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Seeing the unseen: High-resolution AFM
imaging captures antibiotic action in bacterial
membranes
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Advances in atomic force microscopy (AFM)
techniques andmethodologies formicrobiology
contribute to our understanding of the micro-
bial cell surface. Recent studies show that AFM
imaging of cells and membranes at (near)
molecular resolution allows detailed visualiza-
tion of membranes interacting with drugs.

Atomic force microscopy as a tool for high-resolution bio-
imaging
Owing to its capability of high-resolution imaging under physiological
conditions, atomic force microscopy (AFM) has become an essential
tool in investigating the structure and function of cell membranes,
using both living cells andmodel biomembranes1,2. In AFM, a specimen
is mounted on a piezoelectric scanner and scanned by a sharp tip
attached to the end of a flexible cantilever (Fig. 1). Tip-sample inter-
actions cause cantilever deflection, which ismonitored by a laser beam
that is focusedon the free extremity of the cantilever anddetectedby a
photodiode. AFM topographic imaging can be performed either in
contact or in dynamic modes, depending on the way the tip interacts
with the sample.While in contactmode the tip remains in contact with
the sample; in dynamic mode it oscillates in the proximity of the
sample, minimizing surface damage.

Over the years, AFM has been instrumental in unraveling the
nanoscale architecture of bacterial membranes, thereby elegantly
complementing optical nanoscopy techniques3. Bacteria are sur-
rounded by cell envelopes consisting of an innermembrane, a cell wall
made of peptidoglycan layers, and for Gram-negative bacteria, an
outer membrane (OM). The cell envelope plays a central role in bac-
terial physiology, defining cell shape and division, helping bacteria
resist turgor pressure, and exposing receptor sites for viruses and for
cell adhesion. Moreover, cell envelope components are targets of
some of the most efficient antibiotics.

Atomic force microscopy reveals dynamic nature of micro-
bial membranes
While AFM is able to reveal nanoscale structures directly on living cells,
such as rodlet layers on fungal spores4 and the net-like structure
formed by porin trimers on bacterial cells5, high resolution is generally
achieved on isolated membranes or two-dimensional membrane pro-
tein crystals reconstituted in the presence of lipids6. Currently, a key
challenge is to use advanced high-speed AFM to capture structural
changes of bacterial membranes at high temporal resolution. In early
work, the structure of individual bacteriorhodopsin trimers was

identified at a speed of 100ms per image7, and dynamic motions of
monomers and trimers were visualized. Structural changes of bacter-
iorhodopsin were tracked in response to light within 1 s8 and insights
for trimer-trimer interactions revealed9. Themotionof about 70OmpF
trimers was tracked and individual subunits were resolved, revealing
a wide distribution in the membrane due to diffusion-limited
aggregation10. Interestingly, one can also use functionalized AFM tips
to detect and localize specific proteins. For instance, Mulvihill et al.11

usedmalto-oligosaccharide-functionalized tips to image reconstituted
trimers of the LamB maltoporin and simultaneously measure binding
forces and frequencies of sugar ligands in single LamB pores. High-
resolution topographs of this outer membrane protein allowed dis-
tinguishing LamB trimers exposing their extracellular side from ones
exposing their periplasmic side. Sugar binding to LamB was purely
asymmetric, taking place preferentially on the periplasmic side, con-
trary to what had been previously believed.

Aparticular strength of AFM is its ability to image living bacteria in
real time while they grow or interact with antimicrobials. Either by
characterizing mycobacteria growth and division in great detail12, or
studying the kinetics of antimicrobial peptides on individual E. coli
cells13, the Fantner group has been a pioneer in using high-resolution
AFM to dynamically image live cells. Alsteens et al.14 studied the effect
of antitubercular drugs on mycobateria, revealing major surface
ultrastructural alterations. More recently, AFMwas used to investigate
the effects of the Mycobacterial membrane protein Large 3 (MmpL3)
inhibitor, BM212, whose capacity to interfere with the highly hydro-
phobic nature of the mycobacterial cell wall was demonstrated by
combining fast imaging with hydrophobic tips15.

Obtaining high resolution, molecular scale AFM images of bac-
terial surfaces interacting with drugs requires the use of isolated or
reconstituted membranes. Due to their planar nature, supported
lipid bilayers (SLBs) are particularly well suited for that purpose, as
illustrated by Montero et al.16 who showed the formation of pores
by ciprofloxacin and two derivatives in E. coli membranes. Recently,
Parsons et al.17 used SLBs of E. coli lipid extracts to track the kinetics of
pore formation by the membrane attack complex, a complement
protein assembly.

Atomic force microscopy to study antibiotic action
The widely studied E. coli outer membrane is composed of an inner
leaflet of phospholipids and an outer leaflet rich in lipopolysaccharide
(LPS) molecules, which, together with proteins, are the first targets
encountered by antimicrobial drugs. The Hinterdorfer team18 studied
the mode of action of polymyxin, an antibiotic targeting LPS. AFM
images of LPS monolayers revealed an increase in roughness after
antibiotic treatment, while functionalized tips were used to probe the
strength of the polymyxin-LPS interaction. Manioglu et al.19, now
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report a detailed study in which the mechanism of action of this
important drug is disclosed at the molecular level (Fig. 1). The authors
elegantly combine high-resolution AFM imaging with structural biol-
ogy and biochemical assays to demonstrate that polymyxin arranges
LPS into crystalline structures to solidify the bacterial OM. By using E.
coli membrane patches, compelling evidence is provided that poly-
myxins form hexagonal crystals along with LPS and divalent cations,
which alter membrane thickness, area and stiffness, where the former
property decreasing while the latter two increase. These changes
weaken the bacterial OM, ultimately leading to its disruption. Crystal
formation was evaluated for different polymyxin variants, including
chemical modifications at the level of the ring and the tail of the
molecule, and corresponding structure-activity relationship and
minimal inhibitory concentration determined for each one of them.

While the biophysical changes of the OM reported by the authors
clearly match the phenotypes previously identified for the polymyxin
action, the identification of crystalline structures provides a mechan-
istic explanation for molecular dynamics simulation data published
before. These findings will change the paradigm that polymyxins
interact non-specifically with the bacterial membrane, but rather they
“have been shaped by evolution to form a specific high-order structure
together with LPS”. This study represents an important step forward in
our understanding of how these drugs interact with LPS in Gram-
negative bacteria, whichwill be essential to expand drug design to new
variants of this antibiotic family.

Among the exciting challenges ahead, high-speed AFM should
clearly help researchers to understand the mode of action of anti-
biotics, at unprecedented spatiotemporal resolution. In one such
example, Zuttion et al.20 studied the activity of the commercial
antimicrobial lipopeptide daptomycin on Gram-positive bacteria.
This work combines both living and fixed bacteria, as well as both

non-supported and supported model membranes, to study drug-
membrane interactions. Together with optical, fluorescence, and
electron microscopy, high-speed-AFM provided evidence that the
antibiotic causes the formation of toroidal pores or tubules in the
membrane, killing thebacteria; or, alternatively, pore formation,which
allows themembrane to release the pressure caused by the antibiotic’s
action, maintaining the bacteria alive. In summary, by revealing the
mechanisms by which Gram-positive and Gram-negative bacteria are
altered by drugs and are able to resist them, AFM imaging provides a
benchmark to fight against antimicrobial resistance.
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Fig. 1 | In AFM imaging a sample is scanned with a sharp tip attached to a soft
cantilever whose up- and down-deformations are detected by a laser-
photodiode system. Such AFM imaging has resolved the nanoscale crystal lattice
formed by polymyxin in the bacterial outer membrane.
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