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Probiotic  bacteria  have  a  strong  potential  in  biomedicine  owing  to their  ability  to  induce  various  bene-
ficial  health  effects.  Bacterial  cell  surface  constituents  play  a  key  role  in  establishing  tight  interactions
between  probiotics  and  their  host.  Yet,  little  is known  about  the  spatial  organization  and  biophysical
properties  of  the  individual  molecules.  In this  paper,  we  discuss  how  we  have  been  using  atomic  force
tomic force microscopy
acteria
ell surface
robiotics
ingle-molecule force spectroscopy

microscopy  imaging  and  force  spectroscopy  to probe  the  nanoscale  surface  properties  of  Gram-positive
lactic  acid  bacteria,  with  an emphasis  on  probiotic  strains.  Topographic  imaging  has enabled  us  to visualize
bacterial  cell  surface  structures  (peptidoglycan,  teichoic  acids,  pili,  polysaccharides)  under  physiological
conditions  and  with  unprecedented  resolution.  In parallel,  single-molecule  force  spectroscopy  has  been
used to  localize  and  force  probe  single  cell  surface  constituents,  providing  novel  insights  into  their  spatial
distribution  and  molecular  elasticity.
. Introduction

Probiotic bacteria are living microorganisms that, when admin-
stered in adequate amounts, confer health benefits to the host
Lebeer et al., 2010; Bron et al., 2011). Probiotics are believed to
ontribute to human health through several mechanisms, includ-
ng competitive exclusion of pathogenic bacteria, reinforcement of
he intestinal epithelial barrier, and modulation of the immune
ystem of the host, particularly in the small intestine (Lebeer
t al., 2010; Bron et al., 2011). Consistent with this notion, pro-
iotics have great potential in medicine, in the prevention and
reatment of gastrointestinal infections, inflammations and allergic
eactions or as carrier and adjuvant in vaccination (Borchers et al.,
009).

Most probiotics studied so far belong to the Gram-positive
actic acid bacteria (LAB), a group of bacteria that share morpho-
ogical, metabolic, and physiological characteristics (Wood, 1992;
xelsson, 1993). LAB are commonly found in nutrient-rich habi-

ats, ranging from food products (milk, meat, vegetables.  . .)  to the

icrobiota of mouth, intestine and vagina of mammalian organ-

sms. The core of the LAB family includes Lactobacillus, Leuconostoc,
edicoccus, Lactococcus and Streptococcus (Carr et al., 2002). Besides
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the presence of major pathogens (e.g. Streptococcus pneumoniae,
Enterococcus faecalis), LAB are generally considered as safe (GRAS
status) considering their implication in food processing and their
presence in the healthy microbiota of the human gastrointestinal
tract.

The optimized use of probiotics for improving human health
requires a detailed understanding of their interactions with host
cells. Key players in these bacteria–host interactions are the macro-
molecules that constitute the bacterial cell wall. In Gram-negative
bacteria, the cytoplasmic membrane is surrounded by a thin
peptidoglycan layer overlayed by an asymmetrical bilayer of phos-
pholipids and lipopolysaccharides containing membrane proteins
such as porins (Fig. 1) (Silhavy et al., 2010). In Gram-positive bac-
teria, the cytoplasmic membrane is covered by a thicker layer of
peptidoglycan (30–50 nm,  Vollmer and Seligman, 2010) grafted
with proteins and different glycopolymers like polysaccharides and
teichoic acids (Fig. 1) (Delcour et al., 1999). Moreover, for many
bacterial species, the cell wall constituents can be covered by addi-
tional surface layers in the form of polysaccharide capsules, surface
appendages (e.g. pili and flagella) or regular crystalline arrays of
(glyco)proteins, so-called S-layers (Sleytr and Beveridge, 1999).
Today, much is known about the structure and biosynthesis of
bacterial cell wall constituents, but their three-dimensional orga-

nization and biophysical properties (elasticity, adhesion) remain
often mysterious. This emphasizes the need to develop methods to
characterize and quantify the molecular characteristics of the cell
surface of probiotic strains.

dx.doi.org/10.1016/j.micron.2012.01.001
http://www.sciencedirect.com/science/journal/09684328
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ig. 1. The bacterial cell wall. (a) The Gram-positive envelope. (b) The Gram-nega
roteins is covered by a multilayered peptidoglycan shell decorated with polysacch
urrounds the plasma membrane and is covered by an asymmetrical outer membra

. Live cell nanoscopy using force

With its ability to observe single cells at nanometer resolution,
o monitor structural dynamics in response to environmental stim-
li, and to detect and manipulate single-cell surface constituents,
tomic force microscopy (AFM) has provided a wealth of opportu-
ities to study the structure–function relationships of cell surfaces
Müller and Dufrêne, 2011a,b). Rather than using an incident beam
s in classical microscopy, AFM senses tiny forces acting on the sam-
le surface. Three-dimensional images are generated by scanning

 sharp tip over the sample surface while probing the interaction
orce between the tip and the surface. The sample is mounted on

 piezoelectric scanner which ensures three-dimensional position-
ng with high accuracy. While the tip is being scanned laterally,
he force interacting between tip and specimen is monitored with
iconewton sensitivity. This force is measured by the deflection of a
oft cantilever which is detected by a laser beam focused on the free
nd of the cantilever and reflected into a photodiode. Besides imag-
ng, AFM can also localize and manipulate individual molecules,

 modality known as single-molecule force spectroscopy (SMFS).
ere, the cantilever deflection is recorded as a function of the verti-
al displacement of the scanner, i.e. as the sample is pushed towards
he tip and retracted. This yields a force–distance curve which
rovides key information on the localization, binding strength,
nd mechanics of single molecules. The detection and controlled
anipulation of a single molecule in complex environments such

s living cells require labeling the tip with specific antibodies or lig-
nds using appropriate protocols (Hinterdorfer and Dufrêne, 2006).

 common strategy is to covalently anchor proteins on tips via
 polyethylene glycol (PEG) crosslinker which provides motional
reedom and prevents denaturation. Tips are first modified with
mino groups, further reacted with PEG linkers carrying benzalde-
yde functions that are then directly attached to proteins through
heir lysine residues. Another option is to use self-assembled

onolayers of alkanethiols on gold tips. Both the thiol and silane
pproaches make it possible to orientate the attached biomolecules
ia their C-terminal or N-terminal domains by linking recombinant
istidine-tagged proteins onto an AFM tip coated with nitrilotriac-
tate groups.

To the best of our knowledge, the first AFM images of hydrated
AB were published in Micron in 1995 (Firtel and Beveridge, 1995).
ater, Schaer-Zammaretti and Ubbink (2003a,b) combined AFM
maging and force spectroscopy to probe the surface topography,

lasticity and adhesion of probiotic candidate strains from Lacto-
acillus crispatus, Lactobacillus helveticus and Lactobacillus johnsonii,
evealing major differences between bacteria having a crystalline-
ike protein surface layer and those without such layers. The wide
nvelope. In Gram-positive bacteria, the lipidic plasma membrane with embedded
, teichoic acids and proteins. In Gram-negative bacteria, a thin peptidoglycan layer

ntaining lipopolysaccharides, which lies on the peptidoglycan layer.

variety of surface properties observed in these lactobacilli was sug-
gested to have implications for food processing and for health
benefits. Since then, there have been substantial advances in our
use of AFM (live cell imaging, single-molecule manipulation) to
unravel the nanoscale surface features of Gram-positive bacte-
ria, including probiotic ones. Here, we  give an overview of recent
progress we  have made in this area.

3. Nanoscale structure of peptidoglycan

Despite the multiple important functional roles played by
peptidoglycan, its three dimensional organization had long been
controversial (Vollmer and Seligman, 2010). In the most widely
accepted model, glycan strands are believed to run parallel to the
plasma membrane, arranged perhaps as hoops or helices around
the short axis of the cell resulting in a woven fabric. This model is
supported by recent experimental data obtained on isolated sacculi
from the Gram-negative bacteria Escherichia coli and Caulobacter
crescentus (Gan et al., 2008), and from the Gram-positive bacte-
ria Bacillus subtilis (Hayhurst et al., 2008), Staphylococcus aureus
(Turner et al., 2010), and S. pneumoniae (Wheeler et al., 2011).

Recently, Andre et al. (2010) combined AFM and the use of cell-
wall mutants for imaging the nanoscale architecture of cell wall
peptidoglycan in living Lactococcus lactis bacteria (Fig. 2). Using
topographic imaging, they found that wild-type cells display a fea-
tureless surface morphology, while mutant cells lacking cell wall
exopolysaccharides featured 25 nm-wide periodic bands running
parallel to the short axis of the cell (Fig. 2a), somewhat similar to
the features previously observed in L. helveticus cell walls (Firtel
et al., 2004). As a complementary approach, individual peptido-
glycan molecules were localized on L. lactis. To this end, the cell
surface was mapped using spatially-resolved force spectroscopy
with AFM tips modified with the Lysin Motif (LysM) from the major
autolysin AcmA, a protein module that specifically binds peptido-
glycan. Single-molecule recognition images obtained on wild-type
cells did not show any recognition events, confirming that pep-
tidoglycan is hidden by other cell wall constituents. By contrast,
anisotropic arrangements of recognition events were observed on
the mutant, many of the detected peptidoglycan molecules being
arranged as lines oriented in a similar way  as the periodic bands
observed in topographic images (Fig. 2b). Of note, peptidoglycan
nanostructures were missing in purified sacculi, emphasizing the
importance of probing live cells rather than isolated structures.

These non-invasive live cell experiments provide direct pieces of
evidence supporting the classical planar model, in which pepti-
doglycan cables are arranged around the short cell axis and run
parallel to the plasma membrane (Fig. 2c).
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Fig. 2. Imaging the nanoscale organization of peptidoglycan in living bacteria. (a) Topographic image of two dividing Lactococcus lactis cells lacking cell wall exopolysaccha-
rides.  (b) Single-molecule recognition map (400 nm × 400 nm)  recorded with an LysM probe in the square area shown in the topographic image; peptidoglycan molecules
were  detected (bright pixels) and found to be arranged as lines running parallel to the short cell axis (red lines). (c) Schematic views of the architecture of the L. lactis cell
wall:  the top cartoon emphasizes the two layers of the cell wall, i.e. periodic bands of peptidoglycan (blue) covered by cell wall polysaccharides (brown), while the bottom
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artoon is an enlarged view of the peptidoglycan nanocables (blue) lying on the m
eader is referred to the web  version of the article.)

eprinted with permission from Andre et al. (2010).

Further insights into the growth and assembly of peptidoglycan
ay  be gained using vancomycin as a highly sensitive molecu-

ar probe (Turner et al., 2010). This clinically important antibiotic
nhibits the growth of pathogens such as S. aureus by blocking cell

all synthesis through specific recognition of nascent peptidogly-
an terminating in d-Ala–d-Ala. In the LAB context, Gilbert et al.
2007) used fluorescent vancomycin to visualize d-Ala–d-Ala sites
f nascent peptidoglycan in the cell wall of dividing L. lactis cells
Fig. 3). Fluorescence staining of the wild-type strain was  found
round the septum, while no fluorescent labeling was  detected for

 mutant strain producing peptidoglycan precursors ending by d-
la–d-Lac instead of d-Ala–d-Ala. AFM topographic images of L.

actis cells revealed a smooth and elongated cell morphology as
ell as a well-defined division septum. Ring-like structures were

een at a certain distance from the septum, presumably formed by
n outgrowth of the cell wall. Notably, single-molecule recognition
mages recorded with a vancomycin-modified tip demonstrated
hat binding sites were essentially located on the equatorial rings
hich are future division sites, suggesting that newly formed
eptidoglycan was inserted in these regions. Accordingly, while
uorescence microscopy generates microscale images allowing the

ocalization of peptidoglycan in the entire cell wall, AFM reveals the

istribution of single peptidoglycan molecules on the outermost
ell surface. This single-molecule method provides new opportu-
ities for understanding the binding mechanisms of antibiotics and

or exploring the architecture of bacterial cell walls.
ne (green). (For interpretation of the references to color in this figure legend, the

In summary, AFM has proved to be a valuable tool to reveal
the fine ultrastructure of peptidoglycan in lactic acid bacteria. In
the future, combining AFM with the tools of bacterial genetics and
molecular biology should allow us to address a number of pertinent
questions, such as: can the cable organization found in L. lactis be
extended to other probiotic bacteria? Is peptidoglycan organized
as a single cable or adjacent rings? How are glycan strands orga-
nized inside the cables? What is the size of glycan strands inside
these cables? How can we change peptidoglycan organization by
affecting the functioning of peptidoglycan assembly machineries?

4. Organization and functional roles of teichoic acids

Teichoic acids (TAs), another major class of cell wall constituents
in Gram-positive bacteria, play important roles in cell morphogene-
sis (cell elongation, cell division) (Weidenmaier and Peschel, 2008).
AFM and fluorescence microscopy were combined with the use of
specific cell wall mutants to study the organization of wall teichoic
acids (WTAs) in the probiotic species Lactobacillus plantarum,  in
relation with their physiological roles (Andre et al., 2011). Pheno-
type analysis of the wild-type strain and of mutant strains deficient
for the synthesis of WTAs (�tagO) or cell wall polysaccharides

(�cps1-4) revealed that WTAs are required for proper cell elon-
gation and cell division. Nanoscale imaging by AFM showed that
strains expressing WTAs have a highly polarized surface morphol-
ogy, the poles being much smoother than the side walls (Fig. 4a).
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Fig. 3. Molecular mapping of peptidoglycan during the cell cycle using vancomycin nanoprobes. (a) Phase contrast and (b) fluorescence image of Lactococcus lactis cells
during  the course of the division process. Fluorescent vancomycin accumulates at the division site, by attaching specifically to d-Ala–d-Ala sites of cell wall peptidoglycan.
(c)  AFM image of a cell showing a well-defined division septum as well as a ring-like structure expected to be rich in nascent peptidoglycan (white box). (d) Recognition map
(gray  scale: 100 pN) recorded with a vancomycin tip on the septum region (highlighted by the white box in c). Adhesion events are essentially located in the septum region
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red  line), more specifically on the ring-like structure, suggesting that newly form
egend,  the reader is referred to the web  version of the article.)

eprinted with permission from Gilbert et al. (2007).

FM and fluorescence recognition imaging with specific lectin
robes demonstrated that the polarized surface structure corre-

ates with a heterogeneous distribution of WTAs, the latter being
bsent from the surface of the poles (Fig. 4b). These observations
ndicate that the polarized distribution of WTAs in L. plantarum
lays a key role in controlling cell morphogenesis (surface rough-
ess, cell shape, elongation, and division), a finding consistent with
he notion that many bacteria use cellular asymmetry to achieve
unction. It was suggested that the heterogeneous distribution of

TAs controls the location of peptidoglycan hydrolases in L. plan-
arum, which in turn affects cell division. Future studies using
ublocalization experiments of peptidoglycan hydrolases in both

T and WTA-deficient strains should help resolving the relation-
hip between these degrading enzymes and WTA  in L. plantarum.

. Nanoscale organization and assembly of pili

Many bacteria express nanoscale fibrous extracellular
ppendages known as pili on their surfaces (Telford et al., 2006;
line et al., 2010). Owing to their long, flexible nature, bacterial pili

ulfil various key functions, including promoting interactions with
ther bacteria, host cells, bacteriophages or environmental sur-
aces, facilitating the transfer of genetic material among bacteria,

ediating twitching motility and the secretion of specific proteins.
ili-mediated bacteria-host interactions have been demonstrated

n the probiotic Gram-positive bacterium Lactobacillus rhamnosus
G (Kankainen et al., 2009). Expression and localization of intact
paCBA pili on the L. rhamnosus GG cell surface were confirmed by
mmunoblotting and immunogold-labeled electron microscopy.
ptidoglycan is inserted. (For interpretation of the references to color in this figure

AFM imaging revealed that L. rhamnosus GG pili form self-
assembled nanostructures on surfaces with remarkable patterns,
depending on preparation conditions, thus offering new avenues
for building bioactive supramolecular systems (Fig. 5) (Tripathi
et al., 2012). High-resolution images of cell preparations adsorbed
on mica revealed pili not only all around the cells (Fig. 5a), but also in
the form of remarkable star-like structures assembled on the mica
surface (Fig. 5b). Such pili–pili interactions are consistent with the
notion that pili from Gram-positive bacteria, in addition to medi-
ating bacteria–host interactions, are known to promote bacterial
aggregation through pili–pili bonds (Telford et al., 2006). Notably,
some pili had a spring-like appearance, with helical repeats that
were typically 20–50 nm in length (Fig. 5b, inset). These helical
structures may  have a functional role in that their spring properties
may  help the bacteria to reach host cells after initial contact, and
enable them to withstand physiological shear forces encountered
during colonization.

The use of bacterial pili in nanobiotechnology and supramolec-
ular science implies their production and separation by high
throughput methods. Therefore, cells were subjected to a two step
centrifugation procedure with the aim to break the filaments from
the cells, and to separate them from the supernatant. This two-step
centrifugation was found to be a simple and efficient procedure
to separate large amounts of pili, even though they are cova-
lently anchored to the cell wall (Fig. 5c). Importantly, isolated pili

were often entangled as bundles, and their length, up to 10 �m,
was larger than pili that were not subjected to centrifugation.
This suggests that bundles formed by centrifugation are stabi-
lized by strong lateral inter-pili interactions, thus less sensitive to
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Fig. 4. Imaging the polarized distribution of wall teichoic acids in living bacteria. (a)
Topographic image of a single Lactobacillus plantarum cell revealing a highly polar-
ized surface morphology, the poles being much smoother than the side walls. (b)
Single-molecule recognition map  (400 nm × 400 nm)  recorded with a lectin probe
in  the square area shown in the topographic image; wall teichoic acids (WTAs) were
massively detected on the side walls (bright pixels) but essentially lacking on the
poles (dark pixels). (c) Schematic view of the architecture of the L. plantarum cell
wall: WTAs localize exclusively on the side walls (red), correlating with a rough sur-
face  morphology. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

Reprinted with permission from Andre et al. (2011).
Fig. 5. AFM unravels the two-dimensional assembly of bacterial pili. (a) AFM image
in  air of exponentially-growing cells of Lactobacillus rhamnosus GG. Clearly visi-
ble are nanoscale pili decorating the cell surface and lying on the mica surface. (b)
AFM image of isolated pili in air, obtained by bringing a cell suspension in contact
with mica. Pili were rarely found as individual filaments, but most often connected
through their ends to form two-dimensional assemblies resembling stars. (c) Pili
subjected to double centrifugation formed two-dimensional bundles. The insets in
(b)  and (c) represent enlarged views of pili showing helical spring-like structure.

Reprinted with permission from Tripathi et al. (2012).
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Fig. 6. AFM reveals the molecular elasticity and distribution of cell surface polysaccharides. (a) Using AFM tips bearing concanavalin A (Con A) or P. aeruginosa (PA-I) lectins,
two  kinds of polysaccharide chains were identified on the surface of Lactobacillus rhamnosus GG, i.e. polysaccharides rich in mannose/glucose having moderate extensions
(red),  and polysaccharides rich in galactose having much longer extensions (blue). (b and d) Representative force–distance curves recorded with a Con A tip (b) or a PA-I tip
(d)  on the bacterial cell surface. The red lines on the bottom curves show that elongation forces were well-described by the freely jointed chain model. (c and e) Polymer
property maps recorded on the cell surface with a Con A tip (c) or a PA-I tip (e) revealing the nature, localization, adhesion and extension of individual polysaccharide chains
(adhesion force values are in false colors, while rupture distances are shown as z levels
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eferred  to the web  version of the article.)

eproduced with permission from Francius et al. (2008).

echanical forces associated with rinsing and drying. Again, some
ili had a spring-like appearance, but their helical repeats were
pparently longer, in the 50–250 nm range (Fig. 5c, inset). This
upports the idea that pili behave like springs capable of elonga-
ion under an external force, like centrifugal forces (here) or shear
uid forces (in nature). This study suggests that, in future research,
enetically-engineered pili exhibiting controlled properties may
rovide a generic platform for the design of biofunctional self-
ssembled interfaces. Changing specific regions of the pili proteins
hrough genetic engineering should allow to alter their specific and
on-specific biomolecular interactions, and, in turn, the structure
nd functionalities of their assemblies.

. Molecular elasticity of cell surface polysaccharides and
roteins

Polysaccharides on bacterial surfaces fulfil several important
unctions, such as protecting the cell against unfavorable environ-

ental conditions, mediating cellular recognition (e.g. via lectin
inding), and promoting bacterial adhesion and biofilm forma-
ion on inert or living surfaces (Kolter and Greenberg, 2006).
lthough elucidation of the complexity and diversity of the chemi-

al structures of cell wall associated polysaccharides is progressing,
tudying their conformational properties and molecular interac-
ions remains a challenge.
). (For interpretation of the references to color in this figure legend, the reader is

The use of SMFS with lectin-terminated tips provides a means
to identify, localize and stretch specific carbohydrates on live
cells (Gad et al., 1997). AFM tips functionalized with Pseudomonas
aeruginosa (PA-1) and concanavalin A (Con A) lectins were used to
probe two  kinds of polysaccharides, i.e. mannose/glucose-rich and
galactose-rich polysaccharide molecules, on L. rhamnosus GG bac-
teria (Fig. 6a) (Francius et al., 2008). Force–distance curves recorded
with Con A-tips showed essentially single adhesion events, along
with elongation forces and rupture lengths ranging from 20 to
400 nm (Fig. 6b and c). By contrast, the curves obtained with PA-
I tips showed multiple adhesion peaks with much longer rupture
distances, typically in the 100–1000 nm range (Fig. 6d and e). The
polysaccharide properties - distribution, adhesion and extension
- of the wild-type strain were markedly different from those of
a mutant strain impaired in exopolysaccharide production and
adherence to gut epithelium, emphasizing the important role that
these molecules play in modulating adhesion.

An important direction for the future is to apply such single-
molecule manipulation experiments to bacterial cell surface
proteins. Because a number of cellular proteins unfold as part
of their physiological function, studying how microbial proteins
like adhesins respond to force is an important topic. By applying
force to the E. coli fimbrial adhesive protein FimH with an AFM,

Yakovenko et al. (2008) demonstrated that the protein mediates
binding to mannosylated surfaces via so-called “catch bonds”, i.e.
receptor–ligand bonds that are strengthened by tensile mechanical
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orce. Tensile force induces an allosteric switch to the high affinity,
trong binding conformation of the adhesin. In the yeast context,
tretching single Als5p cell adhesion proteins (adhesins) from the
athogen Candida albicans revealed sawtooth patterns with well-
efined force peaks, each peak corresponding to the force-induced
nfolding of the secondary structures of individual tandem repeats
ngaged in cell adhesion (Alsteens et al., 2009). The unfolding prob-
bility increased with the number of tandem repeats expressed by
he cells and was correlated with the level of cell–cell adhesion,
uggesting these modular domains play a role in fungal adhesion.
n addition, pulling on single Als5p adhesins induced the formation
nd propagation of amyloid-like adhesion domains of 100–500 nm
ize (Alsteens et al., 2010; Lipke et al., 2012). A pertinent question
ill be to determine whether similar force-induced unfolding and

lustering occur in adhesins from probiotic bacteria, and whether
hese events play a role in mediating bacterial attachment to host
ells. As a first technology step towards this goal, Dague et al. (2010)
ttached L. lactis bacteria on an AFM cantilever to measure the
nteraction forces between bacteria and mucin, the major protein
omponent of the mucus covering the epithelium of the gastroin-
estinal tract. This kind of approach should allow us to understand
he force response of adhesion proteins from probiotics, such as the
paC adhesive subunit of L. rhamnosus GG pili, in relation to host
nteractions.

. Conclusion

The nanoscale analysis of microbial cells using AFM is an excit-
ng, rapidly evolving research field. In the past years, the technique
as evolved from a qualitative imaging tool to a quantitative molec-
lar toolbox, enabling researchers not only to image cell wall
rchitecture, but also to localize and force probe their individual
onstituents. We  have shown here that the AFM toolbox has con-
ributed to better understand how LAB cell surface constituents
re organized at the molecular scale, a question which thus far
ad been difficult to address. In future probiotic research, AFM

orce spectroscopy should help researchers to elucidate the forces
riving bacteria–host interactions, and hopefully identify the fac-
ors promoting these interactions. More broadly, the emerging new
eld of microbial nanoscopy should have an important impact on
any disciplines of microbiology, including cellular and molecular
icrobiology, pathogenesis, diagnosis, antimicrobial therapy, and

nvironmental microbiology.
We believe that a key challenge for further bacterial cell sur-

ace research will be to track cell surface dynamics in response to
rowth or environmental stimuli, using high-speed AFM which can
rovide images of biomolecules with (milli)second time resolution.
or instance, high-speed AFM of bacteriorhodopsin showed that
llumination induces major structural changes within 1 s (Shibata
t al., 2010), and could visualize myosin molecules walking along
ctin tracks (Kodera et al., 2010).
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