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Type IV pili (Tfp) play a primary role
in mediating the adherence of patho-
genic bacteria to their hosts. The pilus
filament can retract with an immense
force. However, the role of this activity
in microbial pathogenesis has not been
rigorously explored. Experiments per-
formed on volunteers suggested that the
retraction capacity of enteropathogenic
Escherichia coli (EPEC) Tfp is required
for full virulence. Here we review our
recent study' in which we showed that
the retraction capacity of the EPEC Tfp
facilitates tight-junction disruption and
actin-rich pedestal formation by promot-
ing efficient bacterial protein effector
translocation into epithelial host cells.
We also present new data using live
imaging confocal microscopy suggest-
ing that EPEC adheres to monolayers
in microcolonies and that Tfp retrac-
tion facilitates significant changes in the
microcolony shape, which may be critical
for efficient effector delivery. Our studies
hence suggest novel insights into the role
of pili retraction in EPEC pathogenesis.

Type IV Pili

Type IV pili (Tfp) are long (several
microns in length), thin (6-7 nm thick),
but remarkably strong and flexible rod-
like filamentous organelles that extend
from the surface of many Gram nega-
tive and some Gram positive bacteria
(reviewed in ref. 2). Tfp are expressed
in pathogenic [e.g., Neisseria gonorrbea,
N.  meningitidis, Pseudomonas aerugi-

nosa, Moraxella bovis, Vibrio cholera
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and enteropathogenic Escherichiae coli
(EPEC)], as well as environmental species
such as Synechocystis aquifex, Myxococcus
xanthus and Shewanella oneidensis. All
pili are comprised primarily of oligomeric
pilin proteins, which are conserved in their
structure and part of their amino acid
sequences (reviewed in ref. 3). Many Tfp
are adhesins that play a role in mediating
inter-bacterial contacts, which are mani-
fest as bacterial aggregates, microcolonies
or biofilms, and in bacterial interactions
with host cells. These interactions have
been shown to play a role in the induction
of pathogenesis, hence highlighting Tfp as
critical virulence factors in several impor-
tant human diseases.>®* Studying the
molecular basis underlying Tfp-mediated
bacterial aggregation and bacterial-host
cell interactions is crucial for obtaining
deep insights into the mechanisms of
microbial pathogenesis.

In addition to their adhesive properties,
Tfp are involved in secretion and uptake
of various macromolecules. A unique and
fascinating function of Tfp concerns their
ability to mediate flagellum-independent
bacterial movements in solid or semi-
solid surfaces. Social gliding motility of
M. xanthus and twitching motility in
P. aeruginosa and N. gonorrhoeae are
perhaps the best studied examples of
such activities.® The recently described
Tfp-dependent bacterial movement in
a vertical (upright) orientation repre-
sents another very interesting mode of
bacterial locomotion.” However, despite
considerable knowledge regarding Tfp-
mediated movement, little is known about
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Tfp-dependent bacterial motility on host
cell surfaces and its role in infection.

Tfp are dynamic organelles. Bacterial
motion depends upon their ability to

extend and retract their pili,%’

utilizing
an amazingly sophisticated and powerful
ATP-driven machinery (reviewed in refs.
10 and 11). Intriguingly, the pilus retracts
through the cell wall while remaining
firmly adhered to the surface targeted by
the pilus’ tip. The retraction generates an
enormous force, exceeding 100 pN per
single fiber, as measured for N. gonor-
rhoeae, distinguishing the ATPase retrac-
tion apparatus as one of the most powerful
molecular motors in nature.!*!® A mysteri-
ous question concerning Tfp retraction is
how external cues, typically contributed by
environmental and host cell components,
trigger the retraction machinery, which
resides within the bacterium. The signal
must somehow be transmitted along the
extended pili to the retraction machine,
possibly through force induced conforma-
tional changes in the pilin subunits.!

Bundle Forming Pili
of Enteropathogenic E. coli are
Important Virulence Factors

EPEC is a major cause of acute child-
hood diarrhea primarily in developing
countries.” Adhesive type IV bundle
forming pili (BFP) are key components
in promoting bacterial aggregation to
form microcolonies,'® and in their bind-
ing to enterocytes lining the human
small intestine in a process called “local-
ized adherence” (LA)." Following LA,
EPEC employs a type 111 secretion system
(T3SS), a molecular syringe that translo-
cates protein effectors from the bacterium
to the host cell to induce cytoskeletal
remodeling, the formation of attaching
and effacing (A/E) lesions,”® and numer-
ous other effects on host cell functions.”
One such effector is the translocated inti-
min receptor (Tir), which is inserted into
the host cell plasma membrane where it is
phosphorylated by host cell kinases and
serves as a receptor for another EPEC
adhesin called intimin.?® The process
leads to intimate attachment of the bac-
terium to the host cell surface, microvilli
effacement, and the formation of an actin-

rich pedestal. The A/E effect is dependent
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on a 35 kbp chromosomal pathogenic-
ity island, called the locus of enterocyte
effacement (LEE), which harbors 41
genes organized in several operons, and
encodes the T3SS, T3SS effectors, and
related proteins.?*? The emerging theme
suggests that many of these effectors act as
a complex network of interactions to sub-
vert key intracellular-signaling pathways,
innate immune responses, membrane traf-
fic and cytoskeletal elements.? Alterations
in epithelial ion and water transport, loss
of apical microvilli and the disruption of
epithelial tight junctions (T7Js) are thought
to contribute to the diarrheal effect.'”42¢
The complete and functional BFP is
encoded by a ~-95 kb EPEC adherence
factor plasmid containing an operon

27,28

of 14 genes. The basic pilin subunit
comprising the BFP, also called bund-
lin or BfpA, is encoded by diverse 6fpA
alleles divided into two bundlin allele
groups, a and (.%! Recent studies have
shown that BFP composed of a-bundlin
variants mediate specific adherence of
EPEC to the host cell by recognizing an
N-acetyllactosamine (LacNac) moiety in
HEp-2,>* and human intestinal® cells.
Binding of LacNac has been shown to
induce pili retraction and to regulate
virulence-associated gene expression.**
Nonetheless, B-bundlin variants do not
bind LacNac and the specific BFP host
cell receptors containing the LacNac moi-
ety have not been identified yet.

BFP recruit other EPEC cells into
aggregates, resulting in the formation
and expansion of bacterial microcolonies.
This process is hypothesized to be medi-
ated by interactions among extended pilus
fibers due to biogenesis and subsequent
oligomerization of bundlin subunits.
Bacterial aggregates can disaggregate and
disperse—a process that may contribute
to bacterial dissemination. Two ATPases,
BfpD and BfpF, drive these opposing
processes: BfpD mediates pilus assembly
(extension), while BfpF is required for
BEP retraction. Disruption of any of these
genes leads to anomalies in BEP functions.
For instance, a 6fpF mutant forms bacte-
rial microcolonies, but fails to disperse
them over time.! Moreover, studies per-
formed on volunteers showed that EPEC
bfpF mutants (i.e., hyperpiliated bacte-

ria unable to retract pili) were capable of
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causing human disease, but 200-fold more
bacteria were required in comparison to
wild type.? Hence, these studies provide a
clear link between BFP retraction and the
induction of the EPEC disease. However,
how pilus retraction contributes to EPEC
pathogenesis at the cellular level remains
largely unexplored.

Bundle Forming pilus Retraction
Facilitates Effective Disruption
of Tight Junctions by Enhancing
Effector Translocation

To investigate the effects of BFP retrac-
tion on epithelial host cells, we geneti-
cally engineered an a-bundlin expressing
EPEC whose pilus retraction is initiated
upon exposure to an inducer.! Briefly,
EPEC-4fpF, in which the Walker A box
motifs (required for ATP hydrolysis pre-
sumed to energize the retraction of the
pilus filament) were replaced with a scar
sequence, was complemented with a plas-
mid containing an intact bfpF gene under
the control of an arabinose-inducible
promoter. This strain behaves like a bf/pF
mutant until inducer is added, at which
time it behaves like the wild type strain.!

Infection of polarized epithelial Madin
Darby canine kidney (MDCK) or Caco-2
cells with EPEC under conditions whereby
BfpF expression was suppressed did not
disrupt the T7Js barrier functions, and had
no effect on the continuous staining of
the cell-cell junctions compared with con-
trols. In contrast, cell infection with the
same EPEC strain but under conditions
that allowed induced BfpF expression
(i.e., in the presence of arabinose) resulted
in a disruption of TJ barrier functions and
the appearance of fragmented staining
of both tight junctional markers. Taken
together our observations suggested that
BFP retraction contributes to the capacity
of EPEC to disrupt the structure and bar-
rier function of T7Js.!

Using a real-time analysis of effector
translocation assay,” we were able to show
that EPEC-4/pF mutants fail to efficiently
translocate EspF, an effector protein sug-
gested to play a central role in the disrup-
tion of TJs,*® into host cells. Interestingly,
inefficient translocation was also observed
for Tir, a result that was consistent with
reduced Tir tyrosine phosphorylation
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Figure 1. Tfp retraction induces significant changes in microcolony shape and compactness. Time-lapse imaging was performed on MDCK cells
infected with EPEC whose bfpF gene expression is under the control of an arabinose-inducible promoter' (Vids. S1 and S2). A close-up of a single
microcolony is shown. (A) In the absence of arabinose (- Arabinose), pili cannot be retracted. Under these conditions, and following attachment to the
host cell, the EPEC microcolony seems to preserve a highly irregular structure over time. Bacteria comprising the microcolony are seen as distinctive
individuals. (B) In a parallel experiment, bacteria were allowed to attach to host cells in the absence of arabinose (- Arabinose), and at a certain time
point arabinose was added to the culture (+ Arabinose). Under these conditions BfpF is expressed, pili retraction is induced, the microcolony trans-
forms from irregular to an oval-like shape and the appearance of individual bacteria becomes vague, most likely due to increase in their compactness

and inability of EPEC-4fpF mutants to
induce the formation of fully mature ped-
estals. A model was proposed whereby
in the absence of pili retraction, bacteria
are essentially coated with long pili that
separate the microbe’s and host cell sur-
faces, thus precluding efficient insertion
of the T3SS injectisome and the subse-
quent introduction of bacterial effectors
into the host cell. Pili retraction, how-
ever, promptly and effectively closes this
gap, facilitating efficient introduction of
the bacterial effectors into the host cells,
which enhances pedestal biogenesis and
TJ disruption.! These observations may
now provide partial explanation for the
reduced capacity a 4fpF mutant to cause a
disease in humans.*

The Mechanisms by which Tfp
Retraction Contributes to EPEC
Infection

While it is clear that retraction of Tfp
affects the host cell, the molecular basis
for these effects is not yet understood.
The mere force generated by Tfp retrac-
tion on the host cell plasma membrane
may elicit signaling pathways.”” Tfp
retraction also brings additional sur-
face bacterial adhesins (e.g., intimin) in
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contact with the host cell surface and
increases the efficiency with which bacte-
rial protein effectors are introduced into
the cell.?® These combined effects prompt
the clustering of host cell plasma mem-
brane proteins and lipids into a gigantic
lipid raft-like membrane domain.?*4
This newly generated domain is enriched
with cytoskeletal and other host cell sig-
naling elements, which in the case of
EPEC, will eventually transform into
an actin-rich pedestal, and be involved
in the disruption of the TJ barrier func-
tions. The mechanism of T]J disruption
could involve enforced mobilization of
junctional protein complexes from their
normal location (the TJs) to the pedes-
tal domains, as indeed was demonstrated
for the tight junctional protein, ZO-1,*!
dephosphorylation and dissociation of
occludin® and the contraction of the
perijunctional actomyosin ring likely due
to myosin light chain phosphorylation.*?
The recruitment of other junctional com-
ponents, such as the Par3/Par6/PKC{
polarity complex, as demonstrated for
meningococcal Tfp# may also be postu-
lated. In either scenario, targeted adher-
ence of bacteria precisely to intercellular
junctional regions is expected to facilitate
the execution of these processes.
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Tfp Dynamics Control
Microcolony Behavior

Using live cell imaging confocal micros-
copy we report here that EPEC that have
been grown in tissue culture media often
adhere to polarized epithelial monolayers
as preformed microcolonies, despite the
fact that both individual organisms and
preformed colonies are present in the inoc-
ulum. This tendency does not depend on
the ability to retract BFP, or on the T3SS,
as EPEC-escV; which have non-functional
T3SSs and EPEC-4fpF, which cannot
retract its pili, exhibit similar behavior.!
However, using the bacteria in which pilus
retraction can be controlled by addition
of an inducer revealed that the microcol-
ony undergoes significant morphological
changes only when retraction is initiated,
adopting a more rounded and compact
shape as exemplified in Figure 1 (Vids. S1
and S2). These BfpF-dependent changes
imply that Tfp retraction could have a
profound impact on the process by which
the microbe establishes an intimate con-
tact between the microcolony and the host
cell plasma membrane. We envision that
similar effects occur in the human intes-
tine, and that microcolony compactness
greatly facilitates efficient introduction of
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Figure 2. EPEC adheres to cell-cell junctions in polarized MDCK cells. (A) Confocal microscopy;
EPEC-wt was allowed to interact with polarized MDCK cells expressing the tight junctional protein
GFP-ZO-1 (green) for 3.5 h at 37°C. Cells were stained with Texas-red phalloidin to visualize the
actin-rich pedestals at infection sites (red). Images (x-y optical sections) were taken by confocal
fluorescence microscopy. The results show that EPEC-wt microcolonies adhere preferentially to
Z0-1-labeled regions of the monolayer. (B) Transmission electron microscopy: Cells were stained
with osmium and lanthanum post-fixation. Lanthanum is a useful marker for extracellular materi-
als such as polysaccharides and glycoproteins, and it does not penetrate the lipid bilayer. Lantha-
num applied to the apical surface of intact MDCK monolayers will not pass the junctional barrier,
unless EPEC disrupts the TJs. The transmission electron micrographs clearly demonstrate that TJs
of EPEC-treated MDCK cells became leaky to lanthanum (an arrowhead denotes electron dense
lanthanum labeling of lateral membranes). Red arrows point toward a bacterium forming two
pedestals in adjacent cells immediately above the cell-cell junctions. This image suggests that the
bacterium is capable of injecting subversive effectors simultaneously into two neighboring cells,

in the vicinity of tight junctions.

the type I1I protein effectors into the host
cells at high local concentrations, which is
obviously essential for maximizing their
subversive effects.

Finally, we have observed that the
majority of EPEC microcolonies adhere
to polarized monolayers precisely over
the intercellular junctions (Fig. 2). This
preferential ~ adherence,  reminiscent
of the previously noted adherence of
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enterohemorrhagic E. coli as “log jams”
to epithelial junctions, does not require
the T3SS and is usually the result of ini-
tial binding. As EPEC have been dem-
onstrated by numerous investigators"®-4
to radically alter tight junction function,
this observation suggests that EPEC and
other enteric pathogens may have evolved
a common mechanism to efficiently tar-

get this site for maximal effect. Further
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studies will be required to investigate the
role of BFP dynamics and other adhesins
in this process.

Conclusions

Tfp are the most prevalent type of pilus
known, found in numerous pathogenic
as well as non-pathogenic bacteria and
archaea. The ability of these pili to
undergo cycles of extension and retrac-
tion provides bacteria that produce them
with the capacity of surface translational
movement, and also with the potential to
sense and respond to external cues at a dis-
tance from their host. We have shown that
pilus retraction provides the bacteria with
another advantage by allowing more effi-
cient injection of T3SS toxins and recep-
tors into host cells.! We suggest that this
effect occurs, not only at the level of the
individual bacterium, but also at the level
of the microcolony. By concentrating the
bacteria into compact clusters, Tfp retrac-
tion allows a highly coordinated assault
by a horde of bacteria against one or a few
host cells. The nature of signals that per-
mits this coordination will provide clues
as to how it can be averted.
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