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A
s a grad student in cell biology, Shaeri Mukherjee
was always on the lookout for new ways to fiddle with 
cells’ internal structures. It was the early 2000s, and 
Mukherjee was working in Dennis Shields’s lab at 
Albert Einstein College of Medicine, studying how 

cells organize the internal transport of proteins and other cargo. 
She was particularly interested in the Golgi apparatus, a cluster of 
membrane-bound compartments that help coordinate this traf-
ficking, and spent much of her time manipulating the organelle’s 
activity to try to better understand how it works. Genetics meth-
ods could slow down or alter the organelle’s structure in days; 
certain pharmacological agents made it disintegrate in less than 
half an hour. But in 2008, Mukherjee stumbled across a new and 
much faster way to cause intracellular mayhem. 

The technique came from a paper by Craig Roy at Yale Uni-
versity School of Medicine. Roy’s team had found that “this 
protein called AnkX, when microinjected into cells—even at 
picomole levels—could cause the entire Golgi to fragment in, 
like, five minutes,” Mukherjee says. Remarkably, AnkX hadn’t 
been made by cell biologists or a pharmaceutical company. 
Rather, it was produced by a tiny intracellular bacterium 
known as Legionella pneumophila, the pathogen behind a seri-
ous lung infection called Legionnaire’s disease.1 For Mukher-
jee, the paper was a revelation: not only did it identify the fast-
est way yet to target Golgi biology, it suggested that scientists 
could use intracellular bacteria “as a lens to understand basic 
processes inside the cell.” 

Intrigued by this powerful little microbe, Mukherjee applied 
for a postdoc in Roy’s lab, where she would study in detail how 
Legionella attacks human cells from the inside. She learned that 
researchers had identified more than 300 Legionella peptides that 
mimic host proteins or otherwise hijack existing cellular pathways 
to the bacterium’s advantage. And she gained a new appreciation 
for the myriad other types of intracellular bacteria, a diverse group 
that includes many medically significant pathogens such as Salmo-
nella, Listeria, and Chlamydia, as well as the causative agents of 
tuberculosis and leprosy. (See Bug Box on page 22).

These microbes all enjoy at least part of their lives shielded 
from the onslaught of white blood cells, antibodies, and other 
immune defenses that the body launches against pathogens that 
live outside of host cells. As a trade-off, they have had to come up 
with ways to bypass a cell’s internal immune system, navigate the 
complicated, busy environment of the cell cytoplasm, and ulti-
mately escape that environment to infect other cells—becoming 
tiny maestros of manipulation in the process. 

Research on how intracellular bacteria take control of their 
hosts is not only informing scientists about how these microbes 
cause disease, but revealing secrets of mammalian biology, says 
Mukherjee, who now heads up a lab at the University of Califor-
nia (UC), San Francisco. These bugs have a knack for pinpoint-
ing critical cell functions, she says, adding fondly that Legionella 
is continuing to help her explore how eukaryotic cells work. “It’s 
an excellent cell biologist.” 

Get the gear
In the late 1980s, bacteriologist Daniel Portnoy visited actin 
expert Lewis Tilney at the University of Pennsylvania to discuss 
a new research idea. Or as Tilney later relayed the experience to 
the Journal of Cell Biology: “Portnoy crashed a department pic-
nic and insisted I look at his damn Listeria.” 

By then it was known that Listeria infects cells such as mac-
rophages—motile human immune cells that engulf pathogens 
and cellular debris—by being taken up into vacuoles and break-
ing out of those vacuoles into the cytoplasm. Researchers had 
also described the bacteria quickly spreading among neighboring 
cells. But Portnoy, who joined UPenn’s medical school in 1988, 
had found he could block this cell-to-cell spread by chemically 
inhibiting the polymerization of actin, a protein that cells use 
to build an intracellular cytoskeleton to aid cell motility, divi-
sion, and other important processes. Intrigued, Tilney took on 
the project, and together the pair showed that after breaking out 
of the vacuole, Listeria managed, somehow, to construct its own 
tail-like structure out of actin filaments. 

The resulting little Listeria “comet,” as the pair called it, used 
its new actin motility to whiz around the cytoplasm and even-
tually hurl itself at the plasma membrane, causing a protrusion 
that extended into a neighboring macrophage. This protrusion 
got engulfed by the recipient cell to form a vacuole, and Liste-
ria then simply had to muscle out of its new compartment to 
complete infection.2 (See illustration on opposite page.) Portnoy 
and Tilney described the whole process in a 1989 paper, observ-
ing that their findings “should be important to those concerned 
with stages in the cell biology of infection by parasites and . . . 
exciting to cell biologists who want to know how actin filaments 
become organized in cells.” 

Many other scientists have since joined in the study of 
Listeria’s actin co-option. Pascale Cossart, a microbiologist 
who was studying Listeria virulence at the Pasteur Institute 
in the 1990s, soon identified a bacterial protein, ActA, that 
the microbes require to build their tails.3 Cell biologist Mat-
thew Welch, then at UC San Francisco, and colleagues next 
isolated a host cell protein complex, Arp2/3, that is also neces-
sary for Listeria to become motile. The team found that Liste-
ria’s ActA was recruiting the Arp2/3 complex to the bacterial 
cell surface, and this was what was initiating actin polym-
erization—confirming that the bacterium was co-opting the 
cell’s own machinery and raw materials for personal use.4 The 
work hinted that eukaryotes might possess their own Arp2/3-
activating proteins, and sure enough, researchers have since 
described a whole family of host actin nucleation–promoting 
factors, which Listeria’s ActA successfully mimics.

A number of other intracellular bacterial taxa—including Shi-
gella, Rickettsia, Mycobacterium, and Burkholderia—have been 
observed constructing their own actin tails, often by hijacking 
Arp2/3. And while many take a Listeria-like approach to infect-
ing new hosts (shoving into neighbors and being taken into vac-
uoles), it’s not the only way. Welch, now at UC Berkeley, and 
grad student Nora Kostow recently used live cell imaging and 
other technologies to study Burkholderia thailandensis, which 
spreads by causing neighboring cells to fuse. The bacteria essen-
tially expand “the available environment for them to grow,” says 
Welch. “They can do that repeatedly, so you can get hundreds 
of cells fusing together in some cases.” He and Kostow showed 
that actin-powered B. thailandensis achieves this spread by push-
ing on the plasma membrane to create protrusions that, rather 
than create vacuoles in a neighboring cell, cause those two cells 
to become one.5 This melding appears to be dependent on specific 
proteins secreted by the bacterium as it forms the protrusions—
an insight that could help cell biologists understand cell fusion 
more generally, the authors write in their paper. 

Studying variations on these bacterial interactions with 
actin is still throwing up new mysteries. While investigating 
Mycobacterium marinum, a close relative of M. tuberculosis, 
Welch and postdoc Norbert Hill recently found that microbial 
proteins could confer actin motility not just on the bacterium, 
but also on another sort of intracellular object: lipid droplets.6

It’s not yet clear how this lipid movement relates to Mycobac-
terium’s presence, “but it’s tempting to speculate that it could 
happen during infection,” either to the bacterium’s benefit or as 
some cellular response to infection, Welch says. Several lines 
of research suggest that Mycobacterium species might use lipid 
droplets as a source of chemical energy, among other things, he 
adds, so perhaps it’s in the bacterium’s interest to have those 
droplets whizzing around too.

Master the membrane
The cytoplasm isn’t for everyone. While bugs such as Liste-
ria gain access to building materials like actin, they also have 

to dodge the cell’s immune defenses and survive a chemical 
environment they have little control over. Some bacteria avoid 
these inconveniences by instead occupying organelle-like com-
partments that separate them from the rest of the cell. These 
microbes can and do still interact with actin—some secrete 
proteins that cause rearrangements in the cell cytoskeleton to 
help take up the bacterium from outside, or to form highway-
like protrusions into other cells, for example. But many have 
also mastered a different sort of target that allows them to 
wield control over the rest of the cell without venturing into 
the cytoplasm: namely, lipid membranes.

It was Legionella’s ability to take over and even mimic intra-
cellular membranes that occupied Mukherjee during her post-
doc at Yale. It turned out that AnkX, the same microbial protein 
that had caused the Golgi apparatus to disintegrate, was part 
of a larger scheme to coerce the host into preparing a bacteria-
friendly compartment. Legionella was using AnkX, among other 
peptides, to target host enzymes known as Rab GTPases, which 
sit on the surface of organelles such as the endoplasmic reticulum 
and the Golgi apparatus and regulate the trafficking of protein 
cargo around the cell. (See illustration on page 20.) 

Specifically, Mukherjee, Roy, and colleagues showed that by 
making an unusual type of modification known as phosphocho-
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Some intracellular bacteria use the host cell’s actin supplies to 
build their own transport system. The foodborne pathogen Liste-
ria monocytogenes infects immune cells called macrophages by 
being taken up into a vacuole 1  before entering the cytoplasm 
where it lives and replicates 2 . There, it uses a protein called 
ActA to recruit the host cell’s actin polymerization machinery 
to construct a tail of actin fi laments behind it 3 . This process 
gives the bacterium a means to propel itself around and lets it 
push on the host cell membrane, forming protrusions into neigh-
boring cells 4 . Those neighbors take up these protrusions as 
vacuoles, from which Listeria escapes to access the cytoplasm 
and begin the cycle again 5 .

Studying bacterial interactions 
with actin is still throwing up 
new mysteries.
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