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Abstract

Mycobacteria have unique cell envelopes, surface properties and growth dynamics, which all play a part
in the ability of these important pathogens to infect, evade host immunity, disseminate and to resist
antibiotic challenges. Recent atomic force microscopy (AFM) studies have brought new insights into the
nanometre-scale ultrastructural and mechanical properties of mycobacteria. The molecular forces with
which mycobacterial adhesins bind to host factors, like heparin and fibronectin, and the hydrophobic
properties of the mycomembrane have been unravelled by AFM force spectroscopy studies. Real-time
correlative AFM and fluorescence imaging have delineated a complex interplay between surface
ultrastructure, tensile stresses within the cell envelope and cellular processes leading to division. The
unique capabilities of AFM, which include sub-diffraction limit topographic imaging and piconewton
force sensitivity, have great potential to resolve important questions that remain unanswered on the

molecular interactions, surface properties and growth dynamics of this important class of pathogens.
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The mycomembrane: from the cell surface to growth dynamics

Mycobacteria owe their pathogenicity and recalcitrance to antibiotics largely to their unique cell
envelope (1). The mycobacterial cell envelope consists of a peptidoglycan (PG) layer bearing similarity to
the PG of Escherichia coli, with a few minor differences (2). Distinctive to the Corynebacteriaceae family,
from which the Mycobacterium genus stems, the PG is covalently linked to another large polysaccharide
called arabinogalactan (AG). The ends of the arabinan portion of the AG are esterified with very large
fatty acids (60 — 90 carbon chains) called mycolic acids forming the inner leaflet of the mycobacterial
outer membrane, known as the mycomembrane. The outer leaflet of the mycomembrane consists of a
large panoply of exotic, extractable lipids, some of them also containing mycolic acids. The
mycomembrane, with its densely packed large fatty acids, is thus a consequential hydrophobic barrier to
antibiotics and chemotherapeutic agents whose targets are periplasmic or cytosolic (1). Moreover, like
the PG layer, the AG and mycolic acid layers are also essential to the survival and growth of all
mycobacteria and therefore the biosynthetic machinery of their components are excellent drug targets
(viz. the antitubercular ethambutol targets AG synthesis and isoniazid and ethionamide target mycolic

acid synthesis).

The mycomembrane largely determines the physical and chemical properties of the
mycobacterial cell surface, a structure that is at the interface between mycobacteria and their
environment. Therefore the physiology and mechanics of this structure fundamentally forms a part of
the bigger picture of mycobacterial pathophysiology. It is on the surface of the bacteria where
hydrophobic lipids are exposed that drive their association with small water droplets allowing their
transmission by aerosols (3-5). It is also here where a large variety of lipids and saccharides interact with
receptors on immune cells, where specialized adhesins bind to host extracellular matrix proteins (6—8)

and where interbacterial interactions lead to the formation of mycobacterial cords (9, 10). New
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evidence even suggests that features in the ultrastructure of the mycobacterial cell surface predict

growth and division events (11).

Not only is the structure of the mycobacterial cell envelope non-canonical, but the way it is
synthesized during growth is also very different from model rod-shaped bacteria like E. coli and Bacillus
subtilis, where new cell wall material is continuously inserted along the growing sidewalls of the cells
(12). In mycobacteria, insertion of new cell wall material occurs mainly at the poles (13). In addition,
asymmetric mycobacterial division and elongation underlies the occurrence of nascent cells with
variable cell lengths, a factor that contributes to single-cell phenotypic heterogeneity (14).
Mycobacteria, like other bacteria, rely on this phenotypic heterogeneity at the single cell level to
optimize survival of sub-populations of cells in diverse, often hostile microenvironments (for recent

review on this topic see (15)).

Large questions regarding the surface properties of the mycomembrane include: how strong are
the interactions between surface components like hydrophobic groups or adhesins and their binding
partners; what are the nanoscale distributions of these components on the surface; how does the
ultrastructure of the mycobacterial surface change as the bacteria grow and divide; and how is
phenotypic heterogeneity reflected in the ultrastructural and biophysical properties of the cells at the
nanoscale? As a single cell-technique with sub-diffraction limit resolution and force sensitivity, atomic

force microscopy (AFM) has helped to address these questions.

AFM: Feeling The Force

AFM functions by touching samples with a very sharp tip (probe) using a small force (e.g. 100
pN), while raster scanning to obtain topographic images with x-y resolution that can range from ~50 nm
on cells to less than a nanometer on model membranes (16). Different imaging modes of AFM exist,

including correlative imaging with fluorescence microscopy (Fig. 1A), and gentle, fast and dynamic
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modes allowing real-time visualization of single proteins performing their actions and undergoing
conformational changes in 2D crystals or in supported lipid bilayers (for more details see (17-19)). But
AFM is also an ultrasensitive force measuring device, an approach called force spectroscopy (Fig. 1B)
(20). Here force-distance curves are recorded by pushing the tip against the sample and then retracting
it while monitoring force and the exact position of the tip at each point of its movement, enabling the
investigation of physical properties and molecular interactions. These include cell wall mechanics
(stiffness/ elasticity/ tensile strength), surface hydrophobicity and the binding strength between
receptors and their ligands. Furthermore, recording arrays of force-distance curves across the surface

allows spatial mapping of these properties with nanoscale resolution (21, 22).

Functional Analysis Of Single Adhesins

Bacterial pathogenesis is often initiated by the interaction between bacterial adhesins and
specific ligands on the host cell surface (Fig. 2A). In the context of tuberculosis, evidence from ex vivo
studies indicate that inhaled Mycobacterium tuberculosis bacilli adhere to epithelial cells lining alveoli, in
a step that possibly precedes the infection of their preferred, but less abundant, macrophage host cells
(23-26). At more advanced stages of disease, the bacilli disseminate into the host lymphatic system and
bloodstream (27). In this process, the bacteria are exposed to physical shear forces, which they resist by
adhering to extracellular matrix proteins (28). A variety of adhesins were identified that contribute to
the ability of mycobacteria to bind to abiotic surfaces or to host extracellular matrix proteins (7, 8, 25,
26, 29). Pertinent questions are (i) how strong are the interactions between adhesins and their ligands
and (ii) what is the nanoscale distribution of the adhesins on the bacterial surface? AFM single molecule
force spectroscopy (SMFS) has proven a valuable tool to answer these questions. SMFS consists of using
AFM tips modified with ligands to probe their cognate receptors (Fig. 2B) enabling the quantification of
the molecular forces in these interactions and mapping the distribution of the receptors (e.g. single

adhesins) on the surface of living bacteria (30).
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The M. tuberculosis heparin-binding hemagglutinin (HBHA) surface adhesin works as a
multifunctional adhesin. The C-terminal heparin-binding domain containing several lysine-rich repeats,
binds to heparan sulphate proteoglycan (HSPG) receptors on target epithelial cells (6, 31, 32), but HBHA
can also form homodimers or homopolymers via an a-helical coiled-coil region in the N-terminus of the
protein (31). In addition, it was found that HBHA-coated latex beads could cross epithelial cell layers via
transcytosis, which involved the reorganization of actin filaments in these cells (33). However, the
strength and molecular mechanism of binding in these interactions were not unravelled. In a pioneering
AFM study, the forces driving the interaction between HBHA and heparin sulphate proteoglycan (HSPG)
receptors were captured by SMFS (34). AFM tips modified with single HBHA molecules were used to
probe model surfaces coated with heparin, revealing that single electrostatic (lysine*-SO,)
intermolecular bridges between the two binding partners resisted relatively weak forces of ~50 pN. The
data also showed that multiple such bridges form with increased contact time, strengthening the HBHA-
heparin interaction, suggesting that clustering of HBHA on the bacterial cell surface may drive strong
adhesion. Indeed, AFM tips modified with heparin molecules could probe interactions with HBHA on
living mycobacterial cells (Fig. 2A), allowing mapping of their nanoscale localization and revealing that
the adhesins clustered within nanodomains on the bacterial surface. This phenomenon may favor the
recruitment of proteoglycan receptors within lipid rafts (35). A similar approach using HBHA-modified
tips revealed a homogenous distribution of HSPG receptors on living pneumocytes (37). Interestingly,
when the AFM tip was retracted at high speeds (high pulling velocities), force curve signatures were
observed that are typical for the extraction of plasma membrane tethers, structures that may play a role
in host cell invasion. When it comes to homophilic interactions, SMFS unveiled a bimodal force
distribution (~70 and 130 pN) for HBHA-HBHA interactions indicating the participation of multimers in
the coiled-coil-dependent interaction (36). AFM SMFS studies also demonstrated the involvement of

both C-terminal and N-terminal domains of HBHA in its interaction with actin (37). Another question
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that AFM studies helped to address about HBHA regarded its surface localization despite the absence of
a signal peptide directing its secretion via traditional protein secretion systems. SMFS with heparin-
functionalized probes demonstrated a sharp decrease in detection of the HBHA-heparin force signature
on Mycobacterium smegmatis cells lacking its orthologue of the putative preprotein translocase
Rv0613c (38). Taken together HBHA served as an excellent platform to explore how AFM SMFS studies
could be applied to mycobacterial adhesins to reveal the forces whereby they interact with their ligands,
to explore their interaction with different ligands and to map the locations of adhesins on the

mycobacterial surface at the nanoscale.

Mycobacteria also employ adhesins that specifically bind to extracellular matrix proteins, such
as fibronectin (Fn) (39-41). The interaction between Fn and Fn-binding proteins (FnBPs) in M. bovis BCG
has also been investigated by SMFS (42, 43). Force mapping revealed a homogenous distribution of
FnBPs on the surfaces of these mycobacteria, which was altered by treatment with polysaccharide-
degrading enzymes or AG-targeting ethambutol, indicating that the major mycobacterial FnBPs are
associated with the mycomembrane and not anchored to the plasma membrane. Although the major
specific mycobacterial FnBP was not identified in this study, prime candidates are the Fn attachment
protein (Fap) encoded by Rv1860 that was originally identified in Mycobacterium avium (44) and the
multifunctional Antigen 85 (Ag85) complex (40). All members of the Ag85 complex possess a highly
conserved and unique-to-mycobacteria Fn-binding sequence (40, 45, 46). In the multidrug resistant,
emerging, nontuberculous pathogen Mycobacterium abscessus a single Fap orthologue shows poor
conservation of the sequences necessary for Fn binding, while four Ag85 orthologues are present with
highly conserved Fn-binding domains (45, 47). M. abscessus could thus be used to study the Ag85-Fn
specific interaction by SMFS (48). Blocking experiments with peptides containing specific binding site
sequences of either Fn or Ag85 demonstrated specificity of the interaction and that the Ag85 complex

counts for the major Fn-binding activity in this mycobacterium. Notably, it was observed that the Ag85-
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Fn specific interaction appeared to be mechanically activated with a sharp increase in binding forces
from ~75 pN at low pulling speeds to ~500 pN at greater speeds. Moreover, modelling of the force-
loading rate dependency using Friddle-Noy-de Yoreo theory (49) allowed calculation of thermodynamic
parameters of the interaction, including the dissociation constant. The strong bonds observed under
high tensile loading may favor strong mycobacterial attachment in the lung where cells are exposed to
high shear stress or during hematogenous spread leading to a disseminated infection (28). Single-
molecule experiments might soon reveal more stress-sensitive adhesins among mycobacteria. In the
same line molecular recognition experiments may be used to study the interactions between host cell

receptors, such as lectins and their mycobacterial lipid ligands.

Cell envelope lipids define hydrophobic and hydrophilic cell-surface nanodomains

Hydrophobic forces are involved in many molecular processes, such as protein folding,
membrane fusion and cell adhesion. In pathogenesis, they often favor the adhesion of the bacteria to
surfaces and tissues (50). In mycobacteria, the cell surface is rich in hydrophobic mycolic acids, therefore
assessing this property is an important issue (Fig. 2A). While the hydrophobic nature of the
mycobacterial cell envelope is highly documented, the hydrophobicity of single mycobacterial cells and
in particular the distribution of hydrophobic groups on their surfaces has been under explored. In this
regard, AFM force spectroscopy with hydrophobic tips has proved to be a valuable method to measure
local hydrophobic forces on living mycobacteria (51, 52). In the case of M. bovis BCG, a uniform and,
unsurprisingly, very hydrophobic cell surface was observed that corresponded with force measurements
made on model substrates coated with self-assembled monolayers of alkanethiols exposing hydrophobic
methyl groups (52, 53). Notably, treatment of cells with antitubercular drugs that inhibit the synthesis of
mycolic acids (isoniazid) or AG (ethambutol) resulted in sharp decreases in hydrophobic adhesive forces
measured on some cells. On other cells hydrophilic nanodomains appeared, likely because of the loss of

outer layers of the mycomembrane exposing a deeper (PG) hydrophilic layer (51, 53). These results

9
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indicate that the hydrophobic character of mycobacterial cells is conferred by mycolic acids exposed on

their surfaces.

Several nontuberculous mycobacteria, including the pathogens M. avium and M. abscessus
produce large quantities of a class of surface-exposed polar lipids (less hydrophobic than mycolic acids)
known as glycopeptidolipids (GPLs) (54). In M. abscessus, the irreversible transition from a GPL" to GPL’
phenotype directly correlates with a clinically important change from a smooth to a rough colony
morphotype (54). The rough variant tends to grow as cords of bacteria tightly packed against each other,
a physical arrangement that protects them from the host immune system and antimicrobials, making
infections with this variant severe and very challenging to treat (55-57). On the other hand, GPLs appear
to be necessary for optimal biofilm formation and play immunomodulatory roles that may be important
during early stages of infection (58—60). Recently, newly developed multiparametric AFM imaging with
improved spatial resolution revealed striking hydrophobic and hydrophilic nanodomains that were only
present on a GPL*-M. abscessus strain (Fig. 2B) (61). Hydrophilic nanodomains may thus represent areas
in which more polar GPL classes are concentrated, while hydrophobic nanodomains mainly contain
more apolar GPLs and/or mycolic acids. Such partitioning of surface lipids suggests a role for the spatial
variation of hydrophobic properties in adhesion and biofilm formation. With GPLs masking pro-
inflammatory lipid factors while being highly immunogenic themselves (62—64), nanodomains enriched
in GPLs (or certain classes of GPLs) or in which GPLs are more sparse may also play a role in antigen
presentation. Importantly, the compound BM212 that inhibits the essential mycolic acid flippase
induced a sharp reduction in surface hydrophobicity of both smooth and rough variants (61),
highlighting along with the earlier work done on M. bovis BCG, the antiadhesive activity of

antituberculars that target mycolic acid synthesis or transport (51, 53).

Effect Of Antibiotics On The Mycomembrane
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The combination of AFM with antibiotic treatments represents a valuable approach to decipher
the very complex architecture of the mycobacterial cell wall, and may help us understand how structural
alterations of the wall lead to cell death. Initial investigations of mycobacterial surfaces revealed smooth
surfaces (52, 65). However, treatment with both cell-wall active drugs (isoniazid, ethionamide and
ethambutol) and an antibiotic targeting protein translation (streptomycin) led to alterations on M. bovis
BCG surfaces increasing their roughness (51). In the case of ethambutol that targets AG specifically (Fig.
3A), concentric striations were observed at its minimal inhibitory concentration (MIC), while at
concentrations above the MIC an additional perpendicular layer also exhibiting concentric striations
became apparent (65). These different layers may be partially synthesized and, hence, non-esterified AG
and underlying PG, respectively. This view is supported by the fact that surface alterations were
accompanied by a dramatic loss of surface hydrophobicity probably due to the loss of the mycolic-acid
rich mycomembrane (51). The functional consequences of AG inhibition by ethambutol and isoniazid on
cell wall nanomechanics were investigated in real-time (66). Both antitubercular drugs led to sharp
decreases in cell wall stiffness and elasticity, which showed different time-dependencies. Interestingly,
the nanomechanical effect of ethambutol was cell cycle dependent (67), with cells at different division
phases showing different responses to the drug. More recently, it was found that in the absence of L,D-
transpeptidase activity responsible for the non-canonical 3-3 cross-links that are abundant in
mycobacterial PG, the bacteria exhibited alterations in cell wall stiffness and were more sensitive to

drugs inhibiting the enzymes responsible for canonical 4-3 cross-links (68).

Focusing on deeper layers of the mycobacterial cell envelope, immunogold AFM imaging of
ethambutol- or isoniazid-treated M. bovis BCG detected and localized lipoarabinomannan (LAM) on the
surfaces of these cells but not on the surfaces of untreated cells (51). SMFS studies utilizing anti-LAM
antibody-functionalized AFM tips later confirmed these results (69). Molecular mapping of LAM on

untreated M. bovis BCG cells showed that LAM was present at very low levels on these cell surfaces (< 5

11
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% binding frequency). On isoniazid-treated cells, anti-LAM-LAM interactions occurred at a high
frequency and force maps revealed that LAM clustered into nanodomains in these cells, probably

reflecting areas in which the mycomembrane had been disrupted.

Considering differences in the lipid compositions and antibiotic susceptibilities between
different mycobacterial species, in particular between tubercle bacilli and non-tuberculous
mycobacteria, future AFM studies are warranted to delineate the ultrastructural changes that occur on

the bacterial cell surfaces under exposure to different classes of antibiotics.

Cell Growth Dynamics

Cell growth and subsequent cell division are two essential phases of proliferation for all bacterial
species. The macromolecular mechanisms underlying growth and division in mycobacteria are different
from other bacterial genera (70). Bacterial cell growth is accomplished by localized peptidoglycan
synthesis at distinct regions such as the septum (Staphylococcus aureus), the lateral cell wall (Bacillus
subtilis, Escherichia coli) or the poles (Mycobacterium species) (12, 71). Studying the polar growth at
subdiffractional level revealed that the site of growth is guided by the tropomyosin-like protein
DivIVA/Wag31, which is located at the cell tip, whereas the enzymes for cell wall biogenesis are located
subpolarly (72). Mycobacterial cell elongation and division lead to daughter cells of different sizes (14,
73-75), which gives rise to population heterogeneity. This heterogeneity may be beneficial for the
survival in the host and under antibiotic pressure (14, 70, 76). There has been a controversy on the
pattern of mycobacterial single-cell growth. While a unipolar growth model proposes that cells elongate
preferentially at the old pole between cell birth and division (14), a bipolar model suggests that both
poles elongate at equal rates during the period between cell separation and cytokinesis with a
subsequent predominant growth of the old pole (74). Recently, it was shown that mycobacterial cell

growth neither follows a unipolar nor a bipolar pattern. Instead, a biphasic growth model for the new
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pole was proposed based on time-lapse correlative AFM-optical microscopy (Fig. 3A) imaging of
Mycobacterium smegmatis, and confirmed on other pathogenic species (Mycobacterium tuberculosis,
Mycobacterium abscessus, Mycobacterium marinum) using optical microscopy (77). The authors
observed a rate-change transition of the newly born pole from a slow- to a fast-growing state with a
delay of variable time length (“new end take off” — NETO), whereas the old pole shows a fast and
constant growth (Fig. 3B). This rate-change occurs mostly before cell division, but can also occur after
cell division. Therefore, the authors conclude that NETO and the event of cell division are not linked.
Instead, the degree of growth asymmetry at cell division depends on the difference between NETO-
delay and interdivision time. By using the AFM tip as a nanomanipulator to lyse or remove the
neighboring sibling cell, they showed that the pre-NETO time is not caused by physical constraints (Fig.
3B). In order to investigate whether the delay before NETO is associated with a delayed relocalization of
the molecules required for cell wall biogenesis, the authors studied the localization of DivIVA/Wag31.
They observed a partial relocalization of DivIVA/Wag31 from the old to the new poles during the pre-

NETO phase (77).

Bacterial growth is followed by cell division, which is a spatially and temporally highly
coordinated process (78). This process involves the selection of the time point and location of the
division site (79), control of synthesis, and disassembly of cell wall components at the division site,
while keeping integrity (80) and cell shape (12). Because mycobacteria have a complex cell wall, the
mechanisms underlying cell division differ from other bacterial models (78). Using high resolution
microscopy techniques, morphological features of the cell surface were identified and linked to the
inception and completion of bacterial division. Investigations with electron microscopy (scanning
electron microscopy and transmission electron microscopy) revealed circular division scars at the newly
formed poles after cell separation (81, 82). As AFM enables live-cell studies, morphological

characteristics during the cell separation process, including the emergence of a septal furrow prior to
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division, could be observed in real-time (67). The ability of AFM to measure 3D profiles revealed
waveform troughs on the corrugated cell surface of Mycobacterium smegmatis (11). Employing time-
lapse single-cell imaging, the center-most trough near mid-cell was linked to the division site, which
points to the importance of wave troughs as the earliest known reference point for the future division
site. Long-term imaging over several generations showed that cells inherit these morphological features
from the (grand-)mother cell. Assembly of the FtsZ ring is localized at a pre-existing wave trough near

mid-cell position, as shown by correlative AFM-optical microscopy.

Mycobacterial cell division is coordinated by the divisome, a macromolecular complex of
multiple proteins, including peptidoglycan synthases and hydrolases, which assembles at the mid-cell
position to synthesize the septum before separation into two daughter cells (79, 83). Recent studies
suggest that in addition to molecular mechanisms, mechanical forces are involved during the cell
division process in Staphylococcus aureus and Actinobacteria (84, 85). By deploying the capability of
AFM to measure mechanical properties, the co-operation of localized enzymatic activity and mechanical
forces to separate sibling cells were identified in Mycobacterium smegmatis (86). Turgor pressure,
through a concentration of tensile stress at the pre-cleavage furrow in combination with diminished
material strength due to the enzymatic activity of RipA peptidoglycan hydrolase leads to fast cell
cleavage (Fig. 3C,D). In contrast, reducing cell wall hydrolysis by inducing decreased expression of RipA
inhibits cell cleavage, which results in chains of non-growing cells where only the two outermost poles
elongate. By using AFM as a nanomanipulation tool to apply additional force on the septum, direct cell
cleavage was observed even for chained RipA-depleted cells. Taken together, these AFM investigations
provide a detailed picture of the mycobacterial cell division in time and space (Fig 3E). After birth, the
cell elongates by creating new wave troughs (Fig 3E.1). Approximately 2-4h after cell birth, the FtsZ-ring
starts to form in the center-most wave trough (Fig 3E.2). Shortly after, a small circumferential band

occurs co-located with the FtsZ ring (Fig 3E.3). This pre-cleavage furrow is only a few nanometers deep.
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The stiffness of the pre-cleavage furrow steadily increases as the cell division progresses. (Fig 3E.4).
Once cytokinesis is complete, Wag31 appears co-located with the pre-cleavage furrow (Fig 3B.5), and
the localized stress in the membrane continued to increase (Fig 3E.5). Once the stress at the pre-
cleavage furrow exceeds the tensile strength of the cell wall material, the bacteria separate abruptly in
what appears to be a turgor pressure driven fracture process (Fig 3E.6). After cell separation, the old
poles continue to grow at their previous growth velocity, however the new poles initially grow
significantly slower (Fig 3E.7). After a while, the new pole undergoes a transition in growth velocity from
the slow regime to the same growth velocity as the old pole (NETO), (Fig 3E.8). At this point the cycle

begins again.
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Conclusions

In the past years, AFM studies have brought important new insights into mycobacterial
physiology. Nanoscale mapping of the surface of living mycobacteria with specific functionalized AFM
probes has enabled determination of the strength and dynamics of adhesin-ligand interactions and to
quantify chemical properties like surface hydrophobicity. Time-lapse imaging has contributed to our
understanding of mycobacterial division and growth, of surface ultrastructure and how the latter is

altered by cell-wall active antibiotics. What lies ahead?

Beyond the examples reviewed herein, huge untapped potential exists for the use of AFM
technologies in the study of mycobacteria: Real-time correlative and multiparametric imaging has
already proven its merit to correlate cellular processes with ultrastructural, chemical and mechanical
characteristics of the mycomembrane. While important discoveries were made relating to growth and
division of model mycobacteria under optimal growth conditions, the next steps would include to
address the nanoscale surface characteristics of clinically important mycobacteria, including
Mycobacterium tuberculosis, under conditions that are more relevant to their pathogenesis, for example

those that stimulate dormancy.

Force spectroscopy modes have been helpful to characterise the interactions between
mycobacterial adhesins and host factors, but the potential to combine SMFS molecular recognition with
topographic imaging, an approach that has delivered numerous insights into surface protein clustering
(87), has not been delved into for mycobacteria. Several mycobacterial proteins and lipids were
identified that act as adhesins binding to host factors, but these interactions remain poorly
characterized (7, 8). In addition to unravelling the molecular forces in the interactions between their
cognate ligands and mycobacterial adhesins (or surface components recognized by immune cell

receptors), SMFS may serve as a platform to characterize thermodynamic and kinetic parameters of
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these interactions and may serve as an excellent tool to discover compounds with therapeutic potential.
Also, the potential of SCFS studies to investigate direct cell-cell interactions, for example between
individual mycobacterial cells or between single mycobacterial cells and single host cells has not been
explored. This approach has been applied with massive payoff in the investigation of cell adhesion of a

number of Gram-positive and negative pathogens (88).

Some exciting AFM technologies still need to see their first use in the study of mycobacteria.
High speed AFM (HS-AFM) has been used to make movies of integral membrane proteins, such as
transporters performing their activities in real time (18, 19, 89). HS-AFM may offer a solution for the
analysis of substrate transport dynamics in mycobacterial antibiotic efflux pumps and mycomembrane
lipid transporters, for which bioassays are scarce. Another exciting AFM technology that has yet to be
used with mycobacteria is fluid force microscopy (Fluid FM) (90-92), where a hollow AFM cantilever
(and tip) is connected to a microfluidics device allowing, for example, the collection of single bacterial
cells for so-called single-cell force spectroscopy (SCFS) analyses. SCFS consists of using an AFM tip (e.g. a
Fluid FM tip) exposing a single cell to probe a target surface, such as the surface of another bacterium or
a macrophage cell exposing pattern recognition receptors. Combined Fluid FM and SCFS may thus prove
itself incredibly useful to directly assay the forces with which different mycobacterial strains or mutants

(e.g. lacking surface-exposed lipids) bind host macrophage cells in the step preceding cellular invasion.

Many questions remain regarding the complex ultrastructure of the mycobacterial envelope,
which seems to vary significantly between single cells, particularly during different stages of infection
(2). There are also unsolved questions regarding the unique asymmetric growth dynamics of
mycobacteria, resulting in sister cells having distinct characteristics (13, 70). As AFM technology is
continuously evolving with higher speed, greater force sensitivity and stability, and higher resolution

(18), we are confident that many of these problems will be resolved in the next decade.
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Figure 1.

A B

v, Force
", spectroscopy

Correlative AFM and
fluorescence imaging

, Plasma membrane

Cantilever

e ——

Light/fluorescent microscope objective

Fig 1 Two different basic AFM modes to study mycobacterial cells. (A) AFM imaging, in which the AFM

probe is raster scanned across the sample, allows studying the nanoscale topography and

nanomechanics of cell walls along with correlative fluorescence microscopy imaging of cellular

processes (e.g. markers of cellular division as illustrated by the red-fluorescent beads inside the

bacterium). (B) Force spectroscopy measurements with chemically (e.g. hydrophobic groups such as

saturated acyl chains) or biologically sensitive (e.g. the ligand of an adhesin such as human fibronectin)

tips allows characterization of local hydrophobic properties, and of the strength of adhesin-ligand

complexes.
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Fig 2 The mycobacterial surface at the interface of interactions between bacterial cells and their
environment. (A) Mycobacteria rely on hydrophobic properties of their surfaces to associate with
aerosol droplets and to adhere to each other and form cords. Specialized adhesins stimulate
mycobacterium-mycobacterium interactions as well as adhesion of mycobacteria to extracellular matrix
proteins and cells. (B) Using AFM force spectroscopy to probe mycobacterial chemical properties and

adhesin interactions. Left panel. A 3-D projection of a height image showing a microcolony of
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Mycobacterium abscessus cells. Middle panel. AFM probes exposing hydrophobic methyl groups have
unraveled hydrophobic properties of mycobacterial cells (top left). Striking hydrophobic (lighter yellow,
maximum of 2.5 nN) and hydrophilic nanodomains (darker brown, minimum of 0 nN) were seen on very
high-resolution adhesion maps recorded on the surfaces of M. abscessus smooth variant
(glycopeptidolipid®) cells (top left). On the bottom is shown typical force-distance curves obtained as
well as the histogram plots of the frequency distributions of hydrophobic adhesion forces. The red star is
indicative of when hydrophobic adhesive forces were registered whereas the green star indicates when
no hydrophobic adhesive forces were registered. Adapted with permission from (61). Right panel. AFM
probe exposing single molecules of the host extracellular matrix protein, fibronectin (Fn), to which
mycobacterial Antigen85 (Ag85, yellow oval) binds. The adhesion map in the top right corner shows a
homogenous distribution of Ag85 on the surface of a M. abscessus cell. The white pixels represent single
adhesins, with the lightest shade representing a maximum adhesion strength of 250 pN and the darkest
pixels representing zero adhesion force. Typical force-distance curves of this specific receptor-ligand
interaction is shown at the bottom. The sawtooth unbinding peaks relates to sequential unfolding of

repeat domains in Fn. Adapted with permission from (48).
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Fig 3 Studying cell growth dynamics with correlative AFM-optical microscope. (A) Schematic
representation of a correlative AFM-optical microscope. The field of view of an inverted fluorescent
microscope is aligned with the cantilever of an AFM in order to acquire correlated images. (B) AFM used
as a nanomanipulation tool. Schematics and time-lapse AFM of growing mycobacteria. Top: Sibling cells
are kept in their original position after cell division. Poles of mother and daughter cells are in close
contact. Bottom: The AFM cantilever was used to remove one of the sibling cells to avoid physical
constraints on the new pole. Adapted from (77) with permission of the author. (C) AFM used for force

spectroscopy. Stiffness measurement of cell surface at the division site between the emergence of the
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pre-cleavage furrow (PCF) and cleavage. Lighter colors represent a higher stiffness. (D) AFM used for
topographic imaging. Three-dimensional rendered AFM images of Mycobacterium smegmatis before cell
cleavage and enlargements of the area around pre-cleavage furrow. The arrow indicates the scan
direction. (C)-(D) Adapted from (86) with permission of the author. (E) Schematic representation of the
consecutive events leading to cell division in Mycobacterium smegmatis studied by correlative AFM-
optical microscopy. (1) At cell birth (division of the mother cell), Wag31-GFP (dark green) is localized
only at the poles. The cell surface comprises wavelike morphological features, and the subsequent cell
division occurs at the center-most trough near mid-cell. (2) FtsZ-GFP (light green) localizes at the central
wave trough and forms a circumferential ring. (3) Formation of the pre-cleavage furrow starts, which is
co-localized with the FtsZ-ring. (4) Stress builds up, whereas membrane strength decreases at pre-
cleavage furrow. Septum formation and cytokinesis occur. Wag31-GFP localizes to the future division
side, whereas the FtsZ-ring disassembles. (5) The tensile stress increases. (6) Further increase of turgor
pressure cumulates in physical cell separation by rapid mechanical rupture leading to newborn sibling
cells. (The space between the sibling cells after division was inserted for visualization purposes. In
reality, the sibling cells stay in proximity to each other) (7) Pre-“new end take off” (NETO) phase: Slow
growth rate of the new pole (NP). Reallocation of Wag31 from the old pole (OP) to the new pole. (8)
Post-NETO phase: Growth-rate change (NETO) is followed by a fast growth rate of the new poles. The

old poles grow in both phases with a constant, fast rate.
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