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ThANKSs for the repeat

Intracellular pathogens exploit a common
eukaryotic domain
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Bacterial pathogens are renowned cell biologists that subvert
detrimental host responses by manipulating eukaryotic
protein function. A select group of pathogens use a specialized
type IV secretion system (T4SS) as a conduit to deliver an
arsenal of proteins into the host cytosol where they interact
with host proteins. The translocated “effectors” have garnered
increased attention because they uncover novel aspects
of host-pathogen interactions at the subcellular level. This
review presents a group of effectors termed Anks that possess
eukaryotic-like ankyrin repeat domains that mediate protein-
protein interactions and are critical for effector function.
Interestingly, most known prokaryotic Anks are produced by
bacteria that devote much of their time to replicating inside
eukaryotic cells. Ank proteins represent a fascinating and
versatile family of effectors exploited by bacterial pathogens
and are proving useful as tools to study eukaryotic cell biology.

Ankyrin Repeat Domain-Containing Proteins

Ankyrin repeat domains are one of the most common protein
domains historically associated with eukaryotic organisms.
Proteins containing these repeats are referred to as Anks and
mediate many cellular processes including cell cycle progression,
transcription and cytoskeletal organization.! Anks have also been
implicated in significant human diseases including tumor forma-
tion and progression.? The first Anks described were yeast cell
cycle proteins and the Drosophila NOTCH protein.? The repeat’s
name is derived from the cytoskeletal protein ankyrin, which
contains 22 repeats.” A typical ankyrin repeat consists of 33-
residue repeating segments that adapt helix-turn-helix confirma-
tions and comprise antiparallel a-helices. A group of these regions
are collectively arranged in a curved concave structure with
exposed flexible loop regions (Fig. 1).* The overall Ank structure
allows for incredible versatility in the types of protein-protein
interactions the molecule can direct. Loop regions in each repeat
vary greatly in composition to provide binding specificity while
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the helices provide support for the overall curved structure of the
protein. Thus, Anks can direct many diverse, yet specific, pro-
tein-protein interactions. Stacking of individual repeats gives the
overall Ank structure a flexible and elastic nature that functions
as a spring, providing the versatility required to mediate these
interactions.” Two repeats are necessary for a functional protein-
protein interaction platform as one repeat cannot fold properly.®

Bacterial Anks

Although originally described as eukaryote-specific, many
recent reports have demonstrated the utility of Anks in bacte-
rial infections, particularly those caused by intracellular patho-
gens. Species that encode Anks include Legionella pneumophila,
Anaplasma phagocytophilum, Coxiella burnetii, Rickettsia spp and
Orientia tsutsugamuchi. The unifying feature of these pathogens
is their ability to infect and replicate within eukaryotic cells, in
some cases, in an obligatory fashion. Anaplasma, Rickettsia and
Orientia each require a host cell for their infectious cycle and can-
not currently be cultured in axenic medium. Due to their close
association with host cells, intracellular bacteria adeptly alter
a wide range of host cellular processes to establish a niche that
supports replication. One mechanism by which these pathogens
manipulate their host cell is through the use of a type IV secre-
tion system (T4SS). T4SSs are versatile multi-protein complexes
that translocate a diverse panel of bacterial proteins, termed
“effectors,” directly into the host cytosol where they interact with
host components and are often required for efficient infection.”
Interestingly, the pathogens mentioned above share very few,
if any, common effectors. However, co-evolution of intracellular
bacteria with their eukaryotic hosts has resulted in incorporation
of several common eukaryotic-like motifs/domains into bacterial
effectors.® This is predicted to arise from interdomain horizontal
gene transfer between bacteria and their hosts. Commonly incor-
porated eukaryotic domains include ankyrin repeats, coiled coils
and tetratricopeptide repeats, which regulate protein-protein
interactions in eukaryotic systems. Following translocation into
the eukaryotic cytoplasm, effectors are predicted to bind specifi-
cally to and alter the activity of a host protein(s). Therefore, bac-
teria have shrewdly exploited eukaryotic domains, in particular
ankyrin repeats, to control host responses to infection. Use of the
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Figure 1. Ank protein structure. Anks consist of repeating regions that
adapt a helix-turn-helix configuration containing antiparallel a-helices.
A series of repeats stack into a spring-like curved structure, with
B-loops in each turn playing a crucial role in mediating protein-protein
interactions. The example shown is a 12-repeat region of mammalian
Ankyrin-R, which was solved by Michaely et al.** The structure was
rendered with iMol*® using Protein Data Bank coordinates 1N11.

ankyrin repeat allows the bacterial effector to promote specific
interactions with a host protein, followed by alteration of host
activity either by the simple recruitment or mislocalization of the
protein or via activity of a separate domain present in the effec-
tor. Many examples now exist demonstrating bacterial control
of infection events using Ank effector proteins (Table 1).” Three
intracellular pathogen examples are provided below.

Anaplasma

AnkA from Anaplasma phagocytophilum was the first Ank
described and characterized for an intracellular pathogen.
Anaplasma spp are obligate intracellular pathogens that replicate
in neutrophils and cause human anaplasmosis, a disease that is
not typically life threatening, but causes a debilitating condition
characterized by thrombocytopenia, malaise, fever and head-
ache."’ Inside neutrophils, Anaplasma generates a host-derived
membrane bound vacuole in which to replicate. However, the
pathogen avoids the phagolysosomal maturation pathway prior
to fusion with lysosomes, a condition that would degrade the bac-
terium." Phagosome maturation and other infection events are
likely controlled by secreted T4SS effectors such as AnkA.

The combined efforts of three laboratories have shown that
AnkA is a versatile effector with activity in the host cytoplasm
and nucleus. Caturegli et al. reported the initial identification of
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AnkA as a protein with 11 ankyrin repeats that is recognized by
sera collected from animals infected with A. phagocytophilum.*
Using immunoelectron microscopy, AnkA was observed in both
the host cytoplasm and nucleus, suggesting the protein was
secreted by Anaplasma during infection. This work was followed
by experiments showing that AnkA binds specifically to eukary-
otic DNA and three DNA-associated proteins, suggesting the
effector influences host gene expression.”® Indeed, AnkA inter-
acts with regulatory regions in host chromatin and specifically
downregulates expression of CYBB, or gp91/"*, which encodes
a component of the phagocyte oxidase complex known to tar-
get Anaplasma during intracellular growth."* AnkA activity also
causes downregulation of rac2, mpo, bpi and myc expression, sug-
gesting multiple regulatory features of AnkA in the host nucleus.
Negative regulation of these host response genes is likely critical
for Anaplasma infection and the pathogen efficiently uses one
effector to regulate numerous transcriptional events.

In addition to a regulatory role in transcription, AnkA is
found in the host cytoplasm during infection. Lin et al. showed
that AnkA is delivered to the cytosol via the T4SS and binds
to at least two phosphorylation-related proteins. AnkA binds to
Abl-interactor 1, which recruits the tyrosine kinase Abl-1.” This
interaction allows phosphorylation of AnkA, which occurs early
during the infectious process; however, it is currently unknown
how phosphorylation affects AnkA function. AnkA is also phos-
phorylated by Src kinase and binds to host SHP-1 (Src homology
phosphatase-1) via Src homology domains.'® SHP-1 is a phospha-
tase that controls cellular activation events, including production
of bactericidal reactive oxygen species, which Anaplasma must
combat to survive in its host cell. Phosphorylation by Src kinase
occurs at regions containing the amino acid residues EPIYA
and is required for optimal Anaplasma infection. Presence of
AnkA or phosphotyrosine antibodies inhibits infection, suggest-
ing AnkA is a major Anaplasma virulence factor.” Additionally,
silencing of Abl-1 expression antagonizes infection, demonstrat-
ing the importance of effector interactions with host proteins.
Furthermore, AnkA is recognized by sera from infected humans,
indicating the protein is detected by the host immune response
during Anaplasma infection. Collectively, current AnkA reports
demonstrate the incredible versatility of a single bacterial effector
in mediating transcriptional and post-translational events.

Intracellular pathogens in the same family (Anaplasmataceae)
as A. phagocytophilum also encode Anks. The livestock patho-
gen A. marginale encodes three Anks, including an AnkA homo-
log, that are expressed during infection of mammalian cells.””'®
Additionally, a recent report showed that A. marginale AnkA
is translocated into the host cell cytosol using Legionella as a
surrogate model of secretion.” Ebrlichia chaffeensis is the mac-
rophage-tropic agent of ehrlichiosis, a tick-borne disease similar

20 one of which,

to anaplasmosis. Ehrlichia encodes four Anks,
termed p200, is an immunoreactive protein found in the host
nucleus during infection that interacts with promoters of genes
involved in apoptosis and cytokine production.?! p200 is likely
translocated into the host cytoplasm by the Ehrlichia T4SS; how-
ever, due to difficulty in genetically manipulating the organism,

this has not been shown experimentally.
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Table 1. Ank T4SS effectors with known functions

Number Other domains/  Interacting . Pathogen host
Ank . ; Function References
of repeats motifs host protein cell
Anaplasma
AnkA 1 EPIYAmotif ~ SHP-1, Abi-] Binds eukaryotic DNA, influences CYBB Neutrophil 13-16
expression
Legionella
AnkB 5 F-box domain Parvin B Recrmtmen.t of ublqmtn?a.ted proteins to the 26, 28-30,
Legionella-containing vacuole 33,34
AAl:1kkT ; Unknown Required for intracellular replication Macrophage 22
. Rab1 and Phosphocholine transferase that regulates
Ankx 4 FSCEIuEl Rab35 Rab1 and Rab35 activity =
Coxiella
AnkG 2 p32 (gC1gR) Inhibits apoptosis Macrophage 41
Legionella are unable to replicate efficiently in macrophages and amoeba®®

Legionella pneumophila is a facultative intracellular pathogen
that parasitizes macrophages and causes Legionnaires’ disease,
a pneumonia that causes complications in immunocompro-
mised individuals. Inside susceptible cells, Legionella generates a
phagosome that eludes lysosome fusion and recruits components
of the endoplasmic reticulum. Amazingly, Legionella translocates
over 300 different effectors via its T4SS, making it currently the
most prolific T4SS-producing pathogen. Among these many
effectors are 11 Anks that are conserved among L. pneumophila
strains.”> AnkX contains four ankyrin repeats and is involved in
microtubule-associated transport during Legionella infection.?
When ectopically expressed in mammalian cells, AnkX impairs
microtubule transport of vesicles but does not cause complete
breakdown of the cytoskeletal network. Mutational analysis
revealed that the ankyrin repeats in AnkX are required for dis-
ruption of vesicular transport. In addition to this activity, AnkX
possesses an AMPylation-related FIC domain. FIC domains
direct AMPylation to post-translationally regulate eukaryotic
proteins such as small GTPases.*® Through the use of its FIC
domain, AnkX phosphocholinates Rabl and Rab35 to regulate
their activity.”” Thus, the ankyrin repeats in AnkX likely medi-
ate binding to Rabl and Rab35, allowing close contact for phos-
phocholination to occur. Alteration of these two small GTPases
allows Legionella to regulate host secretory transport that relies
on a propetly functioning microtubule network.

A collection of recent reports defined the function of Legionella
AnkB during infection of macrophages and protozoan hosts.
AnkB contains two ankyrin repeats and a ubiquitination-related
F-box domain.?® F-box-containing proteins form ubiquitination
complexes termed SCFs (Skpl-Cullin-F-box) with eukaryotic
Skpl and Cullin.?” The F-box protein typically recruits the pro-
tein to be ubiquitinated into the SCF complex for modification
by attachment of ubiquitin moieties. AnkB-deficient Legionella
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and do not cause disease in a mouse model of Legionnaires’ dis-
ease.”® AnkB localizes to the host cell periphery and co-localizes
with Skpl, which is a prerequisite for assembling a SCF com-
plex. A portion of AnkB is also found on the cytosolic face of the
Legionella-containing vacuole where the effector regulates recruit-
ment of polyubiquitinated proteins. AnkB’s ankyrin repeats are
predicted to direct binding to a host protein that then is targeted
for ubiquitination and potential degradation via activity of the
F-box domain in the SCF complex. This prediction is supported
by experimental evidence showing the Ank domains® and F-box
region®® of AnkB are needed for optimal Legionella intracellular
replication and decoration of the Legionella-containing vacuole
with ubiquitinated proteins. AnkB recruits at least one protein,
parvin B, but does not increase ubiquitination or degradation of
the protein.’® Parvin B is a member of a family of proteins involved
in cell spreading and motility,? suggesting Legionella modulates
these events during intracellular growth. Optimal AnkB activ-
ity and recruitment of ubiquitinated proteins also requires farne-
sylation, likely via activity of the farnesyltransferase RCE-1.%
Farnesylation of AnkB occurs at a CaaX motif present in the
effector C-terminus® and is independent of the F-box and
ankyrin repeat regions.** Taken together, dissection of AnkB
activity has revealed the potential complexity and versatility of a
single Ank in the context of intracellular pathogenesis.

Finally, AnkH and Ank] are critical for Legionella infection,
as mutations in either encoding gene render the pathogen incapa-
ble of replication in macrophages and amoebal hosts.?? However,
the function of these Anks is currently unknown.

Coxiella
Coxiella burnetii is the highly infectious agent of human Q fever and

targets host phagocytic cells following aerosol-mediated delivery to
alveolar spaces in the lung. Coxiella is unique among intracellular
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bacterial pathogens in that the organism promotes formation of
a replication vacuole that fuses with host lysosomes. However,
harbored organisms are not degraded and bacterial metabolism
is activated by the acidic pH of the vacuole lumen. Coxiella uses
a T4SS to promote vacuole formation, allow intracellular replica-
tion and inhibit host cell apoptosis.**¥ However, the T4SS effec-
tors used by Coxiella to direct these events are largely unknown.
Recent reports have collectively demonstrated translocation of over
60 Coxiella effectors,**3-4 suggesting the pathogen employs a
battery of translocated proteins similar to Legionella. One large
family of Coxiella effectors contain ankyrin repeats and are highly
diverse among isolates that cause differing forms of Q fever.
Eleven proteins of this 15-member Ank family are translocated
by the T4SS**° and several traffic to unique subcellular regions
when ectopically expressed, suggesting they perform specific roles
associated with host components at these sites.*” Although many
Coxiella Anks have been identified, only AnkG has a defined activ-
ity to date. Using a clever experimental approach, Luhrmann et al.
showed that expression of AnkG by Legionella inhibited death of
infected dendritic cells.”” AnkG binds to and inhibits activity of
host p32 (gC1qR), a protein that normally triggers mitochondrial-
dependent apoptosis. Anti-apoptotic effectors like AnkG are critical
for Coxiella infection, as the pathogen potently inhibits apoptosis
of its host cell to provide a viable niche for intracellular growth.4

Untested Bacterial Anks

Finally, a number of additional intracellular pathogens encode
Anks that have not been confirmed as T4SS effectors. Rickettsia
spp cause tick borne infections including Rocky Mountain spot-
ted fever and epidemic typhus.** Collectively, Rickettsia spp
encode numerous Anks, with R. felis alone containing 22 Ank
genes.” Unfortunately, due to a lack of tractable genetic systems,
we do not currently know if rickettsial Anks are T4SS effectors.
Orientia tsutsugamuchi causes scrub typhus and also replicates
in a membrane bound vacuole in host cells. Sequencing of the
Orientia genome demonstrated the presence of an astonishing 50
Ank genes,
to a much further extent than other intracellular pathogens.

suggesting the organism may exploit this domain

Furthermore, a non-pathogenic symbiont of insects, Wolbachia,
encodes 60 Anks,” indicating Anks are not always determinants
of virulence, but can also benefit an organism living in harmony
with its host. Testing of these Anks in a translocation model

should shed light on their viability as bona fide T4SS effectors.

Conclusion

Intracellular bacterial pathogens clearly exploit eukaryotic pro-
tein features to manipulate host cells. Ankyrin repeats are appar-
ently a favored domain, likely due to Ank versatility in directing
protein-protein interactions. We are just beginning to appreciate
the quantity and versatility of bacterial Anks, and further func-
tional characterization will undoubtedly uncover novel cellular
functions critical for intracellular pathogen subversion of the
host response. Currently, several questions remain regarding Ank
function in bacterial pathogenesis. First, which Anks are essen-
tial virulence determinants required for disease presentation in
animals? Data from Legionella AnkB studies in a mouse model
of Legionnaires’ disease suggest Anks are critical for develop-
ment of disease.”® Second, why do pathogens such as Rickettsia
and Orientia encode such a high number of Anks and are these
secreted into the host cytoplasm? It is possible that a high degree
of redundancy exists among these larger Ank families, as has been
suggested for Legionella effectors. Third, what are the interact-
ing host proteins targeted by individual Anks? Finally, can Anks
be used as therapeutic targets to combat infectious diseases?
Originally thought to be masked from the host immune response,
intracellular pathogen effectors may be detected by intracellular
eukaryotic surveillance systems. Additionally, Anaplasma AnkA
and Coxiella AnkG are immunoreactive, suggesting they could
be targeted therapeutically. As mechanistic aspects of bacterial
Ank function are further defined, these questions can be resolved
and Anks should prove quite useful as tools to study eukaryotic
biology. Indeed, molecules designed based on Ank structure hold
promise as inhibitors to treat non-infectious diseases. A new
class of compounds termed DARPins (designed ankyrin repeat
proteins) is being tested as alternatives to monoclonal antibod-
ies to stimulate adaptive immune responses and selectively target
tumor cells.®

Note

An editorial about this paper can be found online at:
www.landesbioscience.com/journals/cellularlogistics/article/ 18984
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