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be expected if no codiversification had occurred
(fig. S4; P = 1.79 × 10−11; t = –6.73, df = 88).

Although mammalian gut microbes are highly
adapted to life in this body habitat, and many
lineages are extremely rare outside of it (29), they
appear to be fairly promiscuous between hosts.
This could account for the spectacular success of
mammals and herbivores in particular: Acquiring
a gut microbiota was not a constraint, and mor-
phological and behavioral adaptations were likely
far more restrictive. One implication of this work
is that the tolerance of the immune system to gut
microbes is a basal trait in mammal evolution.

The global success of humans is based in part
on our ability to control the variety and amount
of food available using agriculture and cookery.
These capabilities have not appreciably affected
the major bacterial lineages that constitute our
gut microbiota: As noted above, fecal samples
from unrelated healthy human samples cluster
with other omnivores (Fig. 1 and fig. S2), with
interpersonal differences (UniFrac distances)
being significantly smaller than the distances be-
tween humans and all other mammalian species
(G = –47.7, P < 0.005, n = 106). Although our
interpersonal differences appear to be smaller
than interspecies differences among mammals,
deeper sampling and analysis will be required to
circumscribe the gut microbial diversity inherent
to humans. This is one of the early goals of the
recently initiated international human micro-
biome project (1).
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Ankyrin Repeat Proteins
Comprise a Diverse Family
of Bacterial Type IV Effectors
Xiaoxiao Pan,1 Anja Lührmann,1* Ayano Satoh,2* Michelle A. Laskowski-Arce,1† Craig R. Roy1‡

Specialized secretion systems are used by many bacteria to deliver effector proteins into
host cells that can either mimic or disrupt the function of eukaryotic factors. We found that the
intracellular pathogens Legionella pneumophila and Coxiella burnetii use a type IV secretion
system to deliver into eukaryotic cells a large number of different bacterial proteins
containing ankyrin repeat homology domains called Anks. The L. pneumophila AnkX protein
prevented microtubule-dependent vesicular transport to interfere with fusion of the
L. pneumophila-containing vacuole with late endosomes after infection of macrophages, which
demonstrates that Ank proteins have effector functions important for bacterial infection of
eukaryotic host cells.

Type IV secretion systems (TFSSs) are mo-
lecular machines used by Gram-negative
bacteria for protein transfer into recip-

ient cells (1). Many bacterial pathogens and
endosymbionts use TFSSs to regulate host pro-
cesses important for survival and replication (2),
and several of these organisms have a large
number of genes encoding proteins with multi-
ple ankyrin repeat homology domains (ARHDs)
(3–7). Infrequently encountered in bacterial pro-

teins but common in eukaryotic proteins,
ARHDs form molecular scaffolds that mediate
protein-protein interactions (8). An Anaplasma
phagocytolyticum protein containing multiple
ARHDs called AnkA (9) and several ARHD
proteins in strains of Wolbachia (10, 11) have
been proposed to be delivered into host cells by
a TFSS (12); however, whether Ank proteins
are bona fide TFSS effectors has not been
established.

Legionella pneumophila and Coxiella burnetii
are both intracellular pathogens that encode
several proteins containing ARHDs and a TFSS
called Dot/Icm (5–7). To test whether ARHD
proteins are TFSS substrates, we measured host
cell translocation of four L. pneumophila Ank pro-
teins fused to a calmodulin-dependent adenylate
cyclase reporter (Cya), using the L. pneumophila
effector RalF as a positive control (13, 14). These
four Ank proteins were delivered into mamma-
lian cells as indicated by a >10-fold increase in
adenosine 3′,5′-monophosphate (cAMP) follow-
ing infection (Fig. 1A). No cAMP increase was
observed when the Cya-Ank proteins were pro-
duced in the L. pneumophila ∆dotAmutant lack-
ing a functional TFSS, which indicates that the
Dot/Icm system is required for Ank protein deliv-
ery into host cells. Thirteen different C. burnetii
proteins with ARHDs were tested for trans-
location with the Cya assay. Genetic ma-
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nipulation of the obligate intracellular patho-
gen C. burnetii is not currently possible, but
the C. burnetii and L. pneumophila Dot/Icm
systems are functionally similar (15, 16), which
suggests that L. pneumophila will deliver
C. burnetii Dot/Icm substrates into host cells.
C. burnetii AnkA, AnkB, AnkF, and AnkG
fusion proteins were efficiently translocated
into host cells by a process requiring the
L. pneumophila Dot/Icm system (Fig. 1B). The
AnkE, AnkH, AnkI, and AnkM proteins were
delivered less efficiently (Fig. 1B). Specific

Ank-encoding RNA transcripts were expressed
during C. burnetii infection (Fig. 1C), which
suggests that protein products should be available
for delivery into host cells by the C. burnetii
Dot/Icm system.

An antibody generated against AnkF con-
firmed that this protein was secreted during
C. burnetii infection of mammalian cells (Fig.
1D), whereas the C. burnetii translation factor
EF-Ts was not and remained associated with
bacteria in the pellet. The amount of secreted
AnkF diminished over time after treatment with

the bacterial protein synthesis inhibitor chlor-
amphenicol, which did not measurably affect
levels of AnkF associated with bacterial cells
(Fig. 1D). The short half-life of secreted AnkF
revealed by chloramphenicol treatment could
be the result of proteasome-mediated degrada-
tion if this protein was translocated into the
host cytosol. Indeed, inhibition of the host
proteasome with MG132 prevented degrada-
tion of secreted AnkF in the chloramphenicol-
treated cells (Fig. 1E), which indicated that se-
creted AnkF was located in the host cytosol.

Fig. 1. Type IV transloca-
tion of bacterial Ank pro-
teins. (A and B) Translocation
of Cya-Ank fusion proteins
derived from L. pneumophila
(A) or C. burnetii (B) into a
stable Chinese hamster ovary
(CHO) cell line producing the
FcgRII receptor (CHO FcgRII
cells) was determined. Results
are means ± SD from three
independent wells. (C) Re-
verse transcription polymerase
chain reaction (RT-PCR) analy-
sis of RNA isolated from C.
burnetii–infected CHO FcgRII
cells. The reverse transcription
reaction was omitted in the
control lanes to test for DNA
contamination. (D) Identifica-
tion of AnkF and EF-Ts in the
indicated fractions isolated
from human foreskin fibro-
blasts that were uninfected
(–) or infected (+) with C.
burnetii and either incubated with chloramphenicol (CM) or left untreated.
Similar results were obtained from two independent experiments. (E)
Identification of secreted AnkF in soluble fractions from human foreskin
fibroblasts infected with C. burnetii that were incubated with chloramphenicol

either in the presence or absence of the proteasome inhibitor MG132 as
indicated for either 1 hour or 2 hours. Controls include untreated cells infected
with C. burnetii, uninfected cells, and actin immunoblots to measure protein
loading. Similar results were obtained from two independent experiments.

Fig. 2. The L. pneumophila AnkX protein is an effector of membrane transport.
(A) Micrographs indicate the differential localization of L. pneumophila Ank
proteins fused to GFP in CHO FcgRII cells. (B) Giantin staining (red) in CHO
FcgRII cells producing the indicated L. pneumophila GFP-Ank proteins (green)
reveals that GFP-AnkX production results in disruption of the Golgi apparatus.
(C) Amino acid positions (below) and the location of four predicted ARHDs (A1to A4) are indicated in the schematic representation of the AnkX
protein. (D) Secretion of alkaline phosphatase (AP) by CHO FcgRII cells producing GFP or the AnkX proteins indicated was measured. The AP index
represents the ratio of secreted AP to the amount of AP that remained cell-associated. Data are the average ± SD from three independent samples.
Asterisks indicate the samples where the secretion of AP was significantly lower than from GFP-producing cells in an unpaired Student’s t test.
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