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Coxiella burnetii, the causative agent of Q fever, is a human intracellular pathogen that utilizes the Icm/Dot type IVB secretion
system to translocate effector proteins into host cells. To identify novel C. burnetii effectors, we applied a machine-learning ap-
proach to predict C. burnetii effectors, and examination of 20 such proteins resulted in the identification of 13 novel effectors.
To determine whether these effectors, as well as several previously identified effectors, modulate conserved eukaryotic pathways,
they were expressed in Saccharomyces cerevisiae. The effects on yeast growth were examined under regular growth conditions
and in the presence of caffeine, a known modulator of the yeast cell wall integrity (CWI) mitogen-activated protein (MAP) kinase
pathway. In the presence of caffeine, expression of the effectors CBU0885 and CBU1676 caused an enhanced inhibition of yeast
growth, and the growth inhibition of CBU0388 was suppressed. Furthermore, analysis of synthetic lethality effects and examina-
tion of the activity of the CWI MAP kinase transcription factor Rlm1 indicated that CBU0388 enhances the activation of this
MAP kinase pathway in yeast, while CBU0885 and CBU1676 abolish this activation. Additionally, coexpression of CBU1676 and
CBUO0388 resulted in mutual suppression of their inhibition of yeast growth. These results strongly indicate that these three ef-
fectors modulate the CWI MAP kinase pathway in yeast. Moreover, both CBU1676 and CBU0885 were found to contain a con-
served haloacid dehalogenase (HAD) domain, which was found to be required for their activity. Collectively, our results demon-
strate that MAP kinase pathways are most likely targeted by C. burnetii Icm/Dot effectors.

Coxiella burnetii is a Gram-negative intracellular pathogen and
the causative agent of Q fever, a zoonotic disease with flu-like
symptoms that may develop into a severe chronic state (1). Typi-
cally, humans are infected with C. burnetii by inhalation of con-
taminated aerosols containing the bacteria that are shed by do-
mestic ruminants (2). Due to its low infectious dose and
environmental stability, wild-type C. burnetiihas been classified as
a category B select agent by the U.S. Centers for Disease Control
and Prevention (3, 4).

C. burnetii utilizes an Icm/Dot type IVB secretion system,
which has been shown to be required for its intracellular growth in
human macrophages (5, 6). The Icm/Dot secretion system was
first identified in the evolutionary closely related intracellular
pathogen Legionella pneumophila, the causative agent of Legion-
naires’ disease, where it was found to be essential for all aspects of
its pathogenesis (reviewed in references 7 and 8). The Icm/Dot
secretion systems of C. burnetii and L. pneumophila are very sim-
ilar in their gene content and organization (9, 10), and several of
the Icm/Dot components of these two pathogens were shown to
be functionally similar (11, 12). Both the C. burnetii and L. pneu-
mophila Icm/Dot secretion systems were shown to translocate
proteins, termed effectors, into host cells, but their arsenals of
effectors were found to be different. This difference probably leads
to their different intracellular lifestyles: C. burnetii resides within a
phagosome that traffics through the endocytic pathway and ma-
tures into an acidic phagolysosome-like compartment (reviewed
in references 13 and 14), whereas L. pneumophila inhibits phago-
some-lysosome fusion, and its phagosome matures into an endo-
plasmic reticulum-like compartment (reviewed in references 7
and 8). This different intracellular habitat most likely leads to
another difference in the functionality of the Icm/Dot secretion
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system: C. burnetii effectors were found to translocate into host
cells only 8 h postinfection (after the acidification of its vacuole),
in contrast to L. pneumophila effectors, which were shown to be
translocated minutes postinfection (6, 15).

Extensive study of the Icm/Dot secretion system of L. preurmo-
phila has led to the identification of about 300 effector proteins,
which represent about 10% of its proteome (reviewed in refer-
ences 16 and 17). To date, about 100 effector proteins have been
identified in C. burnetii, which constitute about 5% of its pro-
teome. The C. burnetii effector proteins were identified thus far
based on different criteria, including (i) existence of eukaryotic
motifs such as ankyrin domains (18, 19), (ii) presence of a PmrA
binding site in their upstream regulatory region (20, 21), (iii)
identification of their C-terminal translocation signal (17), and
(iv) location on plasmids (22, 23). Most intriguingly, most of the
effectors identified are unique proteins not present in any other
sequenced organism (24, 25).
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Although the functions of most of the C. burnetii effectors are
currently unknown, the functions of a few effectors have been
determined. Three effectors (AnkG, CaeA, and CaeB) were shown
to inhibit apoptosis in macrophages (26, 27), and an additional
effector, CvpA, was found to subvert clathrin-mediated vesicular
trafficking (28). Important clues for possible additional functions
that might be performed by Icm/Dot effectors came from several
studies that investigated the host pathways and factors required
for C. burnetii intracellular growth. In one study, a genome-wide
screen was performed using gene silencing by small interfering
RNA. This screen identified several host factors which affect C.
burnetii intracellular growth, including components of the retro-
mer complex, small GTPases Rab5A and Rab7A, subunits of the
vacuolar-type H ATPase, and syntaxin-17, a member of the
SNARE protein family (29). Another screen examined the role of
eukaryotic kinase signaling in the establishment of the C. burnetii
phagosome. Inhibition of 11 kinases, including protein kinase C
(PKC) and protein kinase A (PKA), altered phagosome formation
and prevented pathogen growth (30). In addition, another study
determined the phosphorylation state of multiple host proteins
during C. burnetii infection. This study identified increased levels
of three proteins during C. burnetii infection: (i) phosphorylated
extracellular signal-regulated kinase 1/2 (Erk1/2), which is part of
a mitogen-activated protein (MAP) kinase pathway; (ii) P38
(which is also part of a MAP kinase pathway); and (iii) Akt (31).

The study of effectors in many bacterial pathogens is challeng-
ing due to functional redundancy among effectors, as well as due
to the lack of genetic systems in some pathogens. One way to
overcome these difficulties is the use of the yeast Saccharomyces
cerevisiae as a eukaryotic model system to study effector proteins
(32-34). The yeast system has been very useful in the study of
effectors that manipulate phosphorylation cascades in eukaryotic
cells, such as the MAP kinase pathways (32). Effectors from several
bacterial pathogens, including Shigella flexneri (IpgB2 and OspF)
(35, 36), Yersinia species (Yop]) (37), Vibrio parahaemolyticus
(VopA) (38), and Pseudomonas syringae (HopX1) (39), target
MAP kinase signaling pathways, and their functions were discov-
ered using genetic analyses in yeast.

The goal of this study was to identify novel C. burnetii effectors
by using the powerful machine-learning approach that was used
previously to identify L. pneumophila effectors (40) and then to
functionally characterize the newly identified effectors using yeast
genetics. We identified 13 novel C. burnetii effectors, and func-
tional characterization in yeast demonstrated that three C. bur-
netii effectors are involved in modulating a MAP kinase pathway.

MATERIALS AND METHODS

Data sets used for machinelearning. For each of the threelearning phases
(see Results), the open reading frames (ORFs) of C. burnetii Nine Mile
phase Il RSA493 were divided into three sets: (i) validated effectors, which
in the first learning phase included effectors that were validated in previ-
ous studies and in the subsequent learning phases included additionally
newly identified effectors from this study and from studies published in
the course of this research (see Data Set S1 in the supplemental material);
(ii) noneffectors, a manually curated set of 750 ORFs whose annotation
suggests that they are highly unlikely to be effectors (see Data Set S1 in the
supplemental material); and (iii) unknowns, the rest of the ORFs in the
genome. The genomic sequences used for the bioinformatic analyses were
C. burnetii Nine Mile phase IT RSA493 (accession numbers NC_002971
and NC_004704), Homo sapiens NCBI Build 36.3, Bos taurus NCBI Build
4.1, and L. pneumophila (accession number NC_002942).
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TABLE 1 Features used in the machine-learning scheme

Importance in

Feature group” features Ist  2nd  3rd

Similarity to known C. burnetii effectors 2 3

Similarity to known Legionella effectors 2 4 3 4

Similarity to any C. burnetii ORF 2

Similarity to any L. pneumophila ORF 2 2 1 1
excluding effectors

Similarity to host proteins

C-terminal translocation signal 1 1 3

Amino acid composition 28 5 2 2

Regulatory elements 1 5 5

Protein topology 11

Genome organization 7

Protein length 1

GC content 1

@ Short description of the different feature groups. Similarity to host proteins includes
homology to proteins present in the human and cow genomes. The C-terminal signal
was calculated according to the HSMM Icm/Dot translocation signal score (17). Amino
acid composition includes content of single amino acids and groups of amino acids
along the entire protein length. Regulatory elements score for the PmrA binding site.
Protein topology includes predictions for transmembrane and coiled-coil domains.
Genome organization takes into account the distance between effector-encoding genes.
b The numbers indicate the ranks of the top five feature groups that contributed the
most to each of the three learning phases.

Features used for machine learning. For each ORF, 62 features mea-
suring different characteristics were measured (see Data Set S2 in the
supplemental material). These included protein sequence similarity to
known C. burnetii and Legionella effectors; sequence similarity to any C.
burnetii or L. pneumophila ORF excluding effectors; sequence similarity to
host proteins (human and cow); analysis of the Icm/Dot C-terminal
translocation signal (17); protein length; protein topology, including
transmembrane regions, coiled-coil domains, and myristoylation motif;
GC content; regulatory elements; and amino acid composition, including
single amino acids, different combinations of amino acids, and similarity
of the profile of amino acids to the amino acid profile of C. burnetii effec-
tors. Table 1 presents the groups of features, and Data Set S2 in the sup-
plemental material details each one of the features.

Feature computation for machine learning. For sequence similarity,
two measures were used: (i) the BLAST hit score of the most similar hit
and (ii) the number of BLAST hits with E values lower than 0.01. For the
regulatory element score, we used the PmrA position-specific scoring ma-
trix (PSSM) from reference 20. The PmrA score was the highest log PSSM
score within the region from 150 nucleotides (nt) upstream to 50 nt
downstream of the ORF start codon. Amino acid composition was calcu-
lated as the percentage of the protein that consists of the relevant amino
acid or group of amino acids. For each amino acid, we computed a score
by taking the log of the likelihood ratio between its frequency in effectors
and that in noneffectors. The similarity of a given ORF in terms of amino
acid composition to effectors was calculated as the average of this score
over all amino acids within that ORF. Protein topology-related features
were calculated as follows. The myristoylation motif was predicted based
on the existence of CAAX in the amino acid sequences. Coiled-coil regions
were computed using COILS (41), and transmembrane regions were
computed using HMMTOP (42). The Icm/Dot translocation signal was
computed using the hidden semi-Markov model (HSMM) described in
reference 17 with the C. burnetii proteome as background.

Machine-learning scheme. The features of the training set comprising
the known effectors and the noneffectors were used to train four classifi-
ers: (1) naive Bayes (43, 44); (ii) Bayesian networks (45), using the Tree
Augmented Bayes Network (TAN) search algorithm (46) to search for
network structure; (iii) support vector machine (SVM) (47, 48), with a
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radial basis function (RBF) kernel; and (iv) random forest (49). The
“Wrapper” procedure for feature selection (50) was carried out for each
classifier, excluding random forest, which performs feature selection in-
ternally. The performance of each classifier was estimated using the mean
area under the precision-recall curve (AUPRC) over 10-fold cross-valida-
tion. The final classification score of an ORF was a weighted mean of its
scores from the four classifiers trained on the full training set. The perfor-
mance estimate of each classifier was used as the classifier’s weight. For
random forest, we used the randomForest R package (51), based on the
original Fortran implementation by Breiman (49). For the other classifi-
ers, the WEKA Java library was used with default parameters unless oth-
erwise stated. Feature importance was estimated by random forest (49).
The AUPRC values were calculated using AUCCalculator 0.2 (52).

Bacterial and yeast strains, plasmids, and primers. The C. burnetii
strain used in this study was Nine Mile phase II RSA493 (53). The L.
pneumophila wild-type strain used in this study was JR32, a streptomycin-
resistant, restriction-negative mutant of L. pneumophila Philadelphia-1,
which is a wild-type strain in terms of intracellular growth (54); also used
was a mutant strain derived from JR32, which contains a kanamycin (Km)
cassette instead of the icrn T gene (GS3011) (12). The E. coli strain used was
MC1022 (55). The S. cerevisiae wild-type strain used in this study was
BY4741 (MATa his3A leu2A metl5A ura3A), and we also used mutant
strains derived from BY4741 (56), which contain a G418 cassette instead
of the bek1, mkk1, mkk2, mpk1, hogl, kdx1, kss1, fus3, or smkl1 gene (kindly
provided by Martin Kupiec, Tel Aviv University). Plasmids and primers
used in this work are listed in Tables S1 and S2 in the supplemental ma-
terial, respectively.

Construction of CyaA and 13X myc fusions. In order to construct
CyaA fusions, the pMMB-cyaA-C (20) vector, which contains a polylinker
under Ptac control at the end of the cyaA gene, was used. The pPGREG523
or pGREG525 vector was used for the overexpression of 13X myc-tagged
effectors in yeast (57). These vectors contain a polylinker under the yeast
GALLI promoter at the end of a 13X myc tag. The C. burnetii genes exam-
ined were amplified by PCR using a pair of primers containing suitable
restriction sites (see Table S2 in the supplemental material). The PCR
products were subsequently digested with the relevant enzymes and
cloned into pUC-18 to generate the plasmids listed in Table S1 in the
supplemental material. The plasmid inserts were sequenced to verify that
no mutations were introduced during the PCR. The inserts were then
digested with the same enzymes and cloned into the suitable plasmids
described above to generate the CyaA and 13X myc fusions (see Table S1
in the supplemental material).

Site-directed mutagenesis. Site-specific mutants in the putative halo-
acid dehalogenase (HAD) domain of CBU0885 and CBU1676 were con-
structed by the PCR overlap-extension approach (58) as described in ref-
erence 20. The primers CBU0885M-F and CBU0885M-R (see Table S2 in
the supplemental material) were used to generate pZB-CBU0885-
GREG-M, and the primers CBU1676M-F and CBU1676M-R (see Table
S2 in the supplemental material) were used to generate pZB-CBU1676-
GREG-M.

CyaA translocation assay. Differentiated HL-60-derived human
macrophages plated in 24-well tissue culture dishes at a concentration of
2.5 X 10° cells/well were used for the assay. Bacteria were grown on char-
coal yeast extract (CYE) agar plates containing chloramphenicol for 48 h.
The bacteria were scraped off the plates and suspended in N-(2-acet-
amido)-2-aminoethanesulfonic acid (ACES)-buffered yeast extract
(AYE) medium, the optical density at 600 nm (ODy,,) was adjusted to 0.2
in AYE medium containing chloramphenicol, and the resulting cultures
were grown on a roller drum for 17 to 18 h until they reached an ODy,, of
about 4 (stationary phase). The bacteria were then diluted in fresh AYE
medium to obtain an ODg, of 0.2 and grown for 2 h. Isopropyl-3-p-1-
thiogalactopyranoside (IPTG) was added to a final concentration of 1
mM, and the cultures were grown for an additional 2 h. Cells were infected
with bacteria harboring the appropriate plasmids at a multiplicity of in-
fection (MOI) of approximately 4, and the plates were centrifuged at
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180 X g for 5 min, followed by incubation at 37°C under CO, (5%) for 2
h. Cells were then washed twice with ice-cold phosphate-buffered saline
(PBS) (1.4 M NaCl, 27 mM KCl, 100 mM Na,HPO,, 18 mM KH,PO,)
and lysed with 200 ! of lysis buffer (50 mM HCI, 0.1% Triton X-100) at
4°C for 30 min. Lysed samples were then boiled for 5 min and centrifuged
for 10 min. The samples were neutralized with NaOH, and 110 pl of each
sample was then transferred to a new tube followed by an addition of 220
wl cold ethanol (95%). Samples were then centrifuged for 5 min at 4°C,
and the supernatant was transferred to a new tube and stored at —20°C
until the next step was performed. The samples were dried in a Speed-Vac
and suspended in 110 pl of sterile double-distilled water (DDW). Samples
were incubated at 42°C for 5 min, followed by 5 min of incubation at room
temperature. The levels of cyclic AMP (cAMP) were determined using the
cAMP Biotrak enzyme immunoassay system (Amersham Biosciences) ac-
cording to the manufacturer’s instructions.

C. burnetii reverse transcription-quantitative PCR (RT-qPCR). C.
burnetii Nine Mile phase II RSA493 was grown in ACCM-2 axenic me-
dium (59, 60) at 37°C, with 5% CO, and 2.5% O,. Samples were taken at
3 days (exponential phase) or 6 days (post-exponential phase), and bac-
teria were collected by filtration. Filters were flash frozen and stored at
—80°C. For intracellular samples, HEK293T cells (ATCC CRL-11268)
were infected with ACCM-2-grown C. burnetii at an MOI of 10 as de-
scribed in reference 61. After 14 h, the cells were washed with PBS to
remove extracellular bacteria. The infected cells were collected 3 days
(exponential phase) and 7 days (post-exponential phase) after infection.
Medium was replaced with RNALater (Ambion), cells were lysed in 1%
(wt/vol) saponin (Sigma), and the pellet was flash frozen and stored at
—80°C. Bacterial RNA was isolated with TRIzol (Invitrogen), and cDNA
was produced using the iScript Select kit (Bio-Rad) according to the man-
ufacturer’s instructions. The qPCR was performed using SYBR green re-
agents and the StepOne Plus system (Applied Biosystems). Primers for
qPCR were designed using Primer3 and are listed in Table S2 in the sup-
plemental material. The threshold cycle (AC;) was calculated for each
RT-PCR product with the corresponding 16S value. The starting quantity
was calculated by raising 2 to the power of the C,. Biological triplicates
were averaged for each growth condition. Using Cluster 3.0, the data were
log, transformed and the gene expression values were centered around the
mean. Distances between genes were calculated using the Pearson corre-
lation coefficient (correlation uncentered), and hierarchical clustering
was done using average linkage. The heat map was generated using Java
Treeview (62).

Yeast growth assay. C. burnetii effector-encoding genes were cloned
under the GAL1 promoter in the pGERG523 and pGREG525 yeast over-
expression vectors as described above. Plasmids were transformed into
yeast cells using a standard lithium acetate protocol (63), and transfor-
mants were selected for histidine prototrophy on minimal synthetic de-
fined (SD) dropout plates. Resulting transformants were then grown
overnight in liquid SD culture medium at 30°C, cell number was adjusted,
and a series of 10-fold dilutions was made. The cultures were then spotted
onto the respective SD dropout plates containing 2% glucose or galactose.
When indicated, the plates were supplemented with 1 M NaCl (Merck) or
2 mM caffeine (Sigma).

Yeast -galactosidase assays. Yeast strains containing the 2X Rlm1-
lacZ reporter plasmid (64) (kindly provided by Guido Sessa, Tel Aviv
University) were cotransformed with the plasmids expressing the effec-
tors or with a vector control. Cells were grown overnight in SD medium
containing 2% glucose and then diluted in fresh SD medium containing
2% glucose and grown for an additional 4 h to reach an OD,, 0f 0.8 to 1.
Cultures were then washed and divided into two tubes containing 1 ml of
fresh SD medium containing 2% galactose. One culture was transferred to
a preheated SD medium at 39°C (heat shock), and the second was kept at
30°C. The cultures were incubated for 1 h at the indicated temperatures,
and their ODy, levels were determined. The cells were then subjected to
a B-galactosidase assay. The cultures were centrifuged and resuspended in
1 ml of Z buffer (0.06 M Na,HPO,, 0.04 M NaH,PO,, 0.01 M KCI, 0.001
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M MgSO,, 0.05 M B-mercaptoethanol, pH 7) followed by the addition of
5wl 0£0.1% sodium dodecyl sulfate (SDS) and 3 drops of chloroform. The
cultures were immediately vortexed for 10 s and placed in a 28°C water
bath for 5 min. The 3-galactosidase activity was determined as described
in reference 65.

Western blot analysis. For all protein fusions described above, the
formation of a fusion protein with a proper size was validated by Western
blotting using anti-CyaA antibody 3D1 (Santa Cruz Biotechnology, Inc.)
for CyaA fusions or the anti-myc antibody 9E10 (Santa Cruz Biotechnol-
ogy, Inc.) for the 13X myc fusions. Anti-actin antibody C14 (MP Bio-
medicals, Inc.) was used as a loading control for the 13X myc fusions
expressed in yeast.

RESULTS

Machine-learning scheme. We predicted novel C. burnetii Nine
Mile phase I RSA493 Icm/Dot effectors using a machine-learning
approach similar to the one that we previously used to predict
effectors in L. pneumophila (40). We improved our machine-
learning scheme by including an additional powerful classifier,
random forest (49), and by weighting the vote of each classifier
based on its estimated performance (see Materials and Methods).
Additionally, we adapted and significantly enlarged the set of fea-
tures taken into account for effector prediction. The features used
in this study included sequence similarity to known Coxiella and
Legionella ORFs and effectors, similarity to host proteins, Icm/Dot
translocation signal, GC content, amino acid composition, ge-
nome organization, protein topology, gene regulation, and more.
Table 1 summarizes the feature groups used, and a detailed de-
scription of the features is presented in Data Set S2 in the supple-
mental material. In our analyses, we excluded proteins shorter
than 35 amino acids, since these are unlikely to encode genuine
effectors. We also excluded ORFs considered pseudogenes ac-
cording to other C. burnetii isolates, since we wanted to investigate
effectors with similar functions across the different C. burnetii
isolates (25). To examine effector translocation, we used the well-
established L. pneumophila model of Icm/Dot translocation that
was shown to correlate entirely with effector translocation by C.
burnetii (21, 24, 25). We conducted two learning and validation
phases and a third final learning phase to predict additional puta-
tive effectors.

Learning and validation phase 1. The training set of the first
learning phase included 65 known effectors (the effectors used in
each phase are listed in Data Set S1 in the supplemental material).
The machine-learning analysis resulted with a list of predictions
ranked by their score, and we decided to include in our analysis the
67 ORFs that obtained a score of 0.7 or higher. These 67 genes
included 50 already known effectors and three genes that were
previously shown not to translocate into host cells (17, 25), as well
as 14 newly predicted effectors (see Data Set S3 in the supplemen-
tal material). We cloned these 14 genes and were able to obtain
fusion proteins of proper size for 13 of them (see Data Set S3 in the
supplemental material). Next, these 13 fusion proteins were tested
for translocation using the CyaA reporter system; all of them were
expressed at similar levels in the wild-type strain JR32 and in the
icmT deletion mutant, and 10 of them (CBU0113, CBU0978,
CBU1063, CBU1387, CBU1409, CBUl634a, CBUI1676,
CBU1794, CBU1818, and CBU2013) exhibited IcmT-dependent
translocation (Fig. 1 and Table 2).

Learning and validation phase 2. The 10 newly validated ef-
fectors from the first learning phase were added to the training set
of the second learning phase as well as two additional effectors
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reported during our work (22) (see Data Set S1 in the supplemen-
tal material), generating a list of 77 effectors. The machine-learn-
ing analysis scored all the genes in the genome, and this time, we
analyzed the 71 ORFs that obtained a score of 0.76 or higher.
These 71 genes included 62 already known effectors, two ORFs
that were found not to translocate in the first learning phase, and
the single ORF that we were unable to clone for the first learning
phase, as well as six newly predicted effectors (see Data Set S3 in
the supplemental material). We cloned these six genes and were
able to obtain CyaA fusion proteins of proper size for all of them.
Next, these six fusion proteins were tested for translocation using
the CyaA reporter system, and three of them (CBU0062,
CBU1370, and CBU2007) also exhibited IcmT-dependent trans-
location (Fig. 1 and Table 2).

Learning phase 3. In total, we discovered 13 novel C. burnetii
effectors and these novel effectors were termed Cem for Coxiella
effector identified by machine learning. These effectors are listed
in Table 2, which includes information regarding homologs in
other C. burnetii strains, paralogs within C. burnetii, and protein
sequence motifs. The number of validated C. burnetii effectors at
the end of the second validation phase was 80. At the same time
that this work was being carried out, a study that identified 43 C.
burnetii effectors was published (21). Three of these 43 effectors
were also identified in our study (CBUO113, CBU2007, and
CBU2013). Due to this significant increase in the number of C.
burnetii effectors, we decided to perform a third learning phase for
which no experimental validation was performed. This learning
phase included 120 validated C. burnetii effectors (see Data Set S1
in the supplemental material). In this machine-learning phase, 86
ORFs obtained a score of 0.8 and higher. These 86 ORFs included
70 validated effectors, two ORFs that were found not to translo-
cate in the first learning phase, and the single ORF that we were
unable to clone in the first learning phase as well as 13 newly
predicted effectors (see Data Set S4 in the supplemental material).
The relatively good accuracy of our predictions (68%) suggests
that more than half of these 13 newly predicted effectors (listed in
Data Set S4 in the supplemental material) probably encode effec-
tor proteins.

Feature groups that contributed the most to effector identi-
fication. The features used as input to the machine-learning clas-
sifiers described above were divided into 12 groups (Table 1),
which include 62 features (see Data Set S2 in the supplemental
material). Examination of the features’ importance indicated that
features that belong to six of these groups were the ones that con-
tributed the most to the learning. These were similarity to known
C. burnetii effectors, similarity to known Legionella effectors, sim-
ilarity to any L. pneumophila ORF excluding effectors, the C-ter-
minal signal, amino acid composition, and regulatory elements.
The feature group of similarity to any L. pneumophila ORF exclud-
ing effectors includes two features, (i) BLAST score of best hit
against a database of all L. pneumophila proteins excluding effec-
tors and (ii) number of BLAST hits with E values of <0.01 against
a database of all L. pneumophila proteins excluding effectors, and
both were found to be strong negative features. This result indi-
cates that if a C. burnetii ORF has a homologous protein in L.
pneumophila that is not an effector, the C. burnetii ORF is proba-
bly not an effector protein as well. Four other feature groups—
similarity to known C. burnetii effectors, similarity to known Le-
gionella effectors, C-terminal signal, and regulatory elements—
were all found to be strong positive features. Another feature
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FIG 1 Icm/Dot-dependent translocation of C. burnetii novel effectors identified by the machine-learning approach. The L. pneumophila wild-type strain JR32
(gray bars) and the icmT deletion mutant GS3011 (white bars) harboring the CyaA fusion proteins (indicated below each bar) were used to infect HL-60-derived
human macrophages, and the cAMP levels of the infected cells were determined as described in Materials and Methods. Vector control is indicated as “vec.” The
bar heights represent the mean amounts of cAMP per well obtained in at least three independent experiments; error bars indicate standard deviations. The
effectors were divided according to the levels of the cAMP obtained in the wild-type L. pneumophila strain. The cAMP levels of each fusion were found to be
significantly different (¥, P < 0.001, paired Student’s ¢ test) between the wild-type strain and the icmT deletion mutant. The C. burnetii novel effectors were
examined by Western analysis for their expression in the wild-type strain JR32 (left) and the icmT deletion mutant GS3011 (right) using an anti-CyaA antibody.

group, amino acid composition, contains 28 features, only three
of which were found to have a significant contribution to the
classification: (i) similarity to the amino acid composition of
known C. burnetii effectors; (ii) combined content of serine, as-
paragine, glutamic acid, and lysine; and (iii) combined content of
valine, alanine, glycine, and isoleucine. The first two features were

TABLE 2 C. burnetii effectors identified in this study

found to be positive, and the third one was found to be negative.
The first feature in this group compares the overall amino acid
profile of an ORF to the one of effectors. The two other features
were generated since we observed that the amino acids serine,
asparagine, glutamic acid, and lysine are more abundant in effec-
tors than in noneffectors and that valine, alanine, glycine, and

Homolog(s) in:

Predicted
Locus” Name Size (aa) domain® CbuD CbuG RSA331 RSA334 A35 CbuK
CBU0062 Ceml 501 J domain 2044 A0133 B0120
CBUO0113 Cem2 70 1994 1899 A0202 1971
CBU0978 Cem3 155 1069 1027 A0960 1005 A0892 0861
CBU1063 Cem4 468 1164 0941 A0871 1085
CBU1370 Cem5 328 1457 0643 Al1526 1420
CBU1387 Cem6 216 0607 0624 Al1546 0581 Al424 1458
CBU1409 Cem?7 278 0587/0588 1480/1482
CBU1634a Cem8 49 0363 0388 Al1819 0323 A1677 1857
CBU1676 Cem9 361 HAD 0325 0345
CBU179%4 Ceml0 272 0020 0172 A1991 A1939 0087
CBU1818 Ceml1 481 0047 0191 A2017 2106 A1966 0114
CBU2007 Ceml2 395 2108 2016 A0078 2172 A2130 2058
CBU2013 Ceml3 365 2113 2022 A0073 2177 A2135 2064

“ CBU1409 has two paralogs in strains CbuD and CbuK; CBU1676 has a paralog (CBU0885) in C. burnetii RSA493. The effectors CBU0113, CBU2007, and CBU2013 were also

identified by others during the course of this study (21).

b J-domain, domain of the HSP70 interaction site; HAD, haloacid dehalogenase-like superfamily that includes many types of phosphatases.
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FIG 2 Gene expression levels of the C. burnetii effectors identified. Gene
expression levels of C. burnetii effectors were determined during growth in
ACCM-2 axenic medium and in HEK293T cells. The heat map shows the
logarithm of expression values of the 13 effectors validated in this study as well
as two previously identified effectors (CBU1751 and CBU0635). The values are
the RNA levels normalized to 16S RNA levels during exponential (E) and
post-exponential (PE) phases as described in Materials and Methods.

isoleucine are the least abundant in effectors. The reason for this
difference in amino acid profile between effectors and noneffec-
tors is currently not known, but a possible explanation is that the
requirement of effectors to unfold during translocation by the
Icm/Dot transporter (66) and to refold with their C-terminal ends
exposed generated evolutionary constraints that affect the amino
acid composition of the effector proteins.

The newly identified C. burnetii effectors are expressed dur-
ing infection. In order to determine whether the 13 newly vali-
dated effectors (listed in Table 2) are expressed in C. burnetii, the
levels of their mRNA were measured using RT-qPCR with C. bur-
netii Nine Mile phase II grown in ACCM-2 axenic medium as well
as in HEK293T cells (see Materials and Methods). The levels of
expression of these effector-encoding genes were compared to
those of two known C. burnetii effector-encoding genes
(CBU1751-coxDFB5 and CBU0635) (24, 25) (Fig. 2). Two main
patterns of expression were obtained (Fig. 2). Three effectors
(CBU1063, CBU1634a, and CBU1794) were found to have a
higher level of expression at the post-exponential growth phase
when examined in vivo in HEK293T cells. Several of the other
effectors had a pattern of expression similar to those of two pre-
viously identified C. burnetii effectors (Fig. 2). These results indi-
cate that all the newly validated effector-encoding genes are ex-
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Gal + Caff

CBU1676
CBU0885
CBU0388

Vector

— ==

CBU1409 CBU1818 CBU1676 CBU0885 CBU0388

FIG 3 The growth inhibition effect of three C. burnetii effectors was altered in
the presence of caffeine. (A) The C. burnetii effectors (indicated on the right)
were cloned under the GAL1 promoter and grown on plates containing glu-
cose (Glu), galactose (Gal, inducing conditions), or galactose supplemented
with 2 mM caffeine (Gal + Caff) in the wild-type S. cerevisiae BY4741.
PGREG523 (Vector) was used as a negative control. (B) The protein levels of
the C. burnetii effectors, indicated below each pair, on a galactose-containing
plate (left) and a galactose- and caffeine-containing plate (right) were deter-
mined by Western analysis using anti-myc antibody. Actin was used as a load-
ing control.

pressed in C. burnetii during growth in host cells as well as during
growth in axenic medium.

One of the C. burnetii effectors inhibits yeast cell growth.
With the aim of obtaining a first indication for the function per-
formed by the newly identified C. burnetii effectors (listed in Table
2), they were cloned under the control of the galactose-inducible
promoter (GAL1 promoter) and expressed in the yeast S. cerevi-
siae. It was previously shown, using effectors from various patho-
genic bacteria, including C. burnetii and L. pneumophila, that ec-
topic expression of effectors sometimes results in inhibition of
yeast growth (21, 25, 32, 33, 67, 68). Yeast growth inhibition sug-
gests that a conserved and essential eukaryotic process that is
modulated by the effector in the host cell was also modulated in
the yeast cell, resulting in inhibition of yeast cell growth (33, 34,
67, 69). Examination of the 13 newly identified C. burnetii effec-
tors (CBU0062, CBUO113, CBU(0978, CBU1063, CBU1370,
CBU1387, CBU1409, CBUI1634a, CBUI1676, CBU1794,
CBU1818, CBU2007, and CBU2013) in yeast revealed that all of
them were expressed (Fig. 3B and data not shown), and one effec-
tor (CBU1818-Cem11) inhibited yeast growth (Fig. 3A; see also
Fig. S1 in the supplemental material). This result indicates that
this effector affects a conserved eukaryotic process that is growth
limiting under regular yeast growth conditions.

Three C. burnetii effectors had an altered effect on yeast
growth in the presence of caffeine. It was previously shown that
effectors can target a pathway that is conserved but is not normally
rate limiting for yeast growth (32, 33). To examine whether this
situation also occurs with the C. burnetii effectors that we identi-
fied, yeast strains expressing the 13 newly identified effectors
(listed in Table 2) were grown in the presence of two well-charac-
terized yeast stressors: caffeine and NaCl. These two stressors were
chosen since they were previously shown to affect MAP kinase
pathways in yeast, and these pathways are important for C. bur-
netii infection (see the introduction). Caffeine has pleiotropic ef-
fects on yeast: it activates the cell wall integrity (CWI) MAP kinase
pathway, and growth sensitivity to caffeine is often associated with
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defects in components of this pathway (64, 70). NaCl is an osmotic
stressor that activates the high-osmolarity glycerol (HOG) MAP
kinase pathway and is highly toxic to mutants of this pathway (71,
72). The addition of NaCl to the medium did not result in clear
changes in the growth of yeast expressing the effectors examined
(see Fig. S1 in the supplemental material). However, the addition
of caffeine resulted in a marked change in the phenotype of one
effector (CBU1676-Cem9) (Fig. 3A). CBU1676 did not inhibit
yeast growth under standard growth conditions, but in the pres-
ence of caffeine, its expression severely inhibited yeast growth
(Fig. 3A). As indicated in Table 2, CBU1676 has a homologous
effector in C. burnetii (CBU0885-CetCb4). The results obtained
with CBU1676 directed us to examine the effect of CBU0885 on
yeast growth under regular growth conditions and after the addi-
tion of caffeine (Fig. 3A). Interestingly, the expression of
CBU0885 under regular growth conditions moderately inhibited
yeast growth, an effect that was markedly enhanced with the ad-
dition of caffeine (Fig. 3A). Examination of the levels of expression
of these effectors on plates containing galactose with and without
the addition of caffeine indicated that the effectors were expressed
at similar levels under the two conditions (Fig. 3B). These results
indicate that both the CBU1676 and CBU0885 effectors interfere
with the ability of the yeast cells to respond to the addition of
caffeine and that therefore their expression results in inhibition of
yeast growth under these conditions.

In previous work from our group, several C. burnetii effectors
were expressed in yeast cells and were examined for their inhibi-
tion of yeast growth under regular and stress conditions (unpub-
lished results). In this screen, we identified a C. burnetii effector
(CBU0388-CetCb2) that strongly inhibits yeast growth under reg-
ular growth conditions (Fig. 3A). Remarkably, its effect on yeast
growth was completely suppressed in the presence of caffeine (Fig.
3A). This effect was not a result of changes in the level of expres-
sion of this effector under the different conditions since similar
levels of expression were observed with and without caffeine (Fig.
3B). This intriguing result led us to include CBU0388 in the forth-
coming analyses since it might have an opposite function from the
one mediated by the effectors CBU1676 and CBU0885 described
above.

Three C. burnetii effectors modulate a MAP kinase pathway
in yeast. Yeast cells treated with caffeine require the CWI MAP
kinase pathway, which activates an adaptation response by induc-
ing the expression of proteins that allow the yeast to grow in the
presence of caffeine (64, 70). This pathway consists of a cascade of
phosphorylation reactions initiated with the GTPase Rhol, which
activates Pkcl, which in turn activates a basic three-protein kinase
module. This module includes the MAP kinase-kinase-kinase
Bck1 that phosphorylates and thus activates two redundant MAP
kinase-kinases (MAPKKs) (Mkkl and Mkk2) that then phos-
phorylate and thus activate the MAP kinase Mpk1 (70) (Fig. 4A).
Deletion of either mpkl or bckl results in yeast strains that are
hypersensitive to caffeine (73) (Fig. 4B). Therefore, we decided to
test for possible relationships between these three C. burnetii ef-
fectors and the CWI MAP kinase pathway.

To test whether CBU1676 and CBU0885 modulate the CWI
MAP kinase pathway, these effectors were transformed into the
bekIA, mkk1A, mkk2A, and mpklA mutants and assayed for their
effect on yeast growth (Fig. 4C). The bck1A and mpklA mutants
expressing these effectors showed increased inhibition of yeast
growth in comparison to the wild-type yeast strain when exam-
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ined on medium containing galactose (Fig. 4C). Growth of the
mkk1A and mkk2A deletion mutants, which are functionally re-
dundant (70), was comparable to that of the wild-type strain. Our
analysis suggests functional relationships between yeast genes and
the C. burnetii CBU1676 and CBU0885 effectors by identifying
yeast deletion mutants that aggravate the CBU1676 and CBU0885
inhibition of yeast growth. The yeast deletion mutants (bckIA and
mpkIA) that are hypersensitive to the expression of CBU1676 and
CBUO0885 effectively define synthetic lethal interactions with these
effectors. Thus, these results indicate possible functional relation-
ships between the yeast genes encoding the CWI MAP kinase
pathway and CBU1676 and CBU0885 (see Discussion).

To examine for possible relationships between CBU0388 and
the CWI MAP kinase pathway, we introduced CBU0388 into the
four deletion mutants indicated above and determined its inhibi-
tion on yeast growth on medium containing galactose (Fig. 4C).
Since expression of CBU0388 inhibits wild-type yeast growth, any
deletion mutant that will grow when CBUO0388 is expressed
should identify the corresponding gene as a potential target for
CBU0388-induced inhibition of yeast growth. Out of the four
strains tested, the bckl and mpkl deletion mutants resulted in
complete suppression of the CBU0388 inhibitory effect. We were
unable to examine a deletion in the gene encoding Pkcl or Rhol
(the two upstream components of the CWI MAP kinase cascade
[Fig. 4A]) because these are inviable. In addition, we did not ob-
serve suppression of the growth phenotype of CBU0388 with ei-
ther mkk1 or mkk2 deletions because these genes are functionally
redundant. While yeast strains carrying deletions in bckl and
mpkl grew well when CBU0388 was expressed (Fig. 4C), deletion
of genes encoding components of other MAP kinases (hogl, kdxI,
fus3, kss1, and smkI) did not affect its inhibition of yeast growth
(Fig. 4D and data not shown). Thus, our results are consistent with
CBU0388, CBU0885, and CBU1676 specifically targeting the CWI
MAP kinase pathway in yeast.

Three C. burnetii effectors affect the activity of the Rlml
transcription factor in yeast. The results presented above (Fig. 3
and 4B and C) led us to examine whether the effects observed with
the CBU0388, CBU0885, and CBU1676 effectors were a direct
result of improper activation of the CWI MAP kinase pathway. To
this end, we monitored the effects of these three effectors on the
RIm1 transcription factor, which is activated by Mpk! (Fig. 4A),
using an Rlm1 transcriptional reporter. This well-characterized
reporter contains two Rlm1 binding sites fused to the minimal
CYC1 promoter driving lacZ (64). The expression of this reporter
gene responds appropriately to perturbations that activate the
CWI MAP kinase pathway, such as heat shock conditions, and it
was previously used to examine the effect of bacterial effectors on
this pathway (36, 38). As can be seen in Fig. 4E, expression of
CBUO0388 resulted with stronger activation after heat shock, and
the expression of CBU0885 and CBU1676 abolished the heat
shock activation of the Rlm1 reporter. These results fit perfectly
with the results presented above (Fig. 3 and 4B and C) and
strongly indicate that these three C. burnetii effectors modulate
the CWI MAP kinase pathway in yeast.

CBU1676 and CBU0388 suppress the effect of each other on
yeast growth. The “mirror image” results obtained with CBU0388
in comparison to CBU0885 and CBU1676 strongly suggest that
CBU1676 and CBU0885 perform a function that antagonizes that
of CBU0388. It was previously shown in L. pneumophila that ef-
fectors performing opposite functions could be studied in yeast.
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FIG 4 Three C. burnetii effectors affect the CWI MAP kinase pathway in yeast. (A) Diagram of the yeast Rhol-activated Pkc1 CWI MAP kinase pathway. The
function of each protein is indicated on the left. T.F., transcription factor. (B) Yeast deletion mutants in the CWI MAP kinase pathway are sensitive to caffeine.
The deletion mutant strains indicated on the right were examined on plates containing glucose (Glu), galactose (Gal), or galactose and caffeine (Gal+Caff). (C)
Examination of the inhibition of yeast growth mediated by the three C. burnetii effectors CBU1676, CBU0885, and CBU0388 in deletion mutants of the CWI
MAP kinase pathway. The C. burnetii effectors (indicated above) were overexpressed in the wild-type S. cerevisiae BY4741 (Wild-type) and in the bckI, mkkl,
mkk2, and mpkI deletion mutants (bekIA, mkkI1A, mkk2A, and mpkIA, respectively). pPGREG523 (Vector) was used as a control. (D) The yeast growth inhibition
of the C. burnetii effectors CBU1676, CBU0885, and CBU0388 was also examined in two other yeast MAP kinase deletion mutants, the hogl and kdxI strains
(hogIA and kdxIA, respectively). The glucose control plates for panels C and D are presented in Fig. SI in the supplemental material. (E) Three C. burnetii
effectors modulate the activity of the RIm1 transcription factor. The activity of the Rlm1-regulated lacZ reporter was examined following incubation of S.
cerevisiae BY4741 containing a vector or expressing the C. burnetii effector CBU1676, CBU0885, or CBU0388 under normal conditions (white bars) and after heat
shock (gray bars). B-Galactosidase activity was measured as described in Materials and Methods. Data are the means * standard deviations (error bars) of three
independent transformations. The assay was repeated three times, and similar results were obtained. The levels of expression of the Rlm1 reporter after heat shock
of yeast containing each of the effectors were found to be significantly different (*, P < 0.05; **, P < 0.001, paired Student’s ¢ test) in comparison to the vector
control.
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SidM/DrrA was shown to function as a Rabl GEF (guanine ex-
change faction), and it also AMPylates Rab1 (74-77). In addition,
this effector was also shown to inhibit yeast growth (78). A screen
that was conducted in yeast identified SidD as a deAMPylator of
Rab1 that counteracts the activity of SidM and thus suppresses its
inhibition of yeast growth (78). A similar observation was ob-
tained with the effectors AnkX and Lem3 (79).

In order to examine whether CBU0388 performs the opposite
function of CBU1676 and CBUO0885, these effectors were coex-
pressed in yeast (Fig. 5). When CBU1676 and CBU0388 were ex-
amined together on galactose-containing plates, a clear suppres-
sion of the CBU0388 inhibition of yeast growth was observed (Fig.
5A). When the yeast strains expressing CBU1676 and CBU0388
were examined on plates containing galactose and caffeine,
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CBU0388 did not inhibit yeast growth and CBU1676 inhibited
yeast growth (Fig. 3A and 5A). Under these conditions, when the
two effectors were coexpressed, CBU0388 suppressed the inhibi-
tion of yeast growth mediated by CBU1676. These results strongly
indicate that CBU0388 and CBU1676 modulate the same pathway
in yeast, but in an opposite manner. When a similar analysis was
performed using CBU0885 and CBU0388, no suppression of the
yeast growth inhibition mediated by either of these effectors was
observed (Fig. 5B). The difference between the suppression with
CBU1676 and that with CBU0885 is probably a result of the strong
inhibition of yeast growth mediated by CBU0885 in comparison
to the one mediated by CBU1676. An alternative explanation is
that CBU1676 and CBU0388 affect the same target in an opposite
manner, leading to suppression of each other’s effects, while
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FIG 5 CBU1676 suppresses the yeast growth inhibition of CBU0388 and vice versa. (A) CBU1676, CBU0388, or the two effectors together were overexpressed
inwild-type S. cerevisiae BY4741. pGREG523 (Vector) and pGREG525 (Vector) were used as negative controls for CBU0388 and CBU1676, respectively. (B) The
same analysis was also performed with CBU0388 and CBU0885. The effectors were examined on glucose (Glu)-, galactose (Gal)-, and galactose- and caffeine

(Gal + Caff)-containing plates.

CBU0388 and CBUO0885 affect the same pathway in an opposite
manner but do not affect the exact same target; therefore, no sup-
pression of each other’s inhibition of yeast growth was observed.
CBU1676 and CBU0885 harbor a functional HAD domain.
The CBU1676 and CBU0885 effectors are members of a family of
proteins that contain a haloacid dehalogenase (HAD) domain.
The HAD superfamily is represented in the proteomes of organ-
isms from all three domains of life and performs numerous bio-
logical functions, including those of phosphoesterases, ATPases,

phosphatases, and dehalogenases, among others (80, 81). Crystal-
lographic studies of prokaryotic and eukaryotic HAD phosphata-
ses revealed that all members of the HAD phosphatase superfam-
ily share the same structural arrangement of the active core (80,
81). The catalytic core residues are highly conserved throughout
the HAD phosphatase family and cluster into four signature mo-
tifs in the primary amino acid sequence (Fig. 6A). The alignment
of CBU1676 and CBU0885 with other HAD family members
demonstrated that the critical residues forming the catalytic core

A Motif: I II III v
[hhhDxDx (T/V) (L/I)h]  [S/T] K D (X,)D

CTDP1 LMVDLDQTLI gs-10s HVFTFGSz43.200 PFSKTGNygy265 IID-DREDsgo-307
CBU1676 FYFDIDNSLLyse.165  IILTSRVigg0s AMPKIEF,53 255 FEDSRHEI;06. 203
CBU0885 VFVDIDDTLL7s-164 FIITART;;4.254 KGAKIDFy79.505 FEDSYKELsos 312
Lpg2555 IFIDWDDTLViq-1o VIVSSRGgi.¢7  FPDKASFi11.117 FIDDDHTEi35_130
Lpg0096 IFTDFDGTVT,.15 FLMSPEAsg.ss  EYIKAVF;0g.1:4 ILD-DSPTigs 16,
Lpgl101 VYLDFDGTIT;-51 VIISRNHgs.os  DKYKAVV33.13 ICDDDEVDiss 161
XopC HYFDVVSGAEcoo-os ~ LINSLNGo51-727 RVLKGVIgoo-s0s EIDVDGVPg17-g24
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FIG 6 The HAD domain of CBU1676 and CBU0885 is required for their function. (A) Amino acid sequence alignments of HAD motifs I to IV of the human
CTDP1 phosphatase; the C. burnetii effectors CBU1676 and CBU0885; the L. pneumophila effectors Lpg2555, Lpg0096, and Lpg1101; and the Xanthomonas
campestris pv. vesicatoria effector XopC. The highlighted catalytic core residues were previously identified by crystal structure (81). The amino acids that were
mutated are underlined in motif I. (B) The yeast growth inhibition of CBU1676 and CBU0885 was eliminated by mutations in their HAD domain. The C. burnetii
wild-type and mutated (DID to AIA in residues 178 to 180 of CBU0885 and residues 159 to 161 of CBU1676) effectors were grown on plates containing galactose
(Gal) or galactose with caffeine (Gal+ Caff) in the wild-type S. cerevisiae BY4741 (Wild-type) and in the mpkI and bck1 deletion mutants (mpk1A and bek1A) on
plates containing galactose (Gal). pGREG523 (Vector) was used as a negative control. The glucose control plates are presented in Fig. S3 in the supplemental
material. (C) The protein levels of the wild-type and mutated myc-tagged effectors were determined by Western blotting using anti-myc antibody. The lanes
correspond to those indicated in panel B. Actin was used as a loading control.
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were present in these C. burnetii effectors (Fig. 6A). We examined
whether mutations in the predicted catalytic sites would affect the
ability of CBU1676 and CBU0885 to inhibit yeast cell growth in
the presence of caffeine: the DID motifs in CBU0885 at positions
178 to 180 and in CBU1676 at positions 159 to 161 were changed
to AIA (these mutated residues are underlined in the first motif of
the HAD domain in Fig. 6A). We found that both mutated pro-
teins did not inhibit yeast growth under these conditions (Fig. 6B).
In addition, when these mutated effectors were expressed in dele-
tion mutants of the CWI MAP kinase pathway, they did not ex-
hibit the growth inhibition observed with the corresponding wild-
type effectors (Fig. 6B). The reduction in the growth inhibition of
the mutated effectors was not a result of changes in their level of
expression (Fig. 6C). Together, these results demonstrate that the
HAD domain present in CBU1676 and CBUO0885 is required for
their activity on the CWI MAP kinase pathway.

DISCUSSION

MAP kinase-signaling cascades are ubiquitous eukaryotic cellular
processes that often serve as targets for bacterial effector proteins.
In mammals as well as in yeast, these signaling pathways regulate a
variety of cellular activities. Although the environmental stimuli
and therefore the cellular responses mediated by these signaling
cascades differ between yeast and mammals, the cascade compo-
nents themselves are highly conserved and are characterized by a
phosphorelay of three kinases (71).

Numerous effectors from several bacterial pathogens were
found to modulate components of MAP kinase pathways, and
many of them were studied in yeast. For example, both the Yer-
sinia Yop] and the Vibrio VopA effectors function as MAPKK
acetyltransferases (37, 38) and the Shigella IpaH9.8 functions as a
MAPKK ubiquitin E3 ligase (82). Two additional Shigella effec-
tors, IpgB2 and OspF, were found to modulate a MAP kinase
cascade (35, 36), and the characterization of these two effectors,
using yeast genetics, resulted in phenotypes similar to the ones
presented in our study. Overexpression of the Shigella effector
IpgB2 resulted in the inhibition of wild-type yeast growth. To
identify the possible target of this effector, it was screened on an
ordered array of 5,000 viable yeast deletion mutants to identify
deletion mutants in which its growth inhibition will be sup-
pressed. Out of the 5,000 deletion mutants tested, only deletions
in three genes, bekl1, mpkl, and rlm1, resulted in suppression of the
IpgB2 inhibition of yeast growth. These results fit perfectly with
the results obtained with the C. burnetii effector CBU0388. This
effector, when overexpressed, inhibited wild-type yeast growth,
and its effect was suppressed in both the bckIA and mpkIA mu-
tants (Fig. 4C). Further study of the Shigella IpgB2 revealed that it
stimulates cellular responses analogous to those to GTP-active
RhoA. This factor is homologous to the yeast Rhol GTPase, which
is an upstream component of the CWI MAP kinase cascade (Fig.
4A). Our results using the RIm1 reporter system (Fig. 4E) also
indicated that the activation of the CWI MAP kinase pathway was
stronger when CBU0388 was expressed. Another Shigella effector,
OspF, was also studied using yeast genetics (33, 36). The overex-
pression of OspF in yeast did not inhibit yeast growth, but it me-
diated a strong growth inhibition in the presence of caffeine (33).
This effector was also examined in the yeast deletion mutant col-
lection with the aim of identifying yeast genes whose deletion will
result in a synthetic lethal effect. This analysis yielded the identi-
fication of many yeast deletion mutants, most of which were re-
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lated to the CW1 signaling pathway, including bek1 and mpkl (36).
These results fit perfectly with the results presented for CBU1676
and CBUO0885 for which the growth inhibition was stronger in the
presence of caffeine and in the bekIA and mpkIA mutants (Fig.
4C). Further study of the Shigella OspF effector revealed that it
inhibits the MAP kinase pathway by functioning as a MAP kinase
phosphothreonine lyase (83). Our results using the RIm1 reporter
system (Fig. 4E) also demonstrated that the activation of the CWI
MAP kinase pathway was abolished when either CBU0885 or
CBU1676 was expressed. It is important to note that the three C.
burnetii eftectors examined share no sequence homology with the
Shigella effectors described. The similar results that were obtained
with the three C. burnetii effectors described in our study and the
two Shigella effectors described above, as well as the result showing
that CBU1676 and CBU0388 suppress each other’s growth inhi-
bition (Fig. 5), strongly suggest that, similarly to the Shigella effec-
tors, these C. burnetii effectors also modulate a MAP kinase path-
way during infection of host cells.

In addition to identifying the MAP kinase pathway as the likely
pathway modulated by CBU1676 and CBU0885, we also deter-
mined the importance of the HAD domain present in these effec-
tors (Fig. 6). The HAD domain superfamily includes phosphoes-
terases, ATPases, phosphatases, and dehalogenases, which actona
diverse set of substrates. Phosphatases of the HAD domain super-
family are a very large class of enzymes that were shown to dephos-
phorylate a wide range of low- and high-molecular-weight sub-
strates (80, 81). Using site-directed mutagenesis of conserved
residues of the HAD domain of CBU1676 and CBU0885, we
showed that this domain is critical for the function of these effec-
tors in yeast (Fig. 6B). Similar to our results, it was shown previ-
ously that the Xanthomonas campestris effector XopC does not
inhibit yeast growth, but when it was examined in the presence of
caffeine, it caused a strong growth inhibition (84). Notably, this
effector was found to contain a HAD domain (Fig. 6A), and mu-
tagenesis of conserved amino acids of this domain abolished the
growth inhibition by XopC on yeast growth (84). The results
showing the importance of the HAD domain for the activity of the
C. burnetii CBU1676 and CBUO0885 effectors and the analysis in
yeast which indicates that these two effectors modulate a MAP
kinase pathway suggest that these two effectors modulate the
phosphorylation state of one or more components in the MAP
kinase pathway.

Both C. burnetii and L. pneumophila utilize very similar Icm/
Dot secretion systems for intracellular growth and pathogenesis,
and yet their effector repertoires are different. However, two phe-
nomena related to the effector repertoires of these two pathogens
seem to be similar. First, many L. pneumophila effectors were
found to be functionally redundant: they function on the same
host pathway, and even on the same host factor (85, 86). For
example, seven L. pneumophila effectors (SidM/DrrA, SidD,
AnkX, Lem3, LidA, SidC, and LepB) were shown to target the host
factor Rab1 (74, 76=79, 87-89). The few effectors that were stud-
ied thus far in C. burnetii already suggest a similar functional re-
dundancy between effectors. Three effectors (AnkG, CaeA, and
CaeB) were found to modulate apoptosis in host cells (26, 27),
and in this study, we found three effectors (CBU0388, CBU1676,
and CBU0885) that modulate a MAP kinase pathway. A second
phenomenon that was observed in L. pneumophila effectors was
that pairs of effectors can mediate opposite functions: SidM/DrrA
was shown to AMPylate Rab1, while SidD functions as a Rabl
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deAMPylator (75, 78). In addition, AnkX was shown to function
as a phosphocholinator of Rab1, and Lem3 counteracts its activity
and functions as a dephosphocholinator of Rab1l (79, 90). The
opposite functions mediated by these pairs of effectors were de-
termined using analyses of inhibition of yeast growth (78, 79, 90).
In a similar manner, we found in this study that CBU1676 coun-
teracts the yeast growth inhibition mediated by CBU0388 and vice
versa, suggesting that C. burnetii effectors also mediate opposite
functions during infection. Further studies are required in order
to uncover the degree of redundancy that exists among the C.
burnetii effectors and the specific functions mediated by the C.
burnetii effectors on host MAP kinase pathways.
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