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The gliding motility of individual bacterial cells has been a deep mystery so far. Recent results provide the first 
molecular-level insights into the mechanism of this process.

The development of cellular motility during 
early evolution is important because it pro-
vided bacteria with the capacity to actively 
seek out favorable environments and avoid 
hazardous situations, thereby facilitating 
growth and survival in natural habitats. One 
can speculate that the first motility structures 
were likely flagella, given that bacteria spent 
the first billion years of evolution in the vast 
oceans covering our planet. This type of motil-
ity generates motion by the rotation of flagel-
lar filaments (Fig. 1a)1 and is highly suitable 
for aqueous environments. However, in vis-
cous environments or on solid surfaces with 
limited water content, flagella-based motility 
may not function efficiently. To move in these 
environments, bacteria such as the spiro-
chetes have sequestered their flagella within 
the periplasmic space; when the flagella rotate, 
the spiral-shaped cell bodies rotate and can 
corkscrew their way through viscous fluids 
(Fig. 1b)2. In contrast, many bacterial species, 
when placed in a viscous medium, amplify the 
number of flagella on the cell surface; these 
hyperflagellated swarmer cells can then swarm 
efficiently over surfaces (Fig. 1c)3. However, 
some bacterial species have evolved alternative 
motility mechanisms that allow cells to move 
on solid surfaces without the aid of flagella; 
these motility systems are collectively termed 
“gliding motility”4. We highlight an exciting 
new discovery on bacterial gliding motility 
by Mignot et al.5, who were able to visualize 
the “invisible legs” of a gliding bacterium by 
“lighting up” the intriguing motility-related 
protein AglZ.

Gliding motility is observed in a variety 
of phylogenetically unrelated bacteria. For a 
long time, the mechanisms for gliding motil-
ity were a total mystery, especially when com-
pared with the extensive data on flagellated 

motility. Many models for gliding motility 
were proposed, including cell surface motor 
proteins, rolling cell envelopes and slime-gun 
secretions at the cell pole—but in the absence 
of visible motility structures, the underlying 
mechanisms remained elusive. Some bacterial 
cells glide as individual cells (called adventur-
ous gliding or A-motility), whereas others 
glide in large cell groups (called social gliding 
or S-motility), which suggests that bacteria 
may use different mechanisms to glide over 
surfaces4. Interestingly, Myxococcus xanthus 

uses both A- and S-motilities, and the requi-
site gene products are encoded by two inde-
pendent genetic systems4, making it a model 
bacterium for gliding motility studies.

In the past several years, substantial molec-
ular insights have been gained on S-motility. 
Polar type IV pili were found to function as 
a “gliding motor” for S-motility, as pili are 
extended from the leading cell pole, adhere to 
a solid surface (or another bacterial cell), and 
retract to pull the cell body forward (Fig. 1d)6. 
However, the mechanism of A-motility has 
remained a deep mystery, except for the fol-
lowing clues: (i) A-motility functions much 
better on relatively firm and dry surfaces, 
compared with soft and wet surfaces7, which 
suggests that surface adherence and support 
are important for A-motility. (ii) The glid-
ing speed of A-motility is independent of 
cell length8, which implies that the gliding 
motors for A-motility are distributed along 
the body of the cell instead of at the cell poles. 
(iii) Single motile cells seem to rotate along 
the long axis of the cell9. (iv) A-motility is 
coordinated with S-motility and controlled 
by a chemotaxis-like frz signal transduction 
system4. (v) Extensive genetic mutagenesis 
revealed more than 30 different genes that are 
required for A-motility4. These genes encode, 
for example, putative inner/outer membrane 
transport complexes, Tol-like outer-mem-
brane lipoproteins, and ABC transporters. 
One gene product, AglZ, is unusual: its N 
terminus is similar to the receiver domain of 
two-component response regulator proteins, 
and the C terminus contains heptad repeats 
characteristic of coiled-coil proteins such as 
myosin.

In a recent issue of Science, Mignot et al.5 
followed the localization of AglZ in moving 
cells. They engineered a fusion protein of 
AglZ and yellow fluorescent protein, and they 
tracked its cellular location as a function of 
A-motility–dependent cell movements. The 
fusion proteins were observed to be located 
at regularly spaced clusters that appeared to 
be in contact with substratum (the support-
ing agar surface). Most interestingly, these 
spots (called focal adhesion complexes in the 
study) remained at fixed positions relative 
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Figure 1  Illustration of different bacterial 
motilities. (a) Regular swimming motility powered 
by the rotation of flagellar filaments. (b) Sheathed 
flagella–driven motility by spirochetes suitable in 
highly viscous fluids. (c) Swarming motility on a 
solid surface powered by multiple lateral flagellar 
filaments. (d) Social gliding motility resulting 
from the retraction of type IV pili adhered to 
a solid surface or other bacterial cell bodies. 
(e) Mechanism for adventurous gliding motility 
proposed by Mignot et al.5.
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to the substratum, assembled at leading cell 
poles, and dispersed at the rear of the cells as 
cells moved forward. These images provide the 
first observation of the dynamic movement of 
A-motility–related molecules in relationship 
with the motility itself.

Based on these experimental observations, 
the authors presented a hypothesis for the 
mechanism of A-motility (Fig. 1e). According 
to their model, a cell with A-motility adheres 
to and moves along a solid surface through its 
focal adhesion complexes, which are spaced 
at regular intervals along the cell body. The 
authors proposed that these complexes bind 
to an internal helical track, possibly consisting 
of MreB, an actin-like cytoskeletal protein that 
forms helical filaments in bacteria and helps 
determine their shape. Movement of a myosin-
like protein on this cytoskeletal track would 
cause cellular rotation and movement, but the 
adhesion complexes would remain fixed to the 
substratum. This model is consistent with the 
dynamic localization of AglZ in moving cells 
and with previous observations on A-motility 

described above. Remarkably, this model of 
dynamic focal adhesions deduced from direct 
observation of AglZ is similar to one proposed 
25 years ago by Lapidus and Berg10 for another 
glider, Cytophaga sp. strain U67, that was based 
on the detailed examination of moving tracks 
along the bacteria’s cell bodies visualized with 
small latex spheres.

The findings by Mignot et al.5 present a sig-
nificant step forward in the understanding of 
gliding A-motility. It should now be possible to 
purify and characterize many of the gene prod-
ucts involved. The next expected breakthrough 
is the molecular elucidation of the focal adhe-
sion complexes and the internal helical track, 
and the identification of the actual A-motil-
ity motors that provide the moving force. 
Furthermore, a molecular understanding of 
the coordination between A- and S-motilities 
and their connections with the frz signal trans-
duction system would be truly exciting. This 
study could also have a great impact on micro-
bial pathogenesis studies, given that many 
pathogens use gliding motility for virulence.

In summary, this study provides a key for 
unlocking the main gate to the mysterious 
world of gliding A-motility.
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Iron-sulfur clusters as oxygen-responsive
molecular switches
F Wayne Outten

FNR is a global regulator of the Escherichia coli aerobic-anaerobic growth transition and relies on an [Fe-S] cluster 
cofactor to control its oxygen-dependent activity. Details of the chemical reaction of oxygen with the [Fe-S] cluster 
reveal how this cofactor is used for oxygen sensing.

After the development of oxygenic photosyn-
thesis, the early atmosphere of the Earth was 
dramatically altered by the presence of the 
photosynthetic byproduct, oxygen. Organisms 
evolved a variety of systems to exploit the ben-
efits of atmospheric oxygen while limiting 
oxygen toxicity. To regulate genes in response 
to oxygen, some key transcription factors con-
tain oxygen-sensitive [Fe-S] cluster cofactors 
that act as sensors of oxygen or reactive oxygen 
species1. Recent work by Crack et al. has pro-
vided additional insight into the mechanism 
of [Fe-S] cluster oxidation and chemical con-
version that controls one such transcription 

factor: the global oxygen-responsive regulator 
FNR in E. coli2.

[Fe-S] centers function as enzyme cofactors 
to conduct a variety of electron transfer and 
substrate activation reactions. However, some 
[Fe-S] clusters are unstable in the presence of 
molecular oxygen3. For instance, [4Fe-4S]2+ 
clusters in the dehydratase family of enzymes 
are highly sensitive to oxidation and are dam-
aged by oxygen and reactive oxygen species4,5. 
Damage occurs when reactive oxygen species 
oxidize an exposed Fe2+ atom in the cluster. 
This metal oxidation reaction raises the formal 
oxidation state of the cluster to [4Fe-4S]3+, 
which is unstable and degrades. Cluster deg-
radation results in ejection of an iron atom 
from the cluster and subsequent reduction of 
the cluster to the inactive [3Fe-4S]+ oxidation 
state.

FNR (regulator of fumarate and nitrate 
reduction) regulates the transcription of a 

large array of genes in response to changes 
in oxygen levels6. Under anaerobic condi-
tions, FNR binds DNA as a dimer. However, 
the FNR dimer can only form between FNR 
monomers that have a [4Fe-4S]2+ clus-
ter. As oxygen levels rise, the oxygen-labile 
[4Fe-4S]2+ cluster is oxidized and converted 
to a [2Fe-2S]2+ cluster. FNR cluster conver-
sion is sensitive and rapid, occurring on a 
scale of minutes after exposure to oxygen7. 
Conversion of the [4Fe-4S]2+ cluster to a 
[2Fe-2S]2+ cluster presumably alters FNR’s 
conformation as the cluster binding site shifts 
to accommodate a planar [2Fe-2S] cluster 
rather than the cubane [4Fe-4S] cluster. The 
[2Fe-2S]2+ FNR monomer cannot form the 
active FNR dimer. Thus cluster conversion 
acts as a switch to control the DNA binding 
activity of FNR. As a number of key proteins 
use sensitive [4Fe-4S] clusters as regulatory 
switches (see below), defining the mechanism 
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