19977 AmapB ATCC 19977 | AmapB Agpl
wildtype wildtype wildtype

p-Lactam MIC (mg/L) [#Fold change] MIC (mg/L) [°’Fold change] MIC (mg/L) [¢Fold change]
Cefotaxime 32 128 (4-fold) 32 32 32 256 (8-fold)

Imipenem 16 16 16 16 16 16
Meropenem 32 32 32 32 32 64 (2-fold)
Doripenem 16 16 16 16 16 32 (2-fold)
Biapenem 64 64 64 64 64 128 (2-fold)
Ertapenem 128 128 128 128 128 256 (2-fold)
Faropenem 32 64 (2-fold) 32 32 32 128 (4-fold)

ab<Fold change in MIC compared to M. abscessus
wildtype strain

Figure 7 | Smooth and rough variants of M. abscessus lacking the same porin differ in their susceptibility to various p-lactams.
Shows that in terms of antibiotic susceptibility, the phenotype conferred by the combined loss of GPL and porin in M. abscessus is different from the phenotype
that is observed when only one membrane component, either porin or GPL, is missing. Individually, both porin and GPL loss either decrease or do not alter the
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susceptibility of M. abscessus to specific B-lactams (bold) (parts a, b, d). However, when both factors are missing, the susceptibility of the cells to these
antibiotics is reduced further (parts ¢, e). In parts a-e in the figure, the images in the upper panel are reproduced from REFS*! >3,
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(as evidenced by 4- to 8-fold higher MICs) as well as other B-lactams, including faropenem
and cefotaxime (up to 8- to 16-fold higher MICs) (FIG. 7c, lower panel). By contrast, the
MapA-null smooth M. abscessus variant (i.e. M. abscessus AmapA) that exhibits normal GPL-
dependent biogenesis of remaining general porins, is less resistant to carbapenems, including
meropenem, biapenem and doripenem (up to 2- to 4-fold higher MICs) and unaltered in its
susceptibility to other B-lactams, including faropenem and cefotaxime (FIG. 7b, lower panel).
Furthermore, we propose that the low- to intermediate-resistance to various [-lactams,
including meropenem, doripenem, biapenem, ertapenem and faropenem (as evidenced by 2- to
4-fold higher MICs) and a strong decrease in susceptibility to cefotaxime (up to 8-fold higher
MIC) observed in rough M. abscessus AmapB Agpl strain that lacks MapB, is caused by a
similar reduction in levels of general porins (possibly MapA and MapC) (FIG. 7e, lower panel).
It is conceivable that this decrease is more pronounced in porin species which are more
abundant in the mycomembrane than MapB (possibly MapA) given that the MapB-null smooth
M. abscessus variant (i.e. M. abscessus AmapB) is unaltered in its susceptibility to these
antibiotics (FIG. 7d, lower panel). Moreover, small increases in MICs for faropenem and
cefotaxime (up to 2- to 4-fold) and unaltered susceptibility to all carbapenems observed in M.
abscessus Agpl strain, favour the hypothesis that the loss of GPL alone causes only mild defects

in porin biogenesis and membrane permeability (FIG. 7a, lower panel).

Taken together, the genetic approach that we used in this study, was useful to identify different
types of factors related to drug molecule influx or degradation that influence B-lactam
susceptibility of M. abscessus and to show how sets of genes act in concert, rather than in
isolation, to elicit bacterial resistance to antibiotics. Through a better understanding of how the
alteration of mycomembrane permeability elicits bacterial resistance, we might be able to
develop new means to overcome the ‘impermeability’ resistance mechanism in an effort to

fight highly resistant M. abscessus infections.
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Materials and Methods

Bacterial strains and growth conditions

The E. coli XL1-Blue strain was used for cloning of gene deletion and complementation
constructs, and of open reading frames (ORFs) into expression vectors. For liquid cultures,
Luria Broth (LB) was used, and for plates, Luria Broth Agar (LB-Agar) was used. Antibiotics
were used in the following concentrations for E. coli: apramycin 50 mg/L, chloramphenicol 25
mg/L. The deletion mutants and complementation strains were generated in the M. abscessus
ATCC 19977 strain. The M. smegmatis strain mc*155 was used for expression and preparation
of M. abscessus porins in M. smegmatis. TH9 supplemented with OADC was used for liquid
cultures, and 7H10 with OADC supplement or LB-Agar was used for plates. Antibiotics were
used in the following concentrations for M. abscessus: apramycin 50 mg/L, isoniazid 32 mg/L.
Apramycin was used in a concentration of 25 mg/L for M. smegmatis. Bacteria were grown by

incubation at 37 °C.

Electrocompetent cells of M. abscessus were prepared as described previously*. In brief, 2x
200 ml 7H9 cultures were inoculated 1:100 with precultures of M. abscessus and grown at 37
°C. When the cells reached an optical density (4e00) of around 0.4-0.8, cultures were cooled for
90 min on ice. All further steps were performed on ice and with ice-cold 10% glycerol. Cells
were then harvested, washed repeatedly by resuspending in 10% glycerol while the suspension
volume was gradually decreased and, in the end, resuspended in 2 ml of 10% glycerol. Cells

were flash-frozen in liquid nitrogen and stored at —80 °C until use.

Cloning of flanking regions into a mycobacterial suicide vector by high-fidelity (HiFi)
DNA assembly

For the generation of gene deletions in M. abscessus via two-step recombination, the upstream
and downstream homology sequences flanking the target gene, each having a length in the
range of 1.3 to 1.5 kb, were PCR amplified from M. abscessus genomic DNA. To amplify
flanking regions, Q5 DNA polymerase (NEB) and PCR primers, each containing at its 5" end a
15-25 nucleotide overlap sequence between the adjacent DNA fragments, designed with the
NEBuilder assembly tool (nebuilder.neb.com), were used. The mycobacterial suicide vector
pKH-apr-dsred2-katG was linearized by digestion with Munl and Pvul and the entire overlap
sequence included in the forward primer for the upstream flanking region and the reverse
primer for the downstream flanking region originated from the vector sequence. Restriction

enzyme digested vector and PCR fragments were gel-purified. The PCR fragments containing
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upstream and downstream homology sequences, flanked by 15-25 nt overlaps, were
subsequently cloned into Munl and Pvul digested pKH-apr-dsred2-katG vector in a single step
according to the HiFi DNA assembly protocol recommended for assembly of 2-3 fragments,
with a modification®. In brief, 50-100 ng of Munl/Pvul cut pKH-apr-dsred2-katG vector was
mixed with the PCR fragments to a final molar ratio of 1:2 (vector:insert) and the reaction
volume was adjusted to 10 pl with water. The total amount of all DNA fragments in the
assembly reaction was 0.03-0.2 pmols. After addition of 10 pl of 2X NEBuilder HiFi DNA
assembly master mix (NEB), the reaction mixture was incubated at 50 °C for 60 minutes. The
assembly reaction time was increased to 1 h instead of 15 minutes, recommended when
assembling 1 or 2 fragments into a vector. A 1 pl aliquot of the reaction mixture was
transformed into 60 pl electrocompetent E. coli XL1-Blue cells. Aliquots were plated on LB-
agar supplemented with 50 mg/LL apramycin and colonies were obtained after overnight
incubation at 37 °C. Analytical restriction digests were performed to select positive clones
carrying the correctly assembled construct resulting in the respective knockout vector and

flanking regions were sequenced.

For the deletion of mapA (MAB _1080) gene in M. abscessus ATCC 19977 strain and Abla
mutant, a 1.5 kb PCR fragment containing the 5’ flanking sequence of map4 including the first
three codons of the ORF was amplified with primers 1080 UP_F (pl161) and 1080 UP R
(p162) and a 1.5 kb PCR fragment containing the 3" flanking sequence of mapA including the
last three codons of the ORF was amplified with primers 1080 DW_F (p163)and 1080 DW_R
(p164) using the genomic DNA of M. abscessus ATCC 19977 as template. The upstream and
downstream flanking regions were subsequently cloned into Munl and Pvul linearized pKH-
apr-dsred2-katG vector in a single HiFi DNA assembly reaction (for details see above)

resulting in the knockout vector pKH-AmapA.

For the deletion of mapB (MAB _1081) gene in M. abscessus ATCC 19977 strain and Abla
mutant, a 1.5 kb fragment containing the 5’ flanking sequence of mapB including the first three
codons of the ORF was PCR amplified with primers 1081 UP_F (p165) and 1081 UP R
(p166) and a 1.5 kb fragment containing the 3’ flanking sequence of mapB including the last
three codons of the ORF was PCR amplified with primers 1081 DW F (p167) and
1081 DW_R (p168) using the genomic DNA of M. abscessus ATCC 19977 as template.
Subsequent insertion of amplified flanking regions into the pKH-apr-dsred2-katG vector
digested with Munl and Pvul according to the HiFi DNA assembly protocol, resulted in the
knockout vector pKH-AmapB.
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Three different knockout vectors were constructed for the generation of M. abscessus AmapA
AmapB and Abla AmapA AmapB mutants. To generate the pKH-AmapA-AmapB vector meant
for the deletion of mapA and mapB genes in M. abscessus ATCC 19977 strain and Abla mutant,
the 1.5 kb fragment containing the 5’ flanking sequence of mapA including the first three
codons of the ORF was PCR amplified with primers 1080-1081 UP _F (identical to the forward
primer 1080 UP F, p161) and 1080-1081 UP R (p169) and the 1.5 kb fragment containing
the 3' flanking sequence of mapB including the last three codons of the ORF was PCR amplified
with primers 1080-1081 DW _F (p170) and 1080-1081 DW _R (identical to the reverse primer
1081 DW_R, p168) using genomic DNA from M. abscessus ATCC 19977 strain as template
and subsequently cloned into Munl and Pvul digested pKH-apr-dsred2-katG vector using the

same procedure described above.

To construct the vector pKH-AmapA N analogous to the pKH-AmapA vector but meant for the
deletion of mapA in AmapB and Abla AmapB mutants, the 1.5 kb PCR fragment containing the
upstream flanking sequence of mapA including the first three codons of the ORF was amplified
with primers 1080-A1081 UP _F (p161) and 1080-A1081 UP R (p162) (identical to the
forward and reverse primers 1080 UP F and 1080 UP_R) from M. abscessus ATCC 19977
genomic DNA and a new 1.5 kb PCR fragment containing the downstream flanking sequence
of mapA including the last three codons of the ORF and encompassing the mapB gene knockout
region was amplified with primers 1080-A1081 DW _F (p237) and 1080-A1081 DW_R
(p238) from the genomic DNA of AmapB mutant. The resulting PCR products were cloned in
a single reaction into the pKH-apr-dsred2-katG vector digested with Munl and Pvul according
to the HiF1 DNA assembly protocol to form the knockout vector pKH-AmapA N.

To delete the mapB gene from the genomes of M. abscessus AmapA and Abla AmapA mutants,
the vector pKH-AmapB N was constructed analogously to the vector pKH-AmapB by
amplifying a new 1.5 kb PCR fragment containing the 5’ flanking sequence of mapB including
the first three codons of the ORF and encompassing the mapA gene deletion region with
primers 1081-A1080 UP_F (p239) and 1081-A1080 UP_R (p240) from AmapA genomic
DNA and the 1.5 kb PCR fragment containing the 3’ flanking sequence of mapB including the
last three codons of the ORF with primers 1081-A1080 DW _F (pl167) and 1081-
A1080 DW R (p168) (identical to the forward and reverse primers 1081 DW _F and
1081 DW_R) using genomic DNA from M. abscessus ATCC 19977 strain and subsequently
cloning amplified fragments into Munl and Pvul digested pKH-apr-dsred2-katG vector in a
single HiFi DNA assembly reaction.
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For the deletion of mapC (MAB_2800) gene in M. abscessus ATCC 19977 strain and Abla
mutant, a 1.5 kb fragment containing the 5’ flanking sequence of mapC including the first 3
codons of the ORF was PCR amplified with primers 2800 UP_F (p171) and 2800 UP R
(p172) and a 1.5 kb fragment containing the 3’ flanking sequence of mapC including the last
30 codons of the ORF was PCR amplified with primers 2800 DW_F (p173) and 2800 DW_R
(p174) using M. abscessus ATCC 19977 genomic DNA as template. Subsequent joining of
PCR fragments with the Munl and Pvul linearized pKH-apr-dsred2-katG vector fragment in a
single reaction by HiFi DNA assembly yielded the knockout vector pKH-AmapC.

To delete three adjacent genes mps! (MAB 4099c), mps2 (MAB 4098c) and gap
(MAB_4097c¢) of the gp! cluster in the M. abscessus ATCC 19977 strain and respective deletion
mutants (AmapA, AmapB, Abla, Abla AmapA and Abla AmapB), the pKH-Agp! vector was
generated by amplifying a 1.3 kb PCR fragment containing the 5’ flanking region of mpsi
including the first 6 codons of the ORF with primers 4097¢-4099¢c_UP_F (p241) and 4097c-
4099c UP R (p242) and a 1.4 kb PCR fragment containing the 3’ flanking region of gap
including the last 101 codons of the ORF with primers 4097¢-4099¢ DW _F (p243) and 4097¢c-
4099c DW_R (p244) using genomic DNA from M. abscessus ATCC 19977 strain as template
and subsequently cloning amplified fragments into Munl and Pvul digested pKH-apr-dsred?2-

katG vector by following the same procedure described above.

Generation of gene deletion mutants in M. abscessus with knockout vectors

To generate unmarked gene deletions in M. abscessus by homologous recombination, the
amplified flanking homology regions of the targeted locus were cloned in a single cloning step
into the pKH-apr-dsred2-katG suicide vector as described above and the resulting knockout
vector was propagated in E. coli and subsequently transformed into M. abscessus (ATCC 19977
type strain or respective deletion mutant) by electroporation. Approximately 1-2 pg of
supercoiled plasmid DNA was mixed with 100 pl of electrocompetent cells, transferred to a
pre-chilled electroporation cuvette with 4 mm gap and electroporated in a BioRad Gene pulser
IT using the following settings: 2.5 kV, 25 pF and 1000 Ohms. After electroporation, cells were
resuspended in 900 pl of pre-warmed 7H9 medium (37 °C) and incubated for 5 h at 37 °C with
constant shaking (1000 rpm). Appropriate dilutions were subsequently spread on LB-agar
plates containing apramycin (50 mg/L) and colonies were obtained after 6 days of incubation
at 37 °C. Single crossover transformants were selected on apramycin plates and distinguished
from background growth by colony fluorescence of red fluorescent protein DsRed2, present on

the vector backbone as a fusion gene with the apramycin resistance marker. The red
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fluorescence of DsRed2 in single colonies was detected with an ImageQuant LAS 4000
instrument (GE Healthcare). Single red fluorescent colonies were picked, restreaked and
screened for vector integration by PCR. Primer pairs were designed to anneal within the
upstream and downstream flanking regions and yielded a PCR product corresponding to the
target gene (or gene cluster) and another PCR product corresponding to the deleted region only
upon plasmid integration in the genome. Positive clones were subjected to counterselection on
agar plates containing isoniazid (32 mg/L) and plates were imaged to select single non-
fluorescent colonies corresponding to clones in which the second recombination event had
occurred. These clones were screened for gene deletion by PCR amplifying the deleted region
(with the same primer pair used for identification of single crossover transformants) and the

genotype was subsequently confirmed by Southern blot analysis*.

In this way, a 0.6 kb region of the mapA gene was deleted from the genome in M. abscessus
ATCC 19977 strain and Abla mutant, respectively, and the deletion was verified by Southern
blot analysis of BamHI digested genomic DNA with a 0.3 kb 5" mapA probe, PCR amplified
with primers P_1080_F (p231)and P_1080 R (p232). Similarly, the deletion of a 0.6 kb region
of the mapB gene from the genome in M. abscessus ATCC 19977 strain and Abla mutant,
respectively, was confirmed by Southern blot analysis of BamHI digested genomic DNA with
a 0.3 kb 3’ mapB probe, PCR amplified with P_1081 F (p233) and P_1081 R (p234) primers.
Likewise, a 0.6 kb region of the mapC gene was deleted from the genome in M. abscessus
ATCC 19977 strain and Abla mutant, respectively, and the deletion was confirmed by Southern
blot analysis of BamHI digested genomic DNA with a 0.3 kb 5" mapC probe, PCR amplified
with primers P_2800 F (p235)and P_2800 R (p236). Finally, an 18.7 kb region encompassing
three adjacent genes (mpsi, mps2 and gap) of the gp/ locus, was deleted in the genome in M.
abscessus ATCC 19977 strain and the following deletion mutants; AmapA, AmapB, Abla, Abla
AmapA and Abla AmapB, respectively, to generate the corresponding rough variants and the
deletion was verified by Southern blot analysis of Van91I digested genomic DNA with a 0.3
kb 5’ gpl probe, PCR amplified with P_4097¢-4099¢ F (p270) and P_4097c-4099¢ R (p271)
primers. Probes used for Southern blot were PCR amplified with Q5 DNA polymerase using
M. abscessus ATCC 19977 genomic DNA as template. Isolation of genomic DNA was

performed by phenol/chloroform/isoamyl alcohol extraction as described previously>'.

A1 kb PCR fragment containing the mapA gene was amplified with primers C_1080_F (p208)
and C_1080 R (p209) using the genomic DNA of M. abscessus ATCC 19977 as template and

cloned into Kpnl digested pMV361-apr vector, an integrative plasmid containing the
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mycobacteriophage integrase int and attP site for chromosomal integration via attP/attB
recombination, according to the HiFi DNA assembly protocol to form the complementation
vector pMV361-mapA. The control vector pMV361-apr or the complementation vector
pMV361-mapA was transformed into M. abscessus AmapA mutant and integrants were
obtained by positive selection on apramycin plates. The presence of the apr or the mapA4 gene
in the resulting strains was confirmed by colony PCR. To generate the complementation vector
pOLYG-bla, a 2 kb PCR fragment containing the two adjacent genes, MAB 2874 and
MAB 2875 (bla), (organized in an operon on the M. abscessus chromosome), was amplified
from M. abscessus ATCC 19977 genomic DNA with C 2874-2875 F (p255) and C 2874-
2875 R (p256) primers and cloned into HindIII digested pOLY G-apr vector, a replicating
multicopy vector that contains a mycobacterial origin of replication (oriM), via HiFi DNA
assembly. Following electroporation of pOLYG-bla complementation vector or pOLY G-apr
control vector into M. abscessus Abla and Abla AmapA mutants, respectively, transformants
were selected on agar plates containing apramycin and confirmed by colony PCR. Primers used

for cloning of gene deletion and complementation constructs are listed in Supplementary Table
S1.

MIC assays

MIC determination for M. abscessus strains was carried in a 96-well format by the
microdilution method and according to the CLSI guidelines as described previously*®>!. B-
Lactam antibiotics were purchased from Sigma-Aldrich, Switzerland and stock solutions were
prepared by dissolving the antibiotics in H>O (cefotaxime, imipenem, doripenem, biapenem,
ertapenem and faropenem) or DMSO (meropenem) according to the manufacturer’s
recommendations and stored at -80 °C. One day prior to the conduction of a MIC assay, the
stock solution for each antibiotic, was diluted in Cation-Adjusted Miiller-Hinton Broth
(CAMHB; pH 7.4) (Becton Dickinson, Switzerland) to prepare a working solution at a
concentration corresponding to twice the desired final concentration (for example, a working
solution of 2048 mg/L was prepared for ertapenem to achieve a maximal concentration of 1024
mg/L in the MIC experiment). Working solutions were stored at -80 °C. For a MIC test in a
96-well format, a 2-fold dilution series of freshly thawed working solutions was prepared using
CAMHB to achieve 10 different drug concentrations per row of a sterile 96-well microtiter
plate (Greiner Bio-One, Switzerland). A positive growth control lacking the antibiotic and a
sterile negative control containing only CAMHB were included in each 96-well microtiter

plate. The inoculum was prepared from M. abscessus strains grown on LB-agar plates, by
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transferring 3-4 colonies of each strain into a glass tube containing 2 ml NaCl with a sterile
cotton swab. Bacterial suspensions were adjusted to a McFarland standard of 0.5 (for M.
abscessus displaying smooth colony morphotype) or 3.0 (for M. abscessus displaying rough
colony morphotype) and subsequently diluted in CAMHB to obtain a final inoculum titer of 1-
5 x 10° cfu/ml, respectively. For each inoculum, the correct titer was checked by cfu count
enumeration on LB-agar plates. After addition of inoculum, yielding a final volume per well
of 100 pl, the plates were sealed with adhesive sealing covers and incubated at 37 °C and MIC
values for M. abscessus strains were assessed by visual inspection after 3, 5, 7 and 12 days of
incubation. For each MIC determination, three biological replicates were determined. MIC
assays for all M. abscessus smooth variants were performed in triplicate while those for M.

abscessus rough variants were conducted in duplicate.

Cloning of porin ORFs into mycobacterial expression vectors by fragment-exchange (FX)
cloning

A PCR fragment containing the ORF coding for porin MapA fused to a C-terminal Strep-tag 11
was amplified using primers MapA-Strep Il F (p279) and MapA-Strep 11 R (p280) and
another PCR fragment containing the ORF coding for MapB porin was amplified using primers
MapB F (p281) and MapB R (p282) using M. abscessus genomic DNA as template.
Amplification was performed with Q5 DNA polymerase (NEB) and HiFi DNA assembly
compatible primers designed with the NEBuilder assembly tool (nebuilder.neb.com). The ends
of PCR amplicons contain homologous overlap regions that result in their insertion into a
vector in the desired orientation. The two fragments were cloned into Kpnl linearized pMV361-
apr vector in a single reaction according to the HiFi DNA assembly protocol as described
previously. Following transformation of a 1 pl aliquot of the reaction mixture into
electrocompetent E. coli XL1-Blue cells, aliquots were plated on LB-agar supplemented with
50 mg/L apramycin and colonies were obtained after overnight incubation at 37 °C. Clones
carrying the correctly assembled construct resulting in the vector pMV361-MapA-MapB were

selected by restriction digest analysis and ORFs were sequenced.

A fragment containing the ORF coding for MapA fused to a C-terminal Strep-tag II flanked by
Sapl sites was PCR amplified from pMV361-MapA-MapB using the forward primer
INIT MapA F (p283) extended on its 5’ end by 5'-atatatGCTCTTCtAGTY(...)-3" and the
reverse primer INIT MapA R (p287) extended on its 5 end by 5'-
tatatatGCTCTTCaAGG(...)-3', where (...) corresponds to the sequence that anneals on the
template DNA. A fragment containing the ORF coding for MapB flanked by Sapl sites was
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PCR amplified from pMV361-MapA-MapB using the forward primer INIT MapB F (p289)
extended on its 5" end by 5'-atatatGCTCTTCtCCTAGAAAGGAGGTTAATAATG(...)-3" and
the reverse primer INIT MapB R (p284) extended on its 5 end by 5'-
tatataGCTCTTCaTGC(...)-3". The forward primer used to amplify MapA ORF and the reverse
primer used to amplify MapB ORF were standard FX cloning compatible primers designed
with the FX primer tool (www.fxcloning.org). The Sapl cleavage sites present in the
INIT MapA R and INIT MapB_F primers produce the CCT overhang at the 3" and 5’ ends of
mapA and mapB PCR fragments thereby creating a unique ligation site for joining the two
fragments. Furthermore, the Sapl recognition sites in the two primers are directed in a way so
that they are lost after digestion leaving behind only the CCT sequence connecting the two
PCR fragments. In addition, the INIT MapB_F primer adds expression elements including a
Shine-Dalgarno sequence (AAGGAGG) (underlined) flanking a start codon (ATG) (bold) to
the 5’ end of PCR amplified ORF coding for MapB devoid of its start codon and stop codon. A
fragment containing the ORF coding for MspA flanked by Sapl sites was PCR amplified from
M. smegmatis genomic DNA using standard FX compatible primers INIT MspA_F (p285) and
INIT MspA R (p286).

The purified PCR amplicons were initially cloned into the pINIT-cat vector according to the
FX protocol®® and ORFs were sequenced. The selection of three different types of sequences
(AGT, CCT and GCA) as terminal single-stranded overhangs resulting from Sapl cleavage of
PCR fragments facilitated insertion of ORFs coding for MapA and MapB into the pINIT-cat
backbone in a fixed orientation. The short three base pair cloning related sequences AGT and
GCA added to the 5" and 3’ ends of the target ORF result in the addition of single amino acids
serine and alanine at the N- and C-termini of the translated protein. For initial cloning of ORFs
into the pINIT-cat vector, 50-100 ng of pINIT-cat vector and 5-fold molar excess of each PCR
fragment were mixed with 1 pl of 10x buffer Tango (Thermo Scientific) and the reaction
volume was adjusted to 9 ul with water. After addition of 1 pul of Sapl (5U) (Thermo Scientific),
the mixture was digested for 1 hour at 37 °C. Subsequently, the reaction was incubated at 65
°C for 20 min for heat inactivation of Sapl and cooled to 25 °C. For ligation of fragments, 1.25
pl of 10 mM ATP and 1.25 pl of T4 ligase (5 U/ul) (Thermo Scientific) were added to the same
reaction and the mixture was incubated for 1 hour at 25 °C. Following heat inactivation of T4
ligase by a 20 min incubation at 65 °C, the ligation mixture was diluted 1:2 with water and a 2
ul aliquot was transformed into 50 pl electrocompetent E. coli XL1-Blue cells. Aliquots were

plated on LB-agar supplemented with 25 mg/L chloramphenicol and colonies were obtained
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after overnight incubation at 37 °C. Subsequent subcloning of ORFs into the FX cloning
compatible expression vector pACEC3GH-apr was performed according to the FX protocol.
In brief, 50-100 ng of pACEC3GH-apr vector was mixed with the pINIT-cat vector containing
the ORF(s) to a final molar ratio of 1:5 (expression vector:pINIT-ORF). The subsequent steps
followed were identical to those described above including digestion with Sapl followed by
ligation and subsequent transformation into E. coli XL1-Blue cells. After transformation,
aliquots were plated on LB-agar supplemented with 50 mg/L apramycin and colonies were
obtained after overnight incubation at 37 °C. Positive clones carrying the pACEC3GH-apr
construct containing the ORF(s) were selected by restriction digest analysis. In the resulting
expression vectors pACE-MapA-MapB-C3GH and pACE-MspA-C3GH, a 3C protease
cleavage site, a GFP reporter gene and a Hisio-tag are fused to the C-termini of the cloned

ORFs coding for MapB and MspA, respectively.

Finally, analogous expression constructs devoid of GFP were assembled using HiFi DNA
assembly. For the generation of pACE-MapA-MapB, an insert fragment containing the mapA
gene (fused to a C-terminal Strep-tag II) and the mapB gene (fused to a C-terminal 3C cleavage
site) downstream of a single acetamide promoter was PCR amplified using primers pACE-
MapA-MapB_F (p306) and pACE-MapA-MapB R (p307) from pACE-MapA-MapB-C3GH
vector. For the generation of pACE-MspA, an insert fragment containing the mspA gene (fused
to a C-terminal 3C cleavage site) downstream of the acetamide promoter was PCR amplified
from pACE-MspA-C3GH vector using primers pACE-MspA _F (p306) and pACE-MspA R
(p307). For both constructs, a second insert fragment containing the Hisio-tag, the apramycin
resistance gene and the oriM of pACEC3GH-apr vector was PCR amplified using His1o-Apr-
Ori_F (p308) and His1o-Apr-Ori_R (p309) primers. The pACEC3GH-apr vector backbone was
linearized by inverse PCR using pACE-B F (p310) and pACE-B_ R (p311) primers.
Amplification was performed with Q5 DNA polymerase (NEB) and HiFi DNA assembly
compatible primers designed with the NEBuilder assembly tool (nebuilder.neb.com). The PCR-
generated vector and insert fragments share 15-25 nucleotide overlap regions between the
adjacent fragments that are required for their assembly. All PCR products were gel-purified.
The PCR fragment containing either the mspA gene or the mapA and mapB genes organized
into an operon and the PCR fragment containing a Hisio-tag, an apramycin resistance gene and
an oriM were assembled into the PCR amplified pACEC3GH-apr vector backbone according
to the HiFi DNA assembly protocol recommended for assembly of 2-3 fragments. In brief, 50-
100 ng of pACEC3GH-apr vector fragment was mixed with the respective insert fragments to
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a final molar ratio of 1:2 (vector:insert) and the reaction volume was adjusted to 10 ul with
water. The total amount of all DNA fragments in the assembly reaction was 0.03-0.2 pmols.
After addition of 10 ul of 2X NEBuilder HiFi DNA assembly master mix, the reaction mixture
was incubated at 50 °C for 60 minutes. Following incubation, 1 ul of assembled product was
transformed into electrocompetent E. coli XL1-Blue cells and aliquots were plated on LB-agar
supplemented with 50 mg/L apramycin. Positive clones carrying the correctly assembled
expression construct were selected based on restriction digest analysis and confirmed by
sequencing. In the resulting expression vectors pACE-MapA-MapB and pACE-MspA, the
cloned ORFs coding for MapB and MspA, respectively, are fused to a C-terminal 3C cleavage
site and a Hisjo-tag. Primers used for cloning of the expression constructs are listed in
Supplementary Table S1. About 750 ng of the porin expression plasmid was electroporated into
M. smegmatis. After electroporation, cells were resuspended in 7H9 medium, incubated for 3.5
h at 37 °C with constant shaking and subsequently spread on LB-agar plates containing
appropriate antibiotics. Positive clones containing the expression plasmid were confirmed by

colony PCR.

Expression and extraction of M. abscessus porins from M. smegmatis

The mapA gene fused to a C-terminal Strep-tag I and the mapB gene fused to a Hisjo-tag at its
C-terminus, were expressed in M. smegmatis mc® 155 strain using the pACE-MapA-MapB
vector. In addition, the wildtype mspA gene with a C-terminal Hisjo-tag was expressed in M.
smegmatis using the pACE-MspA vector. M. smegmatis containing the respective expression
plasmid was grown in 10 ml 7H9 medium supplemented with apramycin. Cultures were grown
at 37 °C while shaking, until they reached an 4e00 of around 0.6. Protein expression was then
induced by addition of 0.4% (w/v) acetamide and cells were grown at 37 °C overnight. To
examine the expression of tagged porins in the outer membrane of M. smegmatis, a selective
extraction procedure for Msp-type porins was used?’. Briefly, 4 ml of cells were harvested in 5
ml tubes and washed two times with 4 ml of ice-cold PBS buffer (100 mM NaH>PO4/Na HPO4
pH 7, 150 mM NaCl, 0.1 mM Na;EDTA, 0.05% (w/v) Tween 80). After washing with PBS,
cells were resuspended in 100 mM NaH>PO4/Na,HPO4 pH 6.5, 150 mM NaCl, 0.1 mM
Na;EDTA, 0.5% (w/v) N-octyl-POE to obtain a cell density of 10 mg of cells (wet weight)/35
ul, and heated to 100 °C while stirring in a water bath for 30 min. The suspension was cooled
for 10 min on ice and spun 15 min at 4 °C at 14’000 rpm to pellet the cell debris. The
supernatant containing extracted porins was used directly or was stored at —20 °C. For analysis,

protein samples were mixed with loading buffer (140 mM Tris pH 7.5, 30% glycerol, 4% SDS
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(w/v), 0.1% bromophenol blue (w/v)), incubated at room temperature for 10 min and 10 pl of
the samples were loaded on a 10% SDS-PAGE gel. Protein production was visualized by
Western blotting using either an anti-His-tag antibody (MapB and MspA) or an anti-Strep-tag
IT antibody (MapA).

Western blotting

For detection of recombinant protein production in induced M. smegmatis pACE cultures, total
protein from a small amount of cells was separated on a denaturing 10% polyacrylamide gel
and transferred to a polyvinylidene fluoride (PVDF) membrane (Immobilon-PSQ, Merck). The
protein gel was blotted onto the membrane in transfer buffer (5.8 g Tris, 2.9 g glycine, 0.1%
SDS (w/v), 20% methanol (v/v) in 1L) at 12 V for 1 h using a Trans-Blot® SD Semi-Dry
Electrophoretic Transfer Cell (BIO-RAD). The membrane was blocked in 20 mM Tris pH 7.6,
150 mM NaCl (TBS) containing 5% (w/v) milk powder and 0.1% (v/v) Tween 20 at room
temperature for 1 h, followed by overnight incubation at 4 °C while rotating in blocking buffer
with tag-specific antibody (anti-His-tag antibody (Abcam, ab15149) diluted 1:500 (v/v) or anti-
Strep-tag 11 antibody (Abcam, ab180957) diluted 1:1°000 (v/v)). The membrane was washed
three times with TBS buffer containing 0.1% (v/v) Tween 20 and incubated with the respective
HRP conjugated secondary antibody (o-mouse-HRP antibody (Abcam, ab205719) diluted
1:2°000 (v/v) or a-rabbit-HRP antibody (Abcam, ab6721) diluted 1:3°000 (v/v)) in blocking
buffer for 1 h at room temperature while shaking. After washing the membrane 3x with TBS
buffer containing 0.1% (v/v) Tween 20, Immobilon Western Chemiluminescent HRP Substrate
(Merck) was added and proteins were detected by measuring chemiluminescence with an

ImageQuant LAS 4000 instrument (GE Healthcare)*°.

Porin production and purification in M. smegmatis

For purification of His-tagged MapB protein from M. smegmatis outer membrane, M.
smegmatis containing the pACE-MapA-MapB expression vector was grown in 1-liter 7H9
medium supplemented with apramycin to an 4eoo of around 0.6 before 0.4% (w/v) acetamide
was added to the cells to induce protein production. After induction of protein expression at 37
°C overnight, cells were harvested and washed 2x with ice-cold PBS buffer (100 mM
NaH>PO4/Na;HPO4 pH 7, 150 mM NaCl, 0.1 mM NaEDTA, 0.05% (w/v) Tween 80).
Extraction of M. abscessus porins from the outer membrane of M. smegmatis was performed
using a method that yields predominantly Msp porins in the supernatant in wildtype M.
smegmatis. Briefly, cells were resuspended in 100 mM NaH;PO4/ NaHPO4 pH 6.5, 150 mM
NaCl, 0.1 mM NaxEDTA, 0.5% (w/v) N-octyl-POE to a cell density of 10 mg/35 ul, and heated

77



CHAPTER 1

to 100 °C while stirring in a water bath for 30 min. The suspension was cooled for 10 min on
ice and centrifuged for 15 min at 14’000 rpm at 4 °C to remove cell debris. For buffer exchange,
the total protein in the supernatant was precipitated after adding an equal volume of acetone
and 1 h incubation on ice. After centrifugation at 4 °C for 15 min at 14’000 rpm, the pellet was
dissolved in binding buffer (50 mM NaH;PO4 pH 7.5, 300 mM NaCl, 20 mM Imidazole, 0.5%
(W/v) N-octyl-POE) and filtered with a 5 um-filter. The protein sample was loaded onto a Ni**-
NTA gravity flow column (Qiagen). The column was washed 2x with wash buffer (50 mM
Imidazole pH 7.5, 300 mM NaCl, 0.5% (w/v) N-octyl-POE), and then eluted 2x with elution
buffer (200 mM Imidazole pH 7.5, 300 mM NaCl, 0.5% (w/v) N-octyl-POE)*-°,
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SUPPLEMENTARY DATA

Table S1. Primers used in this study

Name Description Sequence
1080_UP_F | Forward primer for amplification of | cacttcgcaatggccaagacTGCTGGAC
(p161) 5' flanking region of mapA GCCATCCAGAC

(MAB_1080).
1080_UP_R | Reverse primer for amplification of | cctacttcatCAGCTTCATTCTGTTC
(p162) 5' flanking region of mapA CTATCAGTCC

(MAB_1080).
1080 _DW _F | Forward primer for amplification of | aatgaagctgATGAAGTAGGCAGG
(p163) 3’ flanking region of mapA TATC

(MAB_1080).
1080_DW_R | Reverse primer for amplification of | ggcgtctgctaggacccgatGATTCAGA
(p164) 3’ flanking region of mapA GATTTTCTGCTG

(MAB_1080).
1081 UP_F | Forward primer for amplification of | cacttcgcaatggccaagacCCATGCCTT
(p165) 5" flanking region of mapB CGCTGGGTC

(MAB_1081).
1081 UP_R | Reverse primer for amplification of | gccactacttcatCGTTCTCATTTGGT
(p166) 5" flanking region of mapB TCCCTCAATTC

(MAB_1081).
1081 DW_F | Forward primer for amplification of | aatgagaacgATGAAGTAGTGGCG
(p167) 3’ flanking region of mapB GCAC

(MAB_1081).
1081 DW_R | Reverse primer for amplification of | ggcgtctgctaggacccgatAGAGTGCT
(p168) 3’ flanking region of mapB AGTGGCGTTTC

(MAB_1081).
1080-1081_ | Forward primer for amplification of | cacttcgcaatggccaagacTGCTGGAC
UP_F 5'" flanking region of mapA GCCATCCAGAC
(p161) (MAB_1080) & mapB

(MAB_1081). Primer sequence is

identical to 1080 _UP_F (p161).
1080-1081_ | Reverse primer for amplification of | gccactacttcatCAGCTTCATTCTGT
UP_R 5" flanking region of mapA TCCTATCAGTCC
(p169) (MAB_1080) & mapB

(MAB_1081).
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(AMAB 1080) mutant. Primer

1080-1081_ | Forward primer for amplification of | aatgaagctgATGAAGTAGTGGCG
DW_F 3’ flanking region of mapA GCAC
(p170) (MAB_1080) & mapB

(MAB_1081).
1080-1081_ | Reverse primer for amplification of | ggcgtctgctaggacccgatAGAGTGCT
DW_R 3' flanking region of mapA AGTGGCGTTTC
(p168) (MAB_1080) & mapB

(MAB_1081). Primer sequence is

identical to 1081_DW_R (p168).
1080-Del Forward primer for amplification of | cacttcgcaatggccaagacTGCTGGAC
1081_UP_F | 5’ flanking region of mapA GCCATCCAGAC
(p161) (MAB_1080) in AmapB

(AMAB_1081) mutant. Primer

sequence is identical to 1080 _UP_F

(p161).
1080-Del Reverse primer for amplification of | cctacttcatCAGCTTCATTCTGTTC
1081_UP_R | 5' flanking region of mapA CTATCAGTCC
(p162) (MAB_1080) in AmapB

(AMAB_1081) mutant. Primer

sequence is identical to 1080_UP_R

(p162).
1080-Del Forward primer for amplification of | aatgaagctgATGAAGTAGGCAGG
1081_DW_F | 3' flanking region of mapA TATCCCTG
(p237) (MAB_1080) in AmapB

(AMAB_1081) mutant.
1080-Del Reverse primer for amplification of | ggcgtctgctaggacccgatACTGCACT
1081_DW_R | 3' flanking region of mapA GCAGCGCATATC
(p238) (MAB_1080) in AmapB

(AMAB_1081) mutant.
1081-Del Forward primer for amplification of | cacttcgcaatggccaagacAACGGTTA
1080_UP_F | 5' flanking region of mapB CGGTTGCTTC
(p239) (MAB_1081) in AmapA

(AMAB_1080) mutant.
1081-Del Reverse primer for amplification of | actacttcatCGTTCTCATTTGGTTC
1080_UP_R | 5' flanking region of mapB CCTCAATTC
(p240) (MAB_1081) in AmapA

(AMAB_1080) mutant.
1081-Del Forward primer for amplification of | aatgagaacJATGAAGTAGTGGCG
1080_DW_F | 3’ flanking region of mapB GCAC
(p167) (MAB_1081) in AmapA
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sequence is identical to
1081_DW_F (p167).

1081-Del Reverse primer for amplification of | ggcgtctgctaggacccgatAGAGTGCT
1080_DW_R | 3’ flanking region of mapB AGTGGCGTTTC
(p168) (MAB_1081) in AmapA

(AMAB_1080) mutant. Primer

sequence is identical to

1081_DW _R (p168).
2800 _UP_F | Forward primer for amplification of | cacttcgcaatggccaagacACGCAACG
(p171) 5" flanking region of mapC CGGTCCGTCC

(MAB_2800).
2800_UP_R | Reverse primer for amplification of | gcaggaaggaGTCGTTCATCTATC
(p172) 5' flanking region of mapC AGACGGCCTTGG

(MAB_2800).
2800 _DW _F | Forward primer for amplification of | gatgaacgacTCCTTCCTGCGCTCC
(p173) 3' flanking region of mapC TAC

(MAB_2800).
2800_DW_R | Reverse primer for amplification of | ggcgtctgctaggacccgatCCTTGTACA
(p174) 3' flanking region of mapC TGGTGTCCATC

(MAB_2800).

4097¢c-4099¢c
_UP_F
(p241)

Forward primer for amplification of
5’ flanking region of mps1
(MAB_4099c), mps2
(MAB_4098¢c) & gap
(MAB_4097c¢) genes of the gpl
locus.

cacttcgcaatggccaagacCGGTCTTTG
TCATGCTGATG

4097¢-4099¢
_UP R
(p242)

Reverse primer for amplification of
5" flanking region of mpsl
(MAB_4099c), mps2
(MAB_4098c) & gap
(MAB_4097c¢) genes of the gpl
locus.

ccagtgccacCGGTCCTCAGACTCC
AAC

4097¢c-4099¢
_DW_F
(p243)

Forward primer for amplification of
3’ flanking region of mps1
(MAB_4099c), mps2
(MAB_4098c) & gap
(MAB_4097c¢) genes of the gpl
locus.

ctgaggaccgGTGGCACTGGTACT
CGGAATC

4097¢-4099¢
_DW R
(p244)

Reverse primer for amplification of
3’ flanking region of mpsl
(MAB _4099c), mps2

ggcgtctgctaggacccgatGTTCCGTCC
TCGTAGACG
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(MAB_4098c) & gap
(MAB_4097c) genes of the gpl
locus.

C_1080_F Forward primer for amplification of | aacgcgtgcggecgeggtacAGGTCGCC
(p208) mapA (MAB_1080) for cloning into | AATCACGGATAC

pMV361 complementation vector.
C 1080 R Reverse primer for amplification of | tctagaggatccccgggtacGTTGCGGC
(p209) mapA (MAB_1080) for cloning into | AGGGATACCTG

pMV361 complementation vector.
C_2874- Forward primer for amplification of | cgaggtcgacggtatcgataCCACGATA
2875 F MAB_2874 & MAB_2875 (bla) for | TAGCAGTTCG
(p255) cloning into pOLYG

complementation vector.
C 2874- Reverse primer for amplification of | actgcaggaattcgatatcaAGAACGTAG
2875 R MAB_2874 & MAB_2875 (bla) for | ATCTCGCGAG
(p256) cloning into pOLYG

complementation vector.
P_1080_F Forward primer for amplification of | GAGATTGTGACCTTCGCCAC
(p231) mapA (MAB_1080) hybridization

probe.
P_1080_R Reverse primer for amplification of | ACGTCCGCAAGTTAACATCC
(p232) mapA (MAB_1080) hybridization

probe.
P_1081_F Forward primer for amplification of | TGAAGTCCAGATACTGCCCG
(p233) mapB (MAB_1081) hybridization

probe.
P_1081_R Reverse primer for amplification of | GAAAGGGTGGTAATGGTCGC
(p234) mapB (MAB_1081) hybridization

probe.
P_2800_F Forward primer for amplification of | CCGTTGAAATTCGCCTGCTA
(p235) mapC (MAB_2800) hybridization

probe.
P_2800_R Reverse primer for amplification of | CCAGAGCGCAAACAGTAGTC
(p236) mapC (MAB_2800) hybridization

probe.
P_4097c- Forward primer for amplification of | CAAATTTCACTCCACCGCCA
4099c_F gpl (MAB_4097¢-4099c)
(p270) hybridization probe.
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P_4097c- Reverse primer for amplification of | CGTAGCAGTTTGTCACCACA
4099c R gpl (MAB_4097¢-4099c)
(p271) hybridization probe.
MapA-Strep | Forward primer for amplification of | aacgcgtgcggccgeggtacGAAATTCT
I_F mapA (MAB_1080) fused to a C- CATGTTCGCC
(p279) terminal Strep-tag Il for cloning

into pMV 361 intermediate vector.
MapA-Strep | Reverse primer for amplification of | ctgcgggtggctccaCTTCATGTCCCA
Il_R mapA (MAB_1080) fused to a C- GGTCTC
(p280) terminal Strep-tag Il for cloning

into pMV361 intermediate vector.
MapB_F Forward primer for amplification of | ggacatgaagtggagccacccgcagttcgaaaa
(p281) mapB (MAB_1081) for cloning into | atagAGGTAGGCATTTGCCCTG

pMV361 intermediate vector.
MapB_R Reverse primer for amplification of | tctagaggatccccgggtacTTCTTCTGC
(p282) mapB (MAB_1081) for cloning into | TCGTGCCGC

pMV361 intermediate vector.
INIT_MapA_ | Forward primer containing a Sapl atatatGCTCTTCtAGTaagctgttgggca
F site for amplification of mapA aggtatcgggctgg
(p283) (MAB_1080) fused to a C-terminal

Strep-tag |l for cloning into ORF

sequencing vector pINIT.
INIT_MapA_ | Reverse primer containing a Sapl tatatatGCTCTTCaAGGtgaacgccagg
R site for amplification of mapA gcaaatgcctacctct
(p287) (MAB_1080) fused to a C-terminal

Strep-tag 1l for cloning into ORF

sequencing vector pINIT.
INIT_MapB_ | Forward primer containing a Sapl atatatGCTCTTCtCCTAGAAAGG
F site for amplification of mapB AGGTTAATAATGagaacggttggcat
(p289) (MAB_1081) for cloning into ORF | ccggcgggttgtg

sequencing vector pINIT. The

primer also contains a consensus

Shine-Dalgarno sequence flanking a

start codon.
INIT_MapB_ | Reverse primer containing a Sapl tatataGCTCTTCaTGCecttcatgtcccag
R site for amplification of mapB gtctcgecgtaggt
(p284) (MAB_1081) for cloning into ORF

sequencing vector pINIT.
INIT_MspA_ | Forward primer containing a Sapl atatatGCTCTTCtAGTaaggcaatcagt
F site for amplification of mspA cgggtgctgatcgeg
(p285)
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(MSMEG_0965) for cloning into

OREF sequencing vector pINIT.
INIT_MspA_ | Reverse primer containing a Sapl tatataGCTCTTCaTGCgttcatgttccag
R site for amplification of mspA ggttcgccgtaggt
(p286) (MSMEG_0965) for cloning into

ORF sequencing vector pINIT.
ACE_MapA- | Forward primer for amplification of | acccttgacttttattttcaTCTGGATATAT
MapB_F a fragment containing mapA (fused | TTCGGGTG
(p306) to a C-terminal Strep-tag 1) and

mapB genes downstream of a single

acetamide promoter for construction

of pACE-MapA-MapB expression

vector.
ACE_MapA- | Reverse primer for amplification of | ggtgatgatgatgTGGACCTTGAAAC
MapB_R a fragment containing mapA (fused | AAAAC
(p307) to a C-terminal Strep-tag 1) and

mapB genes downstream of a single

acetamide promoter for construction

of pACE-MapA-MapB expression

vector.
ACE_MspA_ | Forward primer for amplification of | acccttgacttttattttcaTCTGGATATAT
F a fragment containing mspA gene TTCGGGTG
(p306) downstream of an acetamide

promoter for construction of pACE-

MspA expression vector. Primer

sequence is identical to

ACE_MapA-MapB_F (p306).
ACE_MspA_ | Reverse primer for amplification of | ggtgatgatgatgTGGACCTTGAAAC
R a fragment containing mspA gene AAAAC
(p307) downstream of an acetamide

promoter for construction of pACE-

MspA expression vector. Primer

sequence is identical to

ACE_MapA-MapB_R (p307).
ACE_Hisio- | Forward primer for amplification of | tcaaggtccaCATCATCATCACCAT
Apra-Ori_F a fragment containing Hisio-tag, CATC
(p308) apramycin resistance gene and

mycobacterial origin of replication

from pACE-C3GH expression

vector.
ACE_Hisio- | Reverse primer for amplification of | gtatcagctcactcaaaggcGGTAATAC
Apra-Ori_R | a fragment containing Hisio-tag, GGTTATCCAC
(p309) apramycin resistance gene and
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mycobacterial origin of replication
from pACE-C3GH expression
vector.

ACE B F Forward primer for amplification of | GCCTTTGAGTGAGCTGATAC
(p310) a fragment containing the remaining

backbone of pACE-C3GH

expression vector.
ACE_B_R Reverse primer for amplification of | TGAAAATAAAAGTCAAGGGT
(p311) a fragment containing the remaining | G

backbone of pACE-C3GH
expression vector.
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Table S2. MIC determination of M. abscessus deletion and complemented mutants

Strains M. abscessus ATCC 19977 AmapA pMV361-mapA AmapA pMV361 AmapB AmapC
Day of MIC reading | 3 | 12 [ 7l el s sl le]ls|s]su]ls]s]i]n s | 1 [
Compound MIC (mg/L)
Cefotaxime 16 256 236 Not determined Not determined 16 32 64 32 64 256
Imipenem 2 =236 =256 2 16 64 | =236 | 4 64 236 2 16 64 16 64 | =236
Meropenem 16 236 236 16 32 G4 236 16 G4 128 16 32 G4 32 64 256
Doripenem 3 256 >256 3 16 32 236 16 64 128 8 16 64 16 64 236
Biapenem 16 236 =236 | 16 64 128 | 236 | 32 128 | 236 16 64 128 64 128 | 236
Ertapenem 64 =312 >312 64 128 236 | =512 64 312 | =312 64 128 236 128 236 | =312
Faropenem 16 128 128 Not determined Not determined 16 32 32 32 32 64
Strains Abla pOLYG Abla AmapA Abla AmapA pOLYG-bla Amapd pOLYG Abla AmapB Abla AmapC
Day of MIC reading | 3 THEE ] s sl s s 7] s s ] 1] n s | 7 | n s | 1 | n s | 7 | n
Compound MIC (mg/L)
Cefotaxime g 64 =512 16 16 32 64 3 16 32 64 128 | 236 16 32 64 16 32 64 16 16
Imipenem 1 =236 =512 1 3 64 | =512 1 4 32 32 256 | =512 2 3 64 | =512 4 32 | =236 4 32
Meropenem 2 64 256 4 4 b 32 2 4 16 128 256 236 4 3 16 G4 4 3 64 2 4 8
Doripenem 2 64 256 4 4 8 64 2 4 16 128 12 | =512 4 3 16 64 2 4 3 64 2 4 8
Biapenem 2 236 512 4 16 32 236 2 3 32 128 | 236 | 512 4 16 32 236 2 3 32 256 2 3 32
Ertapenem 4 64 >1024 3 16 32 128 3 32 64 312 1024 | >1024 32 64 236 4 16 32 128 4 3 16
Faropenem 4 32 256 3 16 16 32 3 8 16 128 236 256 16 32 64 4 3 16 32 4 3 16
Strains AmapB Agpl Abla Agpl Abla AmapA Agpl Abla AmapB Agpl
Day of MIC reading | 3 12 ] s sl s 7] s [ s 7] s | 7 | n
Compound MIC (mg/L)
Cefotaxime 64 512 1024 | 128 | 236 | 512 | 1024 | 32 32 64 128 123 128 64 128 128
Imipenem 4 =236 =236 4 16 64 =236 4 3 32 4 16 64 3 32 236
Meropenem 16 236 256 32 64 128 236 3 8 3 8 3 16 g 8 64
Doripenem 3 236 236 16 32 64 >256 3 8 3 8 3 16 3 3 64
Biapenem 16 =236 =236 | 32 128 | 236 | >256 3 16 32 16 16 64 16 32 236
Ertapenem G4 1024 »1024 28 236 12 | =024 16 16 32 32 64 128 32 32 128
Faropenem 32 128 =256 64 128 256 236 16 16 16 64 64 128 32 32 64
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Abstract

The incidence and prevalence of non-tuberculous mycobacterial (NTM) infections have been
increasing worldwide and lately led to an emerging public health problem. Among rapidly
growing NTM, Mycobacterium abscessus 1s the most pathogenic and drug resistant
opportunistic germ, responsible for disease manifestations ranging from ‘“curable” skin
infections to only “manageable” pulmonary disease. Challenges in M. abscessus treatment stem
from the bacteria’s high-level innate resistance and comprise long, costly and non-standardized
administration of antimicrobial agents, poor treatment outcomes often related to adverse effects
and drug toxicities, and high relapse rates. Drug resistance in M. abscessus is conferred by an
assortment of mechanisms. Clinically acquired drug resistance is normally conferred by
mutations in the target genes. Intrinsic resistance is attributed to low permeability of M.
abscessus cell envelope as well as to (multi)drug export systems. However, expression of
numerous enzymes by M. abscessus, which can modify either the drug-target or the drug itself,
is the key factor for the pathogen’s phenomenal resistance to most classes of antibiotics used
for treatment of other moderate to severe infectious diseases, including macrolides,
aminoglycosides, rifamycins, B-lactams, and tetracyclines. In 2009, when M. abscessus
genome sequence became available, several research groups worldwide started studying M.
abscessus antibiotic resistance mechanisms. At first, lack of tools for M. abscessus genetic
manipulation severely delayed research endeavours. Nevertheless, the last 5 years, significant
progress has been made towards the development of conditional expression and homologous
recombination systems for M. abscessus. As a result of recent research efforts, an erythromycin
ribosome methyltransferase, two aminoglycoside acetyltransferases, an aminoglycoside
phosphotransferase, a rifamycin ADP-ribosyltransferase, a B-lactamase, and a monooxygenase
were identified to frame the complex and multifaceted intrinsic resistome of M. abscessus,

which clearly contributes to complications in treatment of this highly resistant pathogen. Better
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knowledge of the underlying mechanisms of drug resistance in M. abscessus could improve
selection of more effective chemotherapeutic regimen and promote development of novel
antimicrobials which can overwhelm the existing resistance mechanisms. This article reviews
the currently elucidated molecular mechanisms of antibiotic resistance in M. abscessus, with a

focus on its drug-target-modifying and drug-modifying enzymes.

Keywords: non-tuberculous mycobacteria, Mycobacterium abscessus, antibiotic, drug
resistance, resistance genes, antibiotic-target-modifying enzymes, antibiotic-modifying

enzymes
Introduction

Non-tuberculous mycobacteria (NTM) encompass all species of mycobacteria that do not cause
tuberculosis (TB) or leprosy (Lee et al., 2015). NTM are ubiquitous in the environment and
occasionally infect humans with various predisposing conditions like cystic fibrosis,
bronchiectasis or immunosuppression, causing a variety of pathological conditions including
pulmonary, skin and soft tissue infections and disseminated diseases (Chan and Iseman, 2013).
The last few decades saw an alarming increase in the incidence and prevalence of NTM-
pulmonary disease throughout the globe. Importantly, more than 90% of all reported NTM-
pulmonary disease cases involved infections with the Mycobacterium avium complex
(comprising of M. avium, Mycobacterium chimaera and Mycobacterium intracellulare) or
Mycobacterium abscessus, accentuating the medical importance of these emerging pathogens
(Hoefsloot et al., 2013; Ryu et al., 2016; Wu et al., 2018). For a long while, it was believed that
infections with genetically diverse NTM strains were exclusively acquired upon exposure to
the environment. However, a recent whole genome analysis of more than 1000 M. abscessus
clinical isolates from different geographical locations, revealed the presence of genetically
clustered strains in patients. This suggests a human-to-human transmission of M. abscessus,
presumably through indirect mechanisms like cough aerosols or surface contamination (Bryant

etal., 2016).

Mycobacterium abscessus is an opportunistic pathogen, ubiquitous in the environment, that
often causes infections in humans with compromised natural defences such as patients with
cystic fibrosis or other chronic lung diseases (Sanguinetti et al., 2001; Brown-Elliott and
Wallace, 2002; Howard, 2006; Griffith et al., 2007). A current taxonomic classification
suggests separation of M. abscessus into three distinct subspecies: M. abscessus subsp.

abscessus, M. abscessus subsp. bolletii, and M. abscessus subsp. massiliense (Tortoli et al.,
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2016). Although a saprophyte in water and soil, following lung infection M. abscessus can
swiftly grow and survive intra-cellularly within macrophages as well as in extra-cellular
caseous lesions and airway mucus (Wu et al., 2018). Several factors contribute to the success
of this rapidly growing mycobacterium. A plethora of intrinsic resistance mechanisms renders
almost all clinically used antibiotics ineffective against M. abscessus (Nessar et al., 2012). In
addition, the presence of a highly dynamic open pan-genome in M. abscessus might explain
the ease with which the bacterium evolves and adapts to a wide-spectrum of stressful
environmental conditions encountered in diverse habitats (Choo et al., 2014; Wu et al., 2018).
Importantly, the respiratory habitat of M. abscessus brings it in close proximity to highly
virulent pathogens (for example, Pseudomonas aeruginosa in cystic fibrosis lung) which can

serve as donors of novel drug resistance or virulence genes (Ripoll et al., 2009).

Treatment of M. abscessus pulmonary infection is very difficult owing to the bacterium’s high-
level innate resistance towards most antibiotics commonly used for Gram-negative and Gram-
positive bacterial infections, including majority of B-lactams, tetracyclines, aminoglycosides,
and macrolides. In addition, anti-TB drugs including first-line drugs (such as rifampicin and
isoniazid) as well as some second-line agents (such as capreomycin) are ineffective against this
pathogen (Table 1). Thus, the term “incurable nightmare” is often used to describe M. abscessus
(Brown-Elliott et al., 2012; Nessar et al., 2012). So far, no reliable antibiotic regimen has been
established for M. abscessus pulmonary disease. Antibiotic administration is largely empirical
and relies on in vitro antibiotic susceptibility testing and definitive subspecies identification
(Griffith et al., 2007; Ryu et al., 2016). Treatment of M. abscessus pulmonary disease as
recommended by the British Thoracic Society involves administration of a multi-drug regimen
encompassing intravenous antibiotics - amikacin, tigecycline, and imipenem along with an oral
macrolide (clarithromycin or azithromycin) for clinical isolates susceptible to macrolides,
during the initial treatment phase. For the continuation phase of treatment, nebulised amikacin
and an oral macrolide combined with one to three of the following oral antibiotics: linezolid,
clofazimine, minocycline, co-trimoxazole, and moxifloxacin are generally recommended
(Haworth et al., 2017). Standard of care calls for continuation of antibiotic therapy for a
minimum of 12 months after culture conversion. However, microbiological eradication of M.
abscessus bacilli from lung tissues, using recommended antibiotic regimens, is rare and
recurrence is often after completion of a treatment course and successful symptom management

(Jarand et al., 2011; Stout et al., 2016).
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Table 1 | Drug susceptibility of Mycobacterium abscessus wild-type and isogenic mutants in comparison to screening concentrations for

M. tuberculosis with decreased susceptibility.

Antimicrobial agent M. tuberculosis* (mg/L)

Isoniazid 0.1
Rifampicin 1.0
Ethambutol 5.0
Capreomycin 2.5
Clarithromycin N.D.
Kanamycin B N.D.
Amikacin 1.0
Streptomycin 1.0
Tetracycline N.D.
Amoxicillin N.D.
Ampicillin N.D.

*Epidemiologic cutoff values (ECOFF; MGIT960) as defined by Cambau et al. (2015); MIC, minimal inhibitory concentration, N.A., Not

available; N.D., Not determined.

M. abscessus MIC (mg/L)
>512
128
64 (polymorphism in target gene)
>256
64
8
4
32
60
>256
>256

M. abscessus mutant MIC (mg/L) Reference

katG" (M. tb): 32

Aarr: 0.25
N.A.
Aeis2: 4
Aerm: 0.5
Aaac(2'): 0.125
Aeis2: 0.25
Astr(3"): 2
AtetX: 4
Abla: 8
Abla: 4

Pers. Communication
Rominski et al., 2017a
Alcaide et al., 1997
Rominski et al., 2017¢
Choi et al., 2012
Rominski et al., 2017¢
Rominski et al., 2017¢
Dal Molin et al., 2017
Rudra et al., 2018
Dubée et al., 2015
Dubée et al., 2015
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As a result of extensive, repeated or inappropriate use of macrolides and aminoglycosides,
which inhibit protein biosynthesis by binding to the large and small ribosomal subunits,
respectively, M. abscessus strains with clinically acquired pan-macrolide and pan-
aminoglycoside resistance have emerged, due to mutation(s) in the corresponding 23S (/) and
16S (rrs) rRNA genes (Wallace et al., 1996; Prammananan et al., 1998; Maurer et al., 2012;
Nessar et al., 2012). Acquired resistance to macrolides and aminoglycosides severely limits the

remaining treatment options and highlights the urgent need for new antimicrobial agents.

Mechanisms underpinning intrinsic drug resistance of M. abscessus are multi-fold and fall into
two main groups: first, the presence of a highly impermeable cell envelope and/or multi-drug
efflux pumps might reduce the effective concentration of antibiotics within the bacterial cells;
second, the genome of M. abscessus encodes several putative enzymes which can inactivate
antibiotics by modification and/or degradation or lower the affinity of the drug for its target by
modifying the target (Ripoll et al., 2009; Nessar et al., 2012). For long, molecular investigations
aimed at elucidating antibiotic resistance mechanisms of M. abscessus were limited, however,
significant progress has been made in recent years owing to the development of efficient tools
for genetic manipulation of this bacterium (Figure 1). In this article, we provide an up-to-date
overview of the main molecular mechanisms of antibiotic resistance in M. abscessus with a
focus on the drug-target-modifying or drug-modifying enzymes and discuss the potential
impact on clinical treatment. We also discuss how this knowledge could facilitate the discovery
and development of new improved antimicrobial agents or help rescue the function of currently
available antibiotics against M. abscessus and provide an update on the latest research

underway to combat multi-drug resistant M. abscessus infections.
Antibiotic-Target-Modifying Enzymes in M. abscessus

Macrolide Resistance: MAB 2297 [erm(41)] Encoded Erythromycin Ribosome
Methylase

Macrolides are among the most successful antibiotics in the world and are highly prescribed
for infections caused by non-tuberculous mycobacteria. A multidrug regimen recommended
for M. abscessus infections almost always includes macrolides, particularly clarithromycin or
azithromycin. Macrolides target the nascent polypeptide exit tunnel within the 50S ribosomal
subunit, which accommodates the newly synthesized polypeptide chain as it emerges from the

ribosome. Following macrolide binding, the elongation of the polypeptide chain continues up
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Figure 1 | Enzyme-mediated antibiotic resistance in Mycobacterium abscessus. M. abscessus is intrinsically resistant to a large and diverse array of
antimicrobial agents. The occurrence of several enzymes that can modify and/or degrade antibiotics or alter their targets in M. abscessus enables it to resist the
action of multiple classes of antibiotics. This figure provides an overview of the well-studied as well as some unexplored enzyme-mediated resistance
mechanisms in M. abscessus. Methylation of 23S rRNA by Erm(41), an erythromycin ribosome methylase, lowers the binding affinity of macrolides for the
ribosome exit tunnel and confers macrolide resistance. Expression of the erm(41) gene in M. abscessus is induced upon exposure to macrolides, therefore this
type of resistance by target modification is known as inducible macrolide resistance. The addition of different chemical groups including acyl and phosphate
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groups to vulnerable sites on the aminoglycoside molecule by M. abscessus enzymes can prevent the binding of aminoglycoside to its ribosomal target due to
steric hindrance and result in resistance. A diverse group of enzymes that differ in the aminoglycosides that they can modify as well as in the region of the
antibiotic that is modified, are found in M. abscessus. These include two putative acetyltransferases - AAC(2') and Eis2 and one putative phosphotransferase -
APH(3"). The substrate aminoglycosides for each enzyme are shown. In addition to aminoglycosides, Eis2 can also modify other ribosome-targeting antibiotics
like capreomycin. Resistance to rifampicin and other rifamycin antibiotics in M. abscessus involves covalent modification and drug inactivation by an ADP-
ribosyltransferase, Arr_Mab. Apart from ADP-ribosylation, two additional group transfer mechanisms of rifampicin inactivation including glycosylation,
phosphorylation as well as decomposition of rifampicin by monooxygenation, are widespread in environmental bacteria but have not been explored in
mycobacteria. Being a saprophyte in soil, exposure to antibiotic producing actinomycetes that utilize a variety of rifamycin inactivating mechanisms in its
natural habitat might have favoured the selection of an unknown reservoir of rifamycin resistance genes in M. abscessus, for example, those encoding a rifamycin
glycosyltransferase (Rgt Mab) and/or a rifamycin monooxygenase (Rox Mab) (dashed lines). M. abscessus also produces a tetracycline-degrading flavin
monooxygenase, MabTetX that activates molecular oxygen to hydroxylate and destabilize the antibiotic, which subsequently undergoes non-enzymatic
decomposition, thereby conferring resistance. Resistance to B-lactams in M. abscessus is afforded by the production of a hydrolytic B-lactamase enzyme,
Bla_Mab with the ability to degrade a broad range of B-lactams including extended-spectrum cephalosporins and carbapenems. RNAP, RNA polymerase; PBPs,
penicillin-binding proteins; AAC(2'), 2'-N-acetyltransferase; Eis2, enhanced intracellular survival protein 2; APH(3"”), aminoglycoside 3"-O-
phosphotransferase.
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to a few amino acids before the peptidyl-tRNA dissociates from the ribosome, thereby arresting

protein synthesis (Wilson, 2014).

In bacteria, innate resistance towards macrolides is most often the result of increased efflux,
ribosomal methyltransferases and GTP-dependent macrolide kinases (Pawlowski et al., 2018).
A well-studied example of macrolide resistance by target modification in bacteria is the
erythromycin ribosome methylase (Erm) enzyme, which specifically methylates A2058
nucleotide of 23S rRNA and lowers the macrolide affinity for the ribosome exit tunnel (Blair
et al., 2015). An Erm methyltransferase is also responsible for inducible macrolide resistance
in M. abscessus (Figure 1). Interestingly, the erm(41) gene, first described by Nash et al. (2009),
is only functional in two out of three subspecies of the M. abscessus complex. The subspecies
M. massiliense harbors deletions in its erm(41) gene copy, which render the Erm(41) enzyme
inactive and the bacterium susceptible to macrolides. This may explain why patients with M.
massiliense infections have better treatment outcomes than patients with M. abscessus or M.
bolletii infections. To further complicate matters, a T/C polymorphism at position 28 of the
erm(41) sequence determines the appearance of inducible macrolide resistance in M. bolletii
and M. abscessus subspecies. Only those isolates that harbor a T28 erm(41) sequevar develop
inducible macrolide resistance. Phenotypic detection of inducible macrolide resistance in the
M. abscessus complex by drug susceptibility testing requires extended incubation (14 days

rather than 3 days) in the presence of the drug (Nash et al., 2009; Kim et al., 2010).

A functional role of erm(41) in inducible resistance to macrolides has been confirmed by
genetic studies. Deletion of erm(41) in M. abscessus lowered the minimal inhibitory
concentration (MIC) of clarithromycin by 128-fold (Table 1), while introduction of a functional
M. abscessus erm(41) gene into M. massiliense led to a 64-fold increase in the clarithromycin
MIC on day 14 (Choi et al., 2012). Inducible Erm(41)-dependent rRNA methylation severely
affects the efficacy of macrolides against M. abscessus. The long duration of partially effective
macrolide therapy, eventually favours the emergence of isolates with high-level constitutive
macrolide resistance. Mutations that alter the 23S rRNA nucleotides 2058 and 2059 within the
peptidyl-transferase center (PTC), are a frequent cause of constitutive macrolide resistance in

M. abscessus (Wallace et al., 1996; Bastian et al., 2011; Brown-Elliott et al., 2015).
Antibiotic-Modifying Enzymes in M. abscessus

Aminoglycoside Resistance: MAB 4395 [aac(2')] & MAB 4532c¢ (eis2) Encoded
Acetyltransferases; MAB_2385 Encoded 3"-O-Phosphotransferase
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Aminoglycosides are among the broadest classes of antibiotics that interfere with specific steps
in bacterial protein synthesis (Kohanski et al., 2010). All aminoglycosides primarily target the
16S rRNA component of 30S ribosomal subunit, however, their exact binding site and mode
of action may differ slightly depending on their chemical structure. For example, 2-
deoxystreptamine (2-DOS) aminoglycosides (such as kanamycin, amikacin, apramycin,
arbekacin), which are chemically distinct from the non-DOS aminoglycosides (for example,
streptomycin), specifically bind to the A-site region of small ribosomal subunit at the decoding
center, encompassing conserved nucleotides A1492 and A1493 of 16S rRNA. 2-DOS
aminoglycosides function by inhibiting the translocation of tRNA-mRNA complex through the
ribosome. Additionally, several members of this class also induce protein mistranslation by
promoting and stabilizing the interaction of non-cognate aminoacylated tRNAs with mRNA.
In contrast, the non-DOS aminoglycoside streptomycin targets a different region of 16S rRNA
in proximity of the decoding center and mainly interferes with the delivery of aminoacylated

tRNA to the A-site (Wilson, 2014).

Bacterial resistance to aminoglycosides may occur due to low cell permeability/efflux,
mutations or modification of 16S rRNA, mutations in ribosomal protein genes and enzymatic
drug modification. Drug and target modification being the most extensively studied and
clinically relevant aminoglycoside resistance mechanisms in pathogenic bacteria. Covalent
modification of key amino or hydroxyl groups within the aminoglycoside molecule by bacterial
enzymes markedly decreases the binding affinity for the ribosomal target and confers
aminoglycoside resistance. Aminoglycoside-modifying enzymes in bacteria can be grouped
into three main classes namely, acetyltransferases, nucleotidyltransferases, and
phosphotransferases (D’Costa et al., 2011; Blair et al., 2015). A worrying discovery that the
genome of emerging pathogen M. abscessus encodes several putative aminoglycoside-
modifying enzymes which include members of all three classes, came in 2009 when Ripoll et
al first sequenced the complete genome of M. abscessus (Ripoll et al., 2009). Some predictions
were later substantiated by drug susceptibility testing and biochemical analysis (Maurer et al.,
2015). More recently, direct genetic evidence for a functional role of some of these putative
aminoglycoside-modifying enzymes in M. abscessus intrinsic resistance to this antibiotic class,

was obtained.

Similar to all other mycobacteria that have been studied so far (Ainsa et al., 1997), M. abscessus
also harbors a 2'-N-acetyltransferase [AAC(2")], encoded by MAB 4395 gene. This enzyme is

capable of acetylating several aminoglycosides bearing a 2" amino group including gentamicin
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C, dibekacin, tobramycin and kanamycin B (Figure 1). This was evident upon deletion of
MAB 4395 in M. abscessus ATCC 19977 strain, which led to a 4-64-fold reduction in the
MICs of these aminoglycosides (Table 1) (Rominski et al., 2017c). Interestingly, another N-
acetyltransferase capable of conferring aminoglycoside resistance in M. abscessus is a homolog
of Anabaena variabilis enhanced intracellular survival (Eis) protein (Figure 1). Eis proteins are
widespread in mycobacteria as well as other Gram-positive bacteria. Eis protein in
Mycobacterium tuberculosis has been shown to enhance intracellular survival within
macrophages by acetylating and activating dual-specificity protein phosphatase 16/mitogen-
activated protein kinase phosphatase-7 (DUSP16/MPK-7), a JNK-specific phosphatase that
inhibits inflammation, autophagy and subsequent death of infected macrophages (Shin et al.,
2010; Kim et al., 2012). Furthermore, upregulation of eis gene expression owing to mutations
in its promoter was associated with kanamycin resistance in one-third of clinical isolates
encompassing a large collection of M. tuberculosis strains from diverse geographical locations
(Zaunbrecher et al., 2009). More recently, structural and biochemical characterization of M.
tuberculosis Eis revealed its unprecedented ability to acetylate multiple amines of several

aminoglycosides (Chen et al., 2011).

Analysis of M. abscessus genome revealed two genes, namely, MAB 4124 (eis/) and
MAB 4532c¢ (eis2), which show homology to eis from M. tuberculosis (Rv2416c) and A.
variabilis (Ava_4977), respectively. Drug susceptibility testing could confirm a functional role
for Eis2 but not Eisl, in intrinsic aminoglycoside resistance. Of note, deletion of MAB 4532c¢
enhanced M. abscessus susceptibility towards a heterogeneous group of aminoglycosides
including the cornerstone drug amikacin as well as a non-aminoglycoside antibiotic
capreomycin (Table 1) (Rominski et al., 2017c). Furthermore, heterologous expression of eis2
in Mycobacterium smegmatis decreased amikacin susceptibility (Hurst-Hess et al., 2017).
Capreomycin is a cyclic peptide antibiotic that inhibits protein synthesis by blocking peptidyl-
tRNA translocation. The drug is particularly active against M. tuberculosis and commonly used
as a second-line agent for the treatment of TB (Stanley et al., 2010; Wilson, 2014). Although
remarkable, the discovery that M. abscessus Eis2 exhibits a broad-spectrum acetyltransferase
activity is not a real surprise. In fact, recent structural and functional studies on Eis enzymes
from M. tuberculosis (Eis_ Mtb), M. smegmatis (Eis_ Msm), and A. variabilis (Eis_Ava)
revealed the presence of an unusually large and complex active site unlike in other
aminoglycoside acetyltransferases. The unique structure equips Eis with a regio-versatile

multi-acetylating acetyltransferase activity towards a broad range of substrates (Chen et al.,
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2012; Pricer et al., 2012; Jennings et al., 2013). However, there seems to be a notable difference
between the acetylation activities of M. abscessus Eis2 and M. tuberculosis Eis especially
towards capreomycin as the MIC of capreomycin in M. abscessus is about 100-fold higher than
that in M. tuberculosis and this difference is almost completely abolished by the deletion of

eis2 gene (Table 1) (Rominski et al., 2017¢).

Aminoglycoside acetyltransferases Eis2 and AAC(2') do not appear to modify streptomycin,
an aminoglycoside which exhibits moderate in vitro activity against M. abscessus (MIC: 32
mg/L) (Rominski et al., 2017c). Instead, a MAB 2385 encoded putative aminoglycoside 3"-
O-phosphotransferase is the main determinant for intrinsic streptomycin resistance in M.
abscessus (Figure 1). Twelve putative aminoglycoside phosphotransferases are encoded in the
genome of M. abscessus (Ripoll et al., 2009). Among them, MAB 2385 was found to be a
close homolog of aph(3")-Ic, an aminoglycoside 3”-O-phosphotransferase gene, which was
previously shown to confer streptomycin resistance in Mycobacterium fortuitum (Ramoén-
Garcia et al., 2006). Deletion of MAB 2385 enhanced the susceptibility of M. abscessus
towards streptomycin by 16-fold (Table 1). Furthermore, MAB 2385 was able to confer
streptomycin resistance when heterologously expressed in M. smegmatis (Dal Molin et al.,
2017). To the best of our knowledge, other annotated aminoglycoside phosphotransferases
(such as MAB 0163c, MAB 0313¢c, MAB 0327, MAB 0951, and MAB _1020) and
aminoglycoside acetyltransferases (for example, MAB 0247c, MAB 0404c, MAB 0745,
MAB 4235c, and MAB_4324c) have not been addressed experimentally, however, interesting

regulatory features of drug resistance genes have been elucidated.

A WhiB7 like protein encoded by MAB 3508c was recently uncovered as a multi-drug
inducible transcriptional regulator that modulates the expression of genes conferring
aminoglycoside and macrolide resistance in M. abscessus. WhiB7, an autoregulatory
transcriptional activator, is a determinant of innate antibiotic resistance in mycobacteria. In M.
tuberculosis, genes conferring antibiotic resistance including ermMT (Rv1988), eis (Rv2416c¢)
and tap (Rv1258c) are induced in a whiB7-dependent manner, upon exposure to antibiotics.
Similarly, the erm(41) and eis2 genes in M. abscessus are included in the whiB7 regulon (Hurst-
Hess et al., 2017). A recent study by Pryjma et al. (2017) demonstrated that exposure to sub-
inhibitory levels of clarithromycin enhanced amikacin as well as clarithromycin resistance in
M. abscessus in a whiB7-dependent manner. Of note, deletion of MAB 3508c rendered M.
abscessus more susceptible to amikacin (fourfold) and clarithromycin (eightfold), while

complementation with an intact gene copy restored resistance to these antibiotics, suggesting a
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role of whiB7 in M. abscessus amikacin and clarithromycin resistance. Interestingly, pre-
exposure to clarithromycin, which is a potent inducer of M. abscessus whiB7, enhanced the
resistance of M. abscessus wild-type strain towards amikacin by fourfold but had no effect on
amikacin susceptibility of a AwhiB7 mutant. In addition, pre-treatment with clarithromycin
markedly increased resistance to itself in the wild-type strain but did not alter clarithromycin
sensitivity of a AwhiB7 mutant. Furthermore, a quantitative reverse transcription-PCR assay
revealed a whiB7- dependent upregulation of eis2 and erm(41) genes following pre-exposure
to clarithromycin. These observations support the following conclusions: (i) in M. abscessus,
whiB7 (MAB 3508c) activates the expression of genes which confer amikacin and
clarithromycin resistance, i.e., eis2 and erm(41), (ii) strong induction of whiB7 following
exposure to clarithromycin confers cross-resistance to amikacin in addition to activating
inducible macrolide resistance (Pryjma et al., 2017). Thus, in vitro findings by Pryjma et al.
(2017) suggest that front-line antibiotics, amikacin and clarithromycin may exhibit antagonistic
effects when used in combination for the treatment of M. abscessus infections. This may at
least partially explain the limited clinical efficacy of currently recommended multi-drug

regimen for M. abscessus which almost always includes these two antibiotics.

Tetracycline Resistance: MAB_1496¢ Encoded Flavin Monooxygenase

Tetracyclines are a class of broad-spectrum natural product antibiotics that interfere with
bacterial protein synthesis. These drugs bind with high affinity to the small ribosomal subunit
and specifically interfere with the delivery of aminoacylated tRNA to the A-site (Kohanski et
al., 2010; Wilson, 2014). While tetracyclines are an important class of ribosome-targeting
antibiotics, their anthropogenic and prolific use in the clinic and agriculture has led to
emergence of resistance among benign as well as pathogenic bacteria, thereby limiting their
efficacy. Despite growing resistance, tetracyclines continue to remain one of the most
successful and widely used chemotherapeutics against bacterial infections (Allen et al., 2010).
Furthermore, a renaissance for tetracyclines is being fuelled by the development of next-
generation derivatives such as tigecycline, approved for clinical use in 2005 and omadacycline
and eravacycline, undergoing late-phase clinical trials (Kinch and Patridge, 2014). In fact,
tigecycline is the only new antibiotic and the sole member of its class, which has been
introduced in the treatment of recalcitrant M. abscessus lung disease with clinical evidence

(Wallace et al., 2014).

Previously, resistance towards tetracyclines was thought to be exclusively mediated by two

mechanisms namely, drug efflux and ribosome protection. However, evidence for enzymatic

105



CHAPTER 2

inactivation of tetracyclines by a family of flavin adenine dinucleotide (FAD)-dependent
monooxygenases in both benign and pathogenic bacteria has been recently documented. Few
well characterized examples of such tetracycline-modifying enzymes include TetX from the
obligate anaerobe Bacteroides fragilis and Tet(56) found in the human pathogen Legionella
longbeachae, the causative agent of Legionnaires’ disease and Pontiac fever (Yang et al., 2004;
Park et al., 2017). Whether such a mechanism of tetracycline resistance existed in mycobacteria
was not known until recently, when Rudra and colleagues demonstrated through elegant
experiments, that high levels of intrinsic resistance towards tetracycline and second-generation
derivative doxycycline in M. abscessus was mediated by a flavin monooxygenase, MabTetX
(Figure 1). Deletion of MAB _1496¢ (encoding a putative FAD binding monooxygenase)
enhanced the susceptibility of M. abscessus towards tetracycline and doxycycline by 15-20-
fold (Table 1), while a complemented AMAB 1496¢ strain exhibited even higher levels of
resistance towards both antibiotics compared to the wild-type strain, supporting the notion that
MAB 1496c¢ is a primary determinant for M. abscessus intrinsic tetracycline resistance.
Furthermore, UV-Visible and mass spectrometry assays with purified MAB_1496¢ protein
provided evidence for hydroxylation and subsequent degradation of tetracycline and
doxycycline by MabTetX (Rudra et al., 2018). Interestingly, MAB_1496c is not a member of
the whiB7 regulon, even though tetracycline is a strong inducer of whiB7 in M. abscessus
(Hurst-Hess et al., 2017). In fact, MabTetX expression is regulated by a TetR family repressor,
MabTetRx (encoded by the upstream gene MAB 1497¢) which represses the MAB 1497c-
MAB _1496c¢ operon by binding to a 35bp operator sequence tetO. This repression is relieved
in the presence of tetracycline and doxycycline which can bind the repressor protein, thereby

preventing its interaction with the tetO operator (Rudra et al., 2018).

The glycylcycline antibiotic tigecycline, specifically designed to evade resistance by ribosome
protection and efflux, is not invulnerable to modification by Bacteroides TetX, which was
recently also identified in numerous clinically relevant pathogens (Volkers et al., 2011; Leski
et al., 2013). Although tigecycline was found to be a poor substrate of TetX, alarmingly,
enzymatic activity of TetX was substantially improved upon acquisition of single amino acid
substitutions to confer resistance at clinically relevant tigecycline concentrations when
overexpressed in Escherichia coli (Linkevicius et al., 2016). Surprisingly, tigecycline resisted
MabTetX-dependent degradation and did not induce its expression, which might contribute to
its excellent in vitro activity and moderate clinical efficacy against M. abscessus (Rudra et al.,

2018). However, selective pressure exerted by tigecycline will eventually favour the emergence
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of M. abscessus isolates carrying extended-spectrum FAD-monooxygenases with the ability to

modify glycylcyclines.

Another interesting feature is the ability of anhydrotetracycline (ATc), a degradation product
of tetracycline with poor antibiotic activity, which was recently shown to be a competitive
inhibitor of TetX and Tet(56) flavin monooxygenases, to rescue antibiotic activities of
tetracycline and doxycycline against M. abscessus expressing MabTetX (Park et al., 2017;
Rudra et al., 2018). However, ATc was also found to induce MabTetX expression by binding
the MabTetRx repressor, a property at odds with its MabTetX inhibition activity. While this
finding together with the severe side effects associated with ATc use, makes it an unattractive
drug candidate, it nevertheless represents a flexible starting point for developing MabTetX
inhibitors with improved activity, better tolerability and minimal binding affinity towards
MabTetRx. Co-administration with a potent MabTetX monooxygenase inhibitor can
potentially rescue the clinical efficacies of tetracycline and doxycycline which are currently

inactive against the M. abscessus complex (Burgos et al., 2011; Rudra et al., 2018).

B-Lactam Resistance: MAB_ 2875 Encoded fB-Lactamase

B-Lactams constitute an important class of antibiotics that function by inhibiting cell wall
synthesis in bacteria. The -lactam structure closely resembles the terminal D-alanyl-D-alanine
dipeptide of peptidoglycan, a substrate of penicillin binding proteins (also known as D, D-
transpeptidases) that catalyze the final cross-linking step of peptidoglycan synthesis.
Penicilloylation of the D, D-transpeptidase active site following treatment with B-lactams
disables the enzyme and prevents the formation of peptidoglycan cross-links, thereby
interfering with cell wall biosynthesis (Kohanski et al., 2010). Despite being the cornerstones
of antimicrobial chemotherapy and constituting one of the largest groups of antibiotics
available today, only two members of the B-lactam class, namely, cefoxitin (a cephalosporin)
and imipenem (a carbapenem), form a part of the antibiotic arsenal for M. abscessus.
Furthermore, cefoxitin and imipenem have been shown to exhibit only moderate in vitro
activity against M. abscessus with MICs of 32 and 4 mg/L, respectively (Lavollay et al., 2014).

Majority of the other B-lactam antibiotics are not effective against this bacterium.

Several possible mechanisms may contribute to -lactam resistance in M. abscessus. Low
mycomembrane permeability and p-lactamase production may reduce the effective
concentration of B-lactams at the site of action. Alternatively, modification of the transpeptidase

profile of the cell by replacement of penicillin binding proteins (D, D-transpeptidases) with L,
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D-transpeptidases for instance, may reduce the activity of penicillins and cephalosporins that
have lower affinities for L, D-transpeptidases (Wivagg et al., 2014). However, most of the
abovementioned resistance mechanisms are relatively unexplored in this organism except for
one. Recently it was shown that the genome of M. abscessus encodes a strong, constitutive
class A B-lactamase (Bla Mab), which renders it highly resistant towards most B-lactams
(Figure 1). The M. abscessus B-lactamase Bla Mab, encoded by MAB 2875 is endowed with
an exceptional broad-spectrum activity and can effectively hydrolyse several members of first-
and second-generation cephalosporins, carbapenems, and penams (Soroka et al., 2014). The
currently recommended [-lactams, namely, imipenem and cefoxitin, are substrates of
Bla_Mab, however, they are hydrolysed at a very slow rate, which may contribute to their
clinical efficacy. The instability of imipenem complicates drug susceptibility testing when
generation times of test bacteria require incubation for several days as in the case of M.

abscessus (Rominski et al., 2017b).

One strategy to overcome the hurdle of chromosomally encoded B-lactamase in M. abscessus
is to co-administer a B-lactamase inhibitor with the failing B-lactam. Soroka and colleagues
evaluated the in vitro efficacy of nitrocefin and meropenem in combination with approved -
lactamase inhibitors clavulanate, tazobactam, and sulbactam against Bla Mab. Surprisingly,
Bla_ Mab inhibition was not detected for all the three inhibitor drugs (Soroka et al., 2014). This
remarkable ability of Bla Mab to resist inhibition even surpasses that of BlaC, a class A -
lactamase encoded by M. tuberculosis. Although BlaC is able to reverse inhibition caused by
tazobactam and sulbactam, and return to its native functional form, clavulanate can slowly but
irreversibly inhibit this enzyme (Sagar et al., 2017). In fact, a recent demonstration of in vitro
synergy between meropenem and clavulanate in 13 extensively drug resistant (XDR) M.
tuberculosis strains raised a renewed interest in -lactams for use in TB therapy (Hugonnet et
al., 2009). Fortunately, a surprising finding that M. abscessus Bla_Mab is effectively disabled
by the newly approved B-lactamase inhibitor avibactam provides a new hope for old antibiotics.
A study by Dubée et al. (2015) showed that co-administering a small amount of avibactam (4
mg/L) with each of several representative antibiotics from three important -lactam sub-classes
(carbapenems, penams, and cephalosporins) lowered their MICs in M. abscessus CIP104536
strain to levels comparable to those observed in a -lactamase deficient mutant. The authors
also reported synergy between avibactam and amoxicillin within macrophages as well as in a
zebrafish model of M. abscessus infection (Dubée et al., 2015). More recently, an in vitro

synergy screen of 110 B-lactam - B-lactamase inhibitor combinations against an M. abscessus
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clinical isolate identified six potential hits. Five selected f-lactamase inhibitors encompassing
both B-lactam-based (clavulanate, tazobactam, and sulbactam) as well as non-f-lactam-based
inhibitors (avibactam and vaborbactam) were evaluated for synergistic effects with a large
panel of B-lactams. Importantly, all observed synergy combinations exclusively involved non-
B-lactam-based inhibitors, either avibactam or vaborbactam. Combinations of avibactam with
each of the following drugs including ampicillin, amoxicillin, tebipenem, and panipenem
displayed synergistic effects against M. abscessus. Furthermore, the carbapenems — tebipenem
and panipenem — also exhibited synergy with a novel boronic acid B-lactamase inhibitor,
vaborbactam (Aziz et al., 2018). Thus, non-B-lactam-based B-lactamase inhibitors such as
avibactam and vaborbactam can potentially extend the spectrum of B-lactams employed for the

treatment of largely incurable, chronic M. abscessus pulmonary infections.

Rifamycin Resistance: MAB_0591 Encoded ADP-Ribosyltransferase

Rifampicin, a rifamycin antibiotic commonly employed as a first-line agent in the treatment of
M. tuberculosis infections, hardly exhibits any activity towards the M. abscessus complex
(MIC: 128 mg/L) (Table 1). Since rifamycins inhibit transcription by binding with high affinity
to rpoB encoded B-subunit of bacterial RNA polymerase, resistance towards this group of
antibiotics is most commonly conferred by point mutations within the target gene rpoB,
especially in M. tuberculosis (Campbell et al., 2001). However, additional rifamycin resistance
mechanisms that involve enzymatic drug inactivation are also prevalent in other mycobacterial
species. The presence of a rifamycin ADP-ribosyltransferase in M. smegmatis was known for
quite a while (Quan et al., 1997), however, only recently, genetic studies involving gene
knockout and heterologous expression unveiled the existence of a MAB_ 0591 encoded ADP-
ribosyltransferase as the major determinant for high levels of innate rifamycin resistance in M.
abscessus (Figure 1). Deletion of MAB 0591 enhanced the susceptibility of M. abscessus
towards three tested rifamycins, including rifaximin, rifapentine and rifampicin by 64-512-

fold, respectively (Rominski et al., 2017a).

Surprisingly, a rifampicin derivative, rifabutin showed up as an attractive hit (MIC: 2.5 mg/L),
when a set of 2,700 FDA-approved drugs were screened against a clinical isolate of M.
abscessus. Rifabutin exhibited approximately 10-fold higher potency in vitro relative to
rifampicin and rifapentine against reference strains representative of all three subspecies of the
M. abscessus complex as well as a collection of clinical isolates and its bactericidal activity
was comparable to or better than that of clarithromycin, one of the cornerstone drugs for M.

abscessus infections (Aziz et al., 2017). The higher efficacy of rifabutin relative to rifampicin
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in M. abscessus as well as in M. tuberculosis (with no known rifamycin inactivating enzymes)
suggests its increased accumulation within the bacterial cells. This may be due to differences
in membrane penetration or specificity of efflux systems towards different rifamycins (Figure
1). Based on the findings reported by Aziz et al. (2017), rifampicin analog rifabutin, appears to
be a potential candidate for repurposing and its clinical efficacy in patients with M. abscessus

pulmonary disease should be further explored.
Clinical Relevance

Although the inherent ability of M. abscessus to exhibit resistance to a wide array of antibiotics
has long been recognized, our knowledge of the prodigious diversity of mechanisms involved
has improved immensely in recent years, owing to the development of tools for genetic
manipulation of M. abscessus. A better understanding of the genetic basis of innate antibiotic
resistance is a prerequisite for the discovery and development of synergistic drug combinations,
where one agent serves to salvage the antibacterial activity of a failing antibiotic by inhibiting
an intrinsic resistance mechanism. This is exemplified by the recent discovery that avibactam
is a potent inhibitor of M. abscessus P-lactamase Bla Mab. When used in combination,
avibactam lowered the MICs of several B-lactams in M. abscessus by 4-32-fold (Dubée et al.,
2015; Kaushik et al., 2017). Despite the success of B-lactamase inhibitors, the concept of
designing drugs which target intrinsic resistance mechanisms in bacteria, has not gained
substantial clinical exploitation beyond this antibiotic class (Brown, 2015). Recently, a
repertoire of drug-modifying and target-modifying enzymes conferring innate resistance to
aminoglycosides, tetracyclines, rifamycins, and macrolides in M. abscessus were delineated
(Nash et al., 2009; Dal Molin et al., 2017; Rominski et al., 2017a,c; Rudra et al., 2018).
Likewise, attempts to identify chemical entities, which could potentially rescue the function of
one or more key members from each aforementioned antibiotic group, should be pursued in

the near future.

Since the discovery that mutations within eis promoter are associated with kanamycin
resistance in M. tuberculosis, vigorous attempts to identify Eis inhibitors that can potentially
rescue kanamycin activity in this pathogen have been pursued with notable success. Recently,
several structurally diverse competitive Eis inhibitors with 1,2,4-triazino[5,6b]indole-3-
thioether-based, sulfonamide-based, pyrrolo[1,5-a]pyrazine-based and isothiazole S,S-dioxide
heterocyclic scaffolds were identified by highthroughput screenings of large compound

libraries. Importantly, few promising inhibitors could completely restore kanamycin
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susceptibility in a kanamycin resistant M. tuberculosis strain in vitro at concentrations that were
non-cytotoxic to mammalian cells (Green et al., 2012; Garzan et al., 2016, 2017; Willby et al.,
2016; Ngo et al., 2018). Remarkably, inhibitors designed for M. tuberculosis Eis, were also
found to be active against Eis homologs in M. smegmatis and A. variabilis (Chen et al., 2012;
Pricer et al., 2012). These findings give rise to an intriguing possibility that Eis Mtb inhibitors
may be able to overcome Eis2 mediated resistance towards aminoglycoside and/or non-
aminoglycoside antibiotics like capreomycin and restore their effectiveness against M.
abscessus. Hence efforts to explore the activity of Eis Mtb inhibitors against M. abscessus
Eis2 enzyme should be undertaken. Alternatively, extending drug discovery efforts towards
targeting WhiB7, could be a possible strategy to tackle intrinsic macrolide and aminoglycoside
resistance in M. abscessus. WhiB7 is a conserved transcriptional regulator in mycobacteria that
co-ordinates intrinsic resistance to a wide range of ribosome-targeting drugs (Burian et al.,
2012). Recent evidence suggests that genes which contribute to intrinsic aminoglycoside and
macrolide resistance in M. abscessus, i.e., eis2 and erm(41), are induced in a whiB7-dependent
manner upon exposure to ribosomal antibiotics (Hurst-Hess et al., 2017). Thus, with the aim to
kill two birds with one stone, compounds that prevent the induction of eis? and erm(41)
resistance genes in M. abscessus by modulating the synthesis and/or activity of WhiB7, should

be sought.

Since the discovery and development of compounds that can circumvent existing resistance
mechanisms in M. abscessus is a daunting and time-consuming task, an immediate and
relatively simple solution to improve treatment efficacy may involve repurposing and
repositioning of currently available antibiotics. A number of candidate drugs suited for this
purpose have been reviewed in detail elsewhere (Wu et al., 2018) and are therefore only briefly
mentioned here. For example, a systematic screening of a collection of FDA-approved drugs
revealed rifabutin, an analog of rifampicin, exhibiting potent in vitro activity against M.
abscessus (MIC: 2.5 mg/L) (Aziz et al., 2017). Similarly, clofazimine, a leprosy drug currently
repurposed for treatment of TB, was also found to be active against M. abscessus. In addition
to promising in vitro activity (MIC < 1 mg/L), clofazimine displayed adequate clinical efficacy
and safety when evaluated in patients with M. abscessus pulmonary infections (Yang et al.,
2017). Likewise, a novel oxazolidinone LCBO01-0371, presently in Phase II clinical
development for TB, exhibited high potency against M. abscessus compared to linezolid, an
FDA-approved drug of the same class (Kim et al., 2017). Moreover, some aminoglycosides

such as kanamycin A, apramycin, isepamicin, and arbekacin were also found to exhibit potent
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in vitro activities against M. abscessus (MICs < 1 mg/L) (Rominski et al., 2017c). Besides
these, other compounds that have been extensively studied for their inhibitory effects against
M. abscessus encompass anti-TB drug bedaquiline, some TB actives like indole-2-
carboxamides and piperidinol-based compound 1 (PIPD1) as well as second-generation
thiacetazone derivatives like D6, D15, and D17 (Dupont et al., 2016, 2017; Franz et al., 2017,
Halloum et al., 2017; Kozikowski et al., 2017).

In addition, several recent studies have reported in vitro synergies between novel combinations
of existing antibiotic classes. For example, vancomycin, an inhibitor of cell wall synthesis,
exhibited synergy with clarithromycin, an inhibitor of protein synthesis, in M. abscessus
(Mukherjee et al., 2017). Likewise, a combination of tigecycline (which inhibits protein
synthesis) with teicoplanin (which disrupts peptidoglycan synthesis) displayed a strong
synergistic effect against M. abscessus (Aziz et al., 2018). Since the mycobacterial cell
envelope forms a major permeability barrier, drugs that perturb cell wall integrity, are likely to
synergize with drugs having intracellular targets (Le Run et al., 2018). Such combinations
based on mechanistic drug action should be further explored for synergistic effects against M.
abscessus. For example, PIPDI1 and indole-2-carboxamides, which disrupt mycolic acid
synthesis by targeting MmpL3 transporter in mycobacteria (Dupont et al., 2016; Franz et al.,

2017), may be able to potentiate the effects of other drugs modulating intracellular targets.

Taken together, a huge reservoir of intrinsic resistance genes combined with an unusually high
evolutionary potential of its genome to acquire resistance renders almost all available
antibiotics ineffective against M. abscessus. Therefore, in the long run, a better understanding
of natural resistance mechanisms in M. abscessus will help jump start drug discovery projects
for (1) compounds that can rescue current antibiotics by neutralizing intrinsic resistance (termed
antibiotic resistance breakers), (i1) new drugs with one or more improved properties like ability
to resist enzymatic modification and/or degradation, high affinity for modified or mutated
targets, better solubility/uptake and low propensity for efflux (Brown, 2015). In the short run,
available knowledge from studies seeking synergy between antibiotics together with those
investigating potential candidates for repurposing, will aid in the development of dosing
regimens that display adequate clinical efficacy and resistance to which will only emerge

slowly.
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Outlook and Perspectives

Molecular genetic tools that allow investigators to systematically probe gene function in
mycobacteria by generation of unmarked gene deletions and functional complementation, have
proven extremely useful in dissecting the intrinsic resistome of M. abscessus while genetic
investigations in other NTM species are still lagging behind. Using the available genetic
‘toolkit,” 7 orthologs of known resistance gene families have been discovered so far in M.
abscessus that provide resistance or ‘immunity’ against antibiotics targeting major cellular
pathways including cell wall synthesis (B-lactams), RNA synthesis (rifamycins) and protein
synthesis (macrolides, aminoglycosides, and tetracyclines). The impressive resistance diversity
shown by M. abscessus is expected given its natural habitat is shared by many antibiotic
producers, primarily the soil dwelling actinomycetes which are also reservoirs of extensively
diverse resistance elements (Pawlowski et al., 2016; Crofts et al., 2017; Koteva et al., 2018).
Exposure to a variety of noxious antimicrobial molecules in the soil might have favoured
selection of specialized and diverse resistance mechanisms in M. abscessus as well as in other

NTM species.

Till now, the approach that researchers used to systematically probe the intrinsic resistome of
M. abscessus involved analysis of few selected genes identified based on homology to known
resistance determinants from other bacteria. As a result, this approach mainly revealed genes
within M. abscessus that were involved in previously known resistance mechanisms and
disguised the presence of potential determinants of entirely new resistance mechanisms that
lack characterized homologs in other bacteria. To capture the remarkable resistance diversity
of M. abscessus as well as other environmental NTM with unprecedented depth, future studies
in this field should incorporate next-generation approaches that provide a comprehensive
genome-wide definition of loci required for antibiotic resistance, using cutting-edge
technologies. One such technique which can efficiently mine resistance determinants with
novel sequences as well as assign resistance functions to known genes that were not previously
shown to be involved in drug resistance, is the most recent incarnation of insertional

mutagenesis, called transposon insertion sequencing (TIS) (Chao et al., 2016).

The utility of TIS in elucidating novel antibiotic resistance functions is highlighted by its recent
application to the discovery of a repertoire of previously unknown intrinsic factors impacting
resistance to antibiotics of different classes, including oxazolidinones, fluoroquinolones, and

aminoglycosides in pathogens of high clinical concern such as Staphylococcus aureus, P.
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aeruginosa and E. coli (Gallagher et al., 2011; Shan et al., 2015; Rajagopal et al., 2016).
Screening large collections of transposon insertion mutants for antibiotic susceptibility using
TIS approach, has identified promising novel targets for drugs that can restore or enhance
susceptibility to existing antibiotics. For example, analysis of insertion mutants spanning all
non-essential S. aureus genes for fitness defects resulting from exposure to antibiotics
identified pathways/genes, including graRS and vraFG (graRS/vraFG), fmtA, mprF,
SAOUHSC 01025,and SAOUHSC 01050, which if inhibited, can greatly improve the efficacy
of existing antibiotics, including daptomycin, vancomycin, gentamicin, ciprofloxacin,
oxacillin, and linezolid and extend their utility for treating S. aureus infections (Rajagopal et

al., 2016).

In the coming years, high-throughput next-generation strategies like TIS will undoubtedly rise
to prominence in the NTM drug resistance field and radically advance our understanding of
resistance mechanisms in M. abscessus and other emerging NTM pathogens. Such
breakthrough technologies will greatly impact the kinds of questions which can be addressed
in this field, for example, which resistance elements unique to M. abscessus render it unusually
more drug resistant than other NTM species? or does M. abscessus already carry genes which

confer resistance to novel NTM drugs in development?
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Personal contribution to chapter 2

As first author, the following sections of this article were my contribution;
1. Introduction
2. Antibiotic-target-modifying enzymes in M. abscessus:
e Macrolide resistance: MAB 2297 [erm(41)] encoded erythromycin ribosome
methylase
3. Antibiotic-modifying enzymes in M. abscessus:
e Aminoglycoside resistance: MAB 4395 [aac(2))] & MAB 4532¢ (eis2)
encoded acetyltransferases; MAB 2385 encoded 3"-O-phosphotransferase
e Tetracycline resistance: MAB 1496¢ encoded flavin monooxygenase
e [(-Lactam resistance: MAB_ 2875 encoded B-lactamase
e Rifamycin resistance: MAB 0591 encoded ADP-ribosyltransferase
Clinical relevance
Outlook and perspectives

Preparation of table 1

N o » Bk

Preparation of figure 1 with legend
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Concluding remarks

The genetic approach that we used in this study, was useful to identify different types of factors
related to drug molecule influx or degradation that influence B-lactam susceptibility of M.
abscessus and to show how sets of genes act in concert, rather than in isolation, to elicit
bacterial resistance to antibiotics. Through a better understanding of how the alteration of
mycomembrane permeability elicits bacterial resistance, we might be able to develop new
means to overcome the ‘impermeability’ resistance mechanism in an effort to fight highly

resistant M. abscessus infections.

Future directions

The use of the MIC assay with different porin mutants was useful to show that the drug
resistance characteristics of M. abscessus rely on specific outer membrane porins. However,
this method has limitations; first, it is not sensitive enough to detect reduced influx (or
increased efflux), and second, the presence of other resistance mechanisms can distort the
results. Progress in our understanding of the correlation between drug transport and
susceptibility in bacteria and the influence of chemical properties of antibiotic molecules on
influx or efflux will require more advanced experimental methods, such as electrophysiology !
3, mass spectrometry*® and deep UV (DUV) fluorescent imaging or DUV
microspectrofluorimetry’™ that allow precise quantitative measurements of several influx and
efflux parameters. By means of these technologies, it is possible to define the precise
contribution of different bacterial factors (efflux pumps or porins) to intracellular antibiotic
accumulation, measure the internal concentration and the critical inhibitory internal

concentration of drugs and determine the effect of different chemical structures within a class

of drugs on drug efflux or uptake.

The quantification of drug accumulation in a population of bacterial cells (both Gram-negative
bacteria and mycobacteria) can be accomplished by mass spectrometry*®. Methods that use
DUV photons from synchrotron radiation have proven to be valuable tools to quantify the
accumulation of antibiotics in individual bacteria. For example, the analysis of the time-course
accumulation of fluorescent antibiotics in single bacterial cells wusing the
microfluorospectrometry technique’” revealed a correlation between the activity of the
AcrAB-TolC efflux system and the accumulation rate of fluoroquinolones. This approach
could be applied to obtain information on the function of different adjuvants to enhance the
intracellular accumulation of specific drugs in resistant strains that exhibit modified cell

envelope permeability. Furthermore, applying a single-cell approach to visualize the
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accumulation of different quinolones revealed differences in steady-state concentrations and
kinetics of accumulation of the antibiotics®, which allowed the introduction of the ‘Structure
Intracellular Concentration Activity Relationship’ (SICAR) concept. Relating antibiotic uptake
efficiency and the resulting concentration inside bacterial cells to the chemical properties of
drug molecules using SICAR can help dissect chemical structures that have a role in influx or
retention of antibiotic within bacteria. These data could permit the design of antibacterial
molecules that are less vulnerable to efflux and more permeant to defeat the resistance elicited

by the permeability barrier of bacteria.

The generation and characterization of single and combinatorial isogenic mutants in the
widespread M. abscessus type strain elucidated a role of porin loss in B-lactam resistance levels.
It will be interesting to investigate the impact of altered membrane permeability on
susceptibility to other hydrophilic antibiotics. Furthermore, characterization of clinical isolates
by quantitative drug susceptibility testing and whole-genome sequencing techniques will
provide insights if a corresponding B-lactam resistance mechanism is also selected for during

(long-term) treatment in complex pathogen-host-drug interaction.
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