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The Q fever agent Coxiella burnetii uses a defect in organelle
trafficking/intracellular multiplication (Dot/Icm) type 4b secretion
system (T4SS) to silence the host innate immune response during
infection. By investigating C. burnetii effector proteins containing
eukaryotic-like domains, here we identify NopA (nucleolar protein
A), which displays four regulator of chromosome condensation
(RCC) repeats, homologous to those found in the eukaryotic Ras-
related nuclear protein (Ran) guanine nucleotide exchange factor
(GEF) RCC1. Accordingly, NopA is found associated with the chro-
matin nuclear fraction of cells and uses the RCC-like domain to
interact with Ran. Interestingly, NopA triggers an accumulation
of Ran-GTP, which accumulates at nucleoli of transfected or in-
fected cells, thus perturbing the nuclear import of transcription
factors of the innate immune signaling pathway. Accordingly,
qRT-PCR analysis on a panel of cytokines shows that cells exposed
to the C. burnetii nopA::Tn or a Dot/Icm-defective dotA::Tn mutant
strain present a functional innate immune response, as opposed to
cells exposed to wild-type C. burnetii or the corresponding nopA
complemented strain. Thus, NopA is an important regulator of the
innate immune response allowing Coxiella to behave as a stealth
pathogen.

Coxiella burnetii | effector proteins | innate immune sensing | host/
pathogen interactions | nucleocytoplasmic transport

The nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB) family of transcription factors regulates the

expression of genes associated with diverse cellular functions and
plays a central role in regulating the innate and acquired host
immune response to bacterial infections (1, 2). Under physio-
logical conditions, the transcription factors of the NF-κB family
are sequestered in the cytoplasm by specific interactions with
nuclear factor kappa-light polypeptide gene enhancer in B cells
inhibitor alpha (IκBα), which mask the nuclear localization sig-
nal (NLS) on transcription factors. Exogenous signals, including
recognition of the tumor necrosis factor (TNF) by TNF receptor
or the bacterial lipopolysaccharide (LPS) by toll-like receptor 4
(TLR4), activate the NF-κB signaling pathway by triggering the
phosphorylation and proteasomal degradation of IκBα, thus
unmasking the NLS on transcription factors. The signal is then
recognized by importin-α and members of the importin-β family,
which mediate the translocation of transcription factors to the
nucleus through nuclear pore complexes (1). Energy for nuclear
transport of NLS-containing proteins is provided by intracellular
gradients of the small GTPase Ras-related nuclear protein
(Ran), which interacts with the importin complexes upon nuclear
import. GDP-bound Ran is largely cytoplasmic and nuclear
translocation triggers the conversion to the GTP-bound form by
means of the Ran guanine nucleotide exchange factor (GEF)
RCC-1 (regulator of chromosome condensation-1). In its GTP-
bound form, Ran triggers the dissociation of importins from the
cargo and importin complexes recycle back to the cytoplasm.

There, Ran GTPase activating protein (RanGAP) generates
Ran-GDP, which dissociates from importin complexes (3).

Given its pivotal role in the antimicrobial response, it is not sur-
prising to observe that a considerable number of bacterial pathogens
deploy effector proteins that modulate the NF-κB signaling pathway
(1, 2). These are mostly involved in phosphorylation, ubiquitination,
and proteasomal degradation of components of the NF-κB complex,
whereas others modulate NF-κB-mediated transcription (1, 2). In-
terestingly, it has recently been reported that Salmonella and Orientia
tsutsugamushi effector proteins can interfere with nucleocytoplasmic
transport, thereby inhibiting nuclear translocation of the p65/RelA
transcription factor (4, 5).

The Q fever pathogen Coxiella burnetii is an obligate intracellular
bacterium that relies on the translocation of effector proteins by a
defect in organelle trafficking/intracellular multiplication (Dot/Icm) type
4b secretion system (T4SS) to replicate within large autolysosomal-like
compartments inside infected cells (6, 7). Bioinformatics analysis iden-
tified over 140 C. burnetii genes encoding candidate effector proteins
(7); however, the majority of these remain underinvestigated due to the
technical constraints associated with the genetic manipulation of this
organism. A subset of effector proteins is involved in the biogenesis of
Coxiella-containing vacuoles (CCVs), by rerouting membrane traffic to
the bacterial replicative niche, while other effectors manipulate the
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apoptotic and inflammatory pathways to ensure intracellular persistence
(6). Importantly, C. burnetii behaves as a stealth pathogen, evading the
host innate immune response by down-modulating the NF-κB and the
inflammasome signaling pathways (8, 9). The C. burnetii effector protein
IcaA (inhibition of caspase activation A) inhibits NOD-like receptor
family pyrin domain containing 3 (NLRP3)-mediated inflammasome
activation induced by caspase-11 (8), whereas the NF-κB signaling
pathway is down-modulated in a Dot/Icm-dependent manner, by per-
turbing the nuclear translocation of the p65/RelA subunit, without af-
fecting the overall cellular levels of p65 (9). However, the bacterial
effector/s involved in this process remains uncharacterized (9). We have
previously reported the large-scale phenotypic characterization of the C.
burnetii transposon mutant library, which led to gaining important in-
sights into the function of the Dot/Icm secretion system, and which
highlight an important set of virulence determinants (10–12). Impor-
tantly, several genes involved in intracellular replication of C. burnetii
encode proteins with predicted eukaryotic-like domains, which promp-
ted us to investigate eukaryotic-like genes (EUGENs) on a genome-
wide scale. Here, we identify and validate the Dot/Icm-mediated
translocation of seven C. burnetii EUGENs. Among these, NopA (nu-
cleolar protein A) displays four regulation of chromosome condensation
(RCC) repeats, which are partially homologous to the seven repeats
found in the bladed β-propeller structure of the Ran GEF RCC1
(13–15). Similarly to RCC1, NopA also localizes at the nucleus of in-
fected or transfected cells; it is found associated with the chromatin
nuclear fraction; and it uses the RCC-like domain to interact with Ran.
Differently from RCC1, however, NopA accumulates at nucleoli and
sequesters Ran, thus perturbing nucleocytoplasmic transport. Indeed,
NopA perturbs nuclear translocation of p65 upon cell treatment with
TNF-α or challenge with C. burnetii. Conversely, transposon insertions
in the nopA gene restore nuclear translocation of p65 during infections,
to levels that are similar to those observed with the Dot/Icm-deficient C.
burnetii dotA mutant. Accordingly, myeloid cells challenged with the C.
burnetii nopA or dotA mutant strains present a functional innate im-
mune response, as opposed to myeloid cells exposed to wild-type (WT)
C. burnetii or the nopA complemented strain.

Results
Identification of C. burnetii EUGENS. The searching algorithm for type
IV effector proteins (S4TE) 2.0 (16) was used to identify C. burnetii
eukaryotic-like genes (EUGENs) encoding candidate effector pro-
teins. This allowed the identification of 56 genes, which were vali-
dated using the Protein families database (PFAM), Simple Modular
Architecture Research Tool (SMART), Conserved Domain Data-
base (CDD), and Eukaryotic Linear Motif (ELM) databases (SI
Appendix, Table S1). Of these, 20 candidate EUGENS were retained
for further analysis (SI Appendix, Table S2), based on the S4TE score
(16), the eukaryotic-like domain encoded, and the presence of cor-
responding transposon mutants in our library (10). cbu0072 (ankA),
cbu0201 (ankC), cbu0447 (ankF), cbu0781 (ankG), and cbu1213
(ankI) encode ankyrin repeats (17, 18); cbu0295, cbu0547, and
cbu1457 (cig43) encode tetratricopeptide repeats; cbu0175 and
cbu1379a encode predicted Ser/Thr kinases; cbu0801 (rimI), cbu0505
(cig14), and cbu1799 encode acetyltransferases; cbu0096 encodes a
predicted phospholipase D; cbu0519 (dedA) encodes a SNARE-like
domain-containing protein; cbu1206 encodes a predicted sterol re-
ductase; cbu1217 encodes a protein with four regulation of chro-
mosome condensation (RCC) repeats; cbu1724 encodes a predicted
F-box protein; cbu1366 (cig40) encodes a coiled-coil domain-
containing protein; and cbu0542 (ligA) encodes a predicted DNA
ligase (SI Appendix, Table S2). Of note, Dot/Icm-dependent trans-
location of proteins encoded by 8 of these genes has been previously
validated using Legionella pneumophila as a surrogate system (17, 19,
20) (SI Appendix, Table S2). Selected genes were cloned into
pXDC61K-blaM vector, thus generating N-terminal fusions with
β-lactamase, and transformed into C. burnetii Nine Mile II (NMII)
RSA439. The expression of 16 out of 20 chimeric proteins was val-
idated by Western blot using an anti-β-lactamase antibody (SI Ap-
pendix, Fig. S1A). Candidate effector protein translocation was
assessed at 6, 12, 24, 48, and 72 h postinfection using the β-lactamase
assay. C. burnetii expressing β-lactamase alone or β-lactamase-tagged

CvpB (CBU0021) (12) were used as negative and positive controls,
respectively. CvpB, CBU0295, and CBU1217 were efficiently trans-
located from 12 h postinfection, whereas AnkA, F, and G were
translocated from 24 h postinfection (Fig. 1 A and B). Finally, AnkC,
CBU0175, and CBU1724 were also translocated, albeit less efficiently,
at later time points of infection (Fig. 1 A and B). Plasmids encoding
translocated effectors were then transformed into the C. burnetii
dotA::Tn strain to validate their Dot/Icm-dependent secretion at 72 h
postinfection. The expression of 6 chimeric proteins was validated by
Western blot using an anti-β-lactamase antibody (SI Appendix, Fig.
S1B). None of the effector proteins were secreted by the Dot/Icm-
defective mutant as expected (Fig. 1A). Next, cbu0072 (ankA),
cbu0295, cbu0447 (ankF), cbu0781 (ankG), and cbu1217 were cloned
into a pLVX-mCherry vector to tag effector proteins at their
N-terminal domain and their localization was investigated in non-
infected and C. burnetii-infected U2OS cells (Fig. 1C). AnkA and
CBU0295 were mostly diffuse in the cytoplasm and did not localize at
CCVs in infected cells. AnkF displayed a punctate pattern in the cy-
toplasm, which partially colocalized with the lysosomal marker
LAMP1 in noninfected and infected cells alike (Fig. 1C). Differently
from previous reports, indicating a translocation of AnkG from mi-
tochondria to the nucleus of transfected cells following staurosporine
treatment (21), in our hands, this effector protein displayed nuclear
localization even in the absence of staurosporine, in both infected and
noninfected cells (Fig. 1C). Of note, CBU1217 was exclusively local-
ized at subnuclear structures in over 90% of either infected or
noninfected cells (Fig. 1C).

The Effector Protein CBU1217 Localizes at Nucleoli in Infected and
Transfected Cells. The localization of CBU1217 was further in-
vestigated by cloning the gene into a pJA-LacO-4HA plasmid, to
express the effector protein carrying an N-terminal 4×HA tag in C.
burnetii, under the control of an isopropyl β-D-1-thiogalactopyrano-
side (IPTG) promoter, and monitor its localization during infection.
GFP-expressing WT C. burnetii or the dot/icm mutant dotA::Tn (10)
were transformed either with pJA-LacO-4HA or with pJA-LacO-4HA-
cbu1217. Expression of 4HA-CBU1217 was validated by Western blot
using an anti-HA antibody (SI Appendix, Fig. S1C). U2OS cells were
challenged with the transformed C. burnetii strains and NopA locali-
zation was assessed, in the presence or absence of IPTG, using anti-HA
and anti-fibrillarin antibodies, and Hoechst dye. Infections by C. bur-
netii transformed with pJA-LacO-4HA-cbu1217 in the absence of
IPTG did not show specific HA labeling (Fig. 2A). Addition of 1 mM
IPTG triggered 4HA-CBU1217 expression, which colocalized with
fibrillarin in over 90% of HA-positive cells (Fig. 2B). The intracellular
localization of 4HA-CBU1217 was lost when cells were infected with
the dotA::Tn mutant transformed with pJA-LacO-4HA-cbu1217 in the
presence of IPTG (Fig. 2D), confirming that CBU1217 is a Dot/Icm
substrate. Induction of the expression of the HA tag alone did not
show specific localization (Fig. 2C). We thus named the new C. bur-
netii EUGEN NopA, for nucleolar protein A.

As mentioned above, NopA encodes four RCC repeats in its
C-terminal domain (Fig. 2E). In the eukaryotic protein RCC1, seven
repeats are arranged in a seven-bladed propeller, which associates
with nuclear chromatin and acts as a GEF for Ran, thus regulating
nucleocytoplasmic protein transport (3). To determine the role of
the RCC-like domain in NopA localization and function, the effector
protein was cloned into a pRK5-HA plasmid to generate HA-tagged
NopA. U2OS cells transfected with pRK5-HA-NopA were pro-
cessed for immunofluorescence using Hoechst dye and anti-HA and
anti-fibrillarin antibodies. In parallel, HA-NopA localization was
investigated by Western blot using U2OS cells transfected as above
and lysed and separated into cytoplasmic, nuclear, and chromatin
fractions. Full-length NopA (NopAFL) localized at nucleoli in over
90% of transfected cells, confirming our observations in the context
of C. burnetii infections (Fig. 2E). Western blot analysis confirmed
that NopA is excluded from the cytoplasmic fraction and localized at
the soluble and chromatin nuclear fractions (Fig. 2E). Next, we
generated HA-tagged NopA deletions to exclude (NopAN-ter; amino
acids [aa] 1 to 195, Fig. 2F) or include (NopAC-ter; aa 196 to 497,
Fig. 2G) the RCC repeats. Ectopically expressed HA-NopAN-ter was
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excluded from nuclei and remained diffuse in the cytoplasm
(Fig. 2F), whereas HA-NopAC-ter retained the nucleolar localization
(Fig. 2G). Cell fractionation confirmed the cytoplasmic localization
of HA-NopAN-ter and the nuclear localization of HA-NopAC-ter, as
well as the association with the chromatin fraction (Fig. 2 F and G).
Thus, despite the lack of typical nuclear or nucleolar localization
signals, the C-terminal domain of NopA encoding the RCC-like
domain, is necessary and sufficient for the nucleolar targeting of
the effector protein. The role of the RCC repeats in the intracellular
localization of NopA was further dissected by generating increasing
deletions of single RCC repeats (numbered from 1 to 4 from the
N-terminal) from either the N-terminal or C-terminal ends of HA-
NopAC-ter (SI Appendix, Fig. S2A). The intracellular localization of
each construct was tested by immunofluorescence and cell frac-
tionation following ectopic expression in U2OS cells. Interestingly,

this revealed that the first RCC repeat is critical for targeting NopA
to the nucleus as removal of this repeat from NopAC-ter displaces the
protein to the cytoplasm (SI Appendix, Fig. S2 B and C). The first
two RCC repeats (RCC12; aa 196 to 310) alone localize within the
nucleus but are excluded from nucleoli (SI Appendix, Fig. S2E) and
instead localize at promyelocytic leukemia (PML) bodies (SI Appendix,

Fig. 1. Identification of C. burnetii EUGENs. (A) U2OS cells were challenged
with C. burnetii strains expressing BLAM-tagged versions of candidate
EUGENs for 6, 12, 24, 48, and 72 h. The percentage of BLAM-positive, in-
fected cells was automatically calculated using CellProfiler over the total
number of infected cells per each condition. Empty, BLAM empty vector.
The Dot/Icm-dependent translocation of the effectors that were efficiently
secreted was validated in the dotA::Tn mutant strain at 72 h postchallenge.
(B) Representative images of positive (blue) cells treated as in A. (C) Non-
infected or GFP-expressing C. burnetii-infected U2OS cells were transfected
with plasmids encoding N-terminally tagged mCherry versions of the effec-
tor proteins validated in A (red). At 24 h after transfection, cells were fixed
and labeled with Hoechst (blue) and an anti-LAMP1 antibody (white). White
arrows point at CBU1217 subnuclear localization. (Scale bars, 10 μm.)

Fig. 2. Intracellular localization of CBU1217/NopA and role in C. burnetii
replication during infection. U2OS cells were challenged either with WT GFP-
tagged C. burnetii (white) transformed with plasmids encoding 4HA-tagged
CBU1217/NopA (A and B, red) or the 4HA tag alone (C, red), or with the GFP-
tagged dotA::Tn mutant (D, white), transformed with plasmids encoding
4HA-tagged CBU1217/NopA, all under the control of an IPTG-inducible
promoter. At 72 h postinfection, cells were fixed and labeled with Hoechst
(blue) and anti-fibrillarin antibodies (green). I, IPTG-induced; NI, noninduced.
Arrow points at 4HA-CBU1217/NopA localization in infected cell. U2OS cells
were transfected with plasmids encoding HA-tagged versions of either full-
length (E) or the indicated deletion mutants (F and G) of HA-tagged NopA.
At 24 h after transfection, cells were either fixed and labeled with Hoechst
(blue), an anti-fibrillarin antibody (green) and an anti-HA antibody (red,
Center), or lysed and processed for cell fractionation (Right). Cell fractions
were analyzed by Western blotting using anti-fibrillarin and anti-GAPDH
antibodies as nuclear and chromatin (Nu and Ch) and cytoplasmic (Cy)
markers, respectively, and anti-HA antibodies to reveal NopA localization.
(Scale bars, 10 μm.) (H) Genome equivalents (GEs) calculated using TaqMan
real-time PCR with DNA purified from infected spleens of 5 SCID mice per
group on day 14 after challenge with 1 × 106 GEs of the strains shown. (I)
Replication index calculated as the ratio between spleen GE at the time of
necropsy and the input GE of the strains listed in the figure legend. (J)
Spleen weight as a percentage of total body weight at the time of necropsy
on day 14 after infection with 1 × 106 GEs of the strains listed in the figure
legend. Values are the mean of three independent infections, with error
bars indicating SDs from the mean. ****P < 0.0001, ***P < 0.001, two-way
ANOVA (H) and one-way ANOVA (J), Dunnett’s multiple comparisons test.
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Fig. S2G). This localization remains unchanged with the addition of the
third RCC repeat (SI Appendix, Fig. S2 D and F), and it is only with
the addition of the complete NopAC-ter that the protein localizes at
nucleoli (Fig. 2G), suggesting the presence of a nucleolar-targeting
motif in the fourth RCC repeat. Unfortunately, we were unable to
express detectable amounts of single RCC repeats (RCC1 and RCC4,
SI Appendix, Fig. S2A).

NopA Is Not Involved in C. burnetii Intracellular Replication. Given
the early translocation of NopA observed using the β-lactamase as-
say, we determined the time course of NopA production during in-
fection. To this aim, we have complemented the nopA mutation,
using a mini Tn7 transposon to integrate a WT copy of HA-tagged
nopA, under the regulation of its predicted endogenous promoter, in
the chromosome of the C. burnetii Tn227 strain, which carries the
transposon insertion closest to the nopA start codon (10). Protein
expression was then monitored by Western blot, using an anti-HA
antibody, from cells challenged with the complemented nopA::Tn
strain for 12, 24, 48, and 72 h. By this approach, detectable amounts of
NopA were observed from 12 h postinfection (SI Appendix, Fig. S1D).

We previously reported that transposon insertions in nopA do not
affect bacterial replication in Vero cells (10). To further investigate
the role of NopA in C. burnetii infections, bacterial replication and
virulence of the wild-type, dotA::Tn, nopA::Tn, and the nopA::Tn
complemented strain (nopA::Tn Comp.) described above, were
tested using either bone marrow-derived macrophages (BMDMs) or
a severe combined immunodeficiency (SCID) mouse model of in-
fection. Confirming our initial observations, transposon insertions in

nopA do not affect C. burnetii replication (Fig. 2 H and I) or viru-
lence (as determined here by splenomegaly measurements, Fig. 2J).

NopA Interacts with the Small GTPase Ran.Given that NopA localizes
at nucleoli and presents four out of the seven RCC repeats present
in the eukaryotic Ran-GEF RCC1, we investigated whether NopA
can interact with Ran. To this aim, U2OS cells incubated either with
the nopA::Tn mutant or the complemented strain expressing 4HA-
tagged NopA under the control of the predicted endogenous pro-
moter (nopA::Tn Comp.). Twenty-four hours postinfection, cells
were lysed, separated into cytoplasmic, nuclear, and chromatin
fractions, and NopA was immunocaptured from cell fractions using
an anti-HA antibody. As expected, NopA was not detected in cells
infected with the nopA::Tn mutant strain, whereas it was efficiently
isolated from the nuclear and chromatin fractions of cells challenged
with the complemented strain (Fig. 3A). Of note, whole cell lysates
of cells incubated with the complemented strain also presented an
accumulation of Ran in the chromatin fraction, which was not ob-
served in cells challenged with the nopA::Tn mutant strain (Fig. 3A).
Importantly, Ran was efficiently detected, together with NopA, in
immunoprecipitates from the nuclear and chromatin fractions of
cells challenged with the nopA::Tn complemented strain, indicating
indeed an interaction with the C. burnetii effector protein (Fig. 3A).
The NopA/Ran interaction was further investigated in U2OS cells,
following the ectopic expression of either HA-tagged NopAN-ter,
NopAC-ter, or the C. burnetii effector protein CvpF as negative
control (22). Unfortunately, under these conditions, we were unable
to immunoprecipitate full-length NopA from transfected cells.
Similarly to infected cells, 24 h posttransfection, cells were lysed,

Fig. 3. NopA interacts with the small GTPase Ran.
(A) U2OS cells challenged for 24 h with either the
C. burnetii nopA transposon mutant (nopA::Tn) or
the corresponding complemented strain (nopA::Tn
Comp.) were lysed and processed for cell fraction-
ation. Whole cell lysates (WCLs) were probed with
the indicated antibodies, as well as anti-GAPDH and
anti-fibrillarin antibodies as cytoplasmic (Cy), and
nuclear/chromatin (Nu/Ch) markers, respectively.
Following immunoprecipitation with anti-HA-coated
magnetic beads, the presence of Ran and that of
fibrillarin (as a negative control) was assessed using
specific antibodies (IP HA). (B) U2OS cells transfected
with HA-tagged versions of either the N-terminal
domain (NopAN-ter), the C-terminal domain
(NopAC-ter) of NopA, or CvpF as negative control
were lysed and processed for cell fractionation.
WCLs were probed with the indicated antibodies, as
well as anti-GAPDH and anti-fibrillarin antibodies as
cytoplasmic (Cy), nuclear/chromatin (Nu/Ch) markers,
respectively. Following immunoprecipitation with
anti-HA-coated magnetic beads, the presence of
candidate interacting proteins was assessed using
specific antibodies (IP HA). (C) U2OS cells were
transfected with plasmids encoding GFP1-9 in
combination with plasmids encoding either the
GFP10 and GFP11 tags alone as negative control
(Top row), GFP10 and GFP11 linked by a leucine
zipper motif (GFP10-zip-GFP11) as positive control
(Middle row), or GFP10-Ran and GFP11-NopA
(Bottom row). At 24 h after transfection, cells
were fixed and labeled with Hoechst (blue) and
anti-GFP antibodies (red) to reveal nuclei and the
expression of GFP1-9, respectively. Protein/pro-
tein interaction was assessed following the re-
constitution of GFP (Reconst. GFP, green). Arrows
point at nuclei in which Ran and NopA interact.
(D) The percentage of cells presenting GFP re-
constitution over the total number of GFP1-9-
positive cells was calculated. Values are means ± SD from two independent experiments. Asterisks indicate statistically significant variations (n.s.,
nonsignificant, ****P < 0.0001, one-way ANOVA, Dunnett’s multiple comparison test). (Scale bars, 20 μm.)
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separated into cytoplasmic, nuclear, and chromatin fractions, and
NopA truncations and CvpF were immunocaptured from cell frac-
tions using an anti-HA antibody. As expected, NopAN-ter and CvpF
were efficiently isolated from the cytoplasmic fractions, whereas
NopAC-ter was isolated from the nuclear and cytoplasmic fractions
(Fig. 3B). In agreement with what we observed in infected cells, the
ectopic expression of NopAC-ter triggered an accumulation of Ran to
the chromatin fractions (Fig. 3B). Moreover, Ran was specifically
detected in the nuclear and chromatin fractions upon immuno-
capturing of NopAC-ter, confirming an interaction between the two
proteins (Fig. 3B). Of note, no interaction was detected between
Ran and NopAN-ter, despite their shared cytoplasmic localization
(Fig. 3B). Furthermore, NopAC-ter did not interact with other small
GTPases such as DRP1 or RAB26, nor with the nucleolar marker
fibrillarin (Fig. 3B). Conversely, the C. burnetii effector protein CvpF
(22), was readily immunocaptured from the cytoplasm of transfected
cells and interacted with RAB26 as reported (22) (Fig. 3B).

Finally, the direct interaction between NopA and Ran was further
investigated using the tripartite split-GFP interaction sensor (23).
Briefly, the assay is based on a tripartite association between two
GFP β-strands (GFP10 and GFP11), fused to proteins of interest,
and the complementary GFP1-9 detector. If proteins interact,
GFP10 and GFP11 self-associate with GFP1-9 to reconstitute a functional
GFP. pCDNA3-zipper-GFP10 and pCDNA3-zipper-GFP11 were used as
negative control, whereas a plasmid encoding GFP10 and GFP11 linked
by a zipper motif (GFP10-zip-GFP11) was used as positive control (23).
ran cDNA was cloned into the pCDNA3-GFP10-zipper plasmid to gen-
erate the GFP10-Ran, whereas nopA, rcc1, and fbl (the gene encoding
fibrillarin) were cloned into the pCDNA3-zipper-GFP11 plasmid to
generate the corresponding GFP11 fusion proteins. Combinations of the
above-mentioned constructs with a pCMV plasmid encoding GFP1-9
were used for triple transfections in U2OS cells. After fixation, an anti-
GFP antibody was used to identify cells expressing GFP1-9 (which is not
fluorescent) and protein interactions were analyzed by monitoring GFP
reconstitution. As expected, coexpression of GFP1-9 with GFP10 and
GFP11 did not result in the reconstitution of GFP (Fig. 3 C, Top row, and
3D). The coexpression of GFP1-9 with GFP10-zip-GFP11 led to the

reconstitution of GFP fluorescence in over 93% of transfected cells,
demonstrating the functionality of the assay (Fig. 3 C, Center row, and
3D). Importantly, over 60% of cells expressing GFP1-9 in combination
with GFP10-Ran and GFP11-NopA showed reconstitution of GFP, with
a fluorescent signal detected at nuclei, with a strong accumulation at
nucleoli (Fig. 3 C, Bottom row, and 3D). On the contrary, the expression
of GFP1-9 in combination with GFP10-Ran and GFP11-RCC1 allowed
reconstitution of GFP fluorescence, which was homogeneously detected
in the nucleus in over 73% of transfected cells (SI Appendix, Fig. S3 A and
D). Lack of GFP reconstitution upon expression of GFP1-9 in combi-
nation with GFP10-Ran and GFP11-fibrillarin indicated that the shared
nucleolar localization was not sufficient for GFP reconstitution (SI Ap-
pendix, Fig. S3 A and D).

Ectopic expression of either mCherry-NopAFL or mCherry-
NopAC-ter in combination with GFP-Ran in U2OS cells also con-
firmed the colocalization of both proteins at nucleolar structures
labeled with the anti-fibrillarin antibody (SI Appendix, Fig. S3B),
Conversely, Ran-GFP accumulation at nucleoli was lost when the
small GTPase was ectopically expressed in U2OS cells in combina-
tion either with mCherry alone or mCherry-NopAN-ter (SI Appendix,
Fig. S3B). Collectively, these observations indicate that NopA spe-
cifically interacts with Ran and may sequester it at nucleoli.

NopA Preferentially Interacts with GDP-Bound Ran and Triggers an
Increase in Ran-GTP. To determine whether NopA displays prefer-
ential binding to Ran in its GDP- versus GTP-bound form, a GFP-
trap assay was carried out on U2OS cells cotransfected with plasmids
encoding HA-NopAC-ter in combination with either GFP alone,
GFP-Ran, GFP-RanT24N (GDP-locked), GFP-RanQ69L (GTP-locked), or
GFP-RanN122I (nucleotide-free form). Similar to RCC1, NopA displayed
preferential binding to either GDP-locked RanT24N or the nucleotide-free
form RanN122I (Fig. 4A).

Next, we investigated whether NopA binding to Ran can affect the
Ran GDP/GTP ratio that is required to fuel nucleocytoplasmic
transport. U2OS cells were challenged either with WT C. burnetii,
the dotA::Tn, nopA::Tn, or the nopA::Tn complemented strains.

Fig. 4. NopA increases the intracellular levels of Ran-GTP. (A) The GFP-trap assay was carried out in U2OS cells expressing HA-tagged NopAC-ter in combination
with either GFP alone, GFP-Ran, GFP-RanT24N (GDP-locked), GFP-RanQ69L (GTP-locked), or GFP-RanN122I (guanosine-free). WCLs (Upper) were probed with anti-GFP
and anti-HA antibodies to assess the expression of the GFP-tagged proteins and HA-tagged NopAC-ter, and anti-tubulin antibodies as loading control. Protein/
protein interactions were assessed using anti-GFP and anti-HA antibodies following GFP capture (GFP-trap, Lower). (B) GTP-bound Ran was pulled down using
RanBP1-coated beads from cell lysates of U2OS cells challenged for 24 h with eitherWT C. burnetii (WT), a nopA transposonmutant (nopA::Tn), the corresponding
complemented strain (nopA::Tn Comp.), or the Dot/Icm-defective mutant (dotA::Tn). Noninfected cells (NI) were used as control. WCLs were probed with anti-C.
burnetii (NMII), anti-Ran, and anti-β-tubulin antibodies. GTP-bound Ran was revealed using an anti-Ran antibody (IP RanBP1). (C) GTP-bound Ranwas pulled down
using RanBP1-coated beads from cell lysates of U2OS cells expressing either the HA tag alone, HA-tagged versions of either full-length (NopAFL), the N-terminal
domain (NopAN-ter), the C-terminal domain (NopAC-ter) of NopA, or CvpB. WCLs were probed with anti-HA antibodies to assess the expression of the HA-tagged
versions of NopA and anti-Ran and anti-tubulin antibodies as loading controls. GTP-bound Ran was revealed using an anti-Ran antibody (IP RanBP1). The signal
ratio of GTP-bound Ran over the total amount of Ran is indicated for experiments illustrated in B and C. Values are mean ± SD from three independent ex-
periments. n.s., nonsignificant, ****P < 0.0001, **P < 0.007, *P < 0.02, one-way ANOVA, Dunnett’s multiple comparison test.
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Noninfected cells were used as control. Twenty-four hours post-
infection, cells were lysed and incubated with agarose beads coated
with the Ran effector Ran-binding protein 1 (RanBP1), to specifi-
cally pull down the GTP-bound form of Ran. Indeed, infection with
WT C. burnetii triggered a 40-fold increase in the intracellular levels
of Ran-GTP, as compared to noninfected cells (Fig. 4B). This phe-
notype was lost in cells challenged with the dotA::Tn mutant strain
and only an 8.5-fold increase was observed in cells challenged with
the nopA::Tn mutant strain. Increased levels of Ran-GTP were largely
restored (35-fold increase) in cells exposed to the complemented
strain (nopA::Tn Comp., Fig. 4B). The effects of NopA on the in-
tracellular levels of Ran-GTP were further investigated in U2OS cells
transfected with plasmids encoding either HA alone, HA-NopA, HA-
NopAN-ter, HA-NopAC-ter, or the C. burnetii effector protein CvpB
(12) used here as negative control. A threefold increase in the in-
tracellular levels of Ran-GTP was observed in cells expressing either
HA-NopA or HA-NopAC-ter, as compared to cells transfected with
HA alone or HA-NopAN-ter (Fig. 4C). As expected, ectopic expression
of CvpB had negligible impact on the intracellular levels of Ran-GTP
(Fig. 4C). These observations suggest that NopA sequestration of Ran
at nucleoli leads to an increase in the intracellular levels of Ran-GTP,
which may negatively regulate nuclear import (24).

NopA Perturbs Protein Translocation to the Nucleus.Given the role of
Ran in nucleocytoplasmic traffic, and the previously reported ob-
servation that C. burnetii infections modulate nuclear translocation
of p65 by a Dot/Icm-dependent mechanism (9), we investigated
whether NopA affects the nuclear localization of p65, which follows
the activation of the NF-κB signaling pathway. U2OS cells trans-
fected with plasmids encoding either HA- or mCherry-tagged ver-
sions of NopA were either left untreated or challenged with 10 ng/mL
TNF-α for 30 min, and the nuclear translocation of p65 was
monitored using an anti-p65 antibody either by fluorescence mi-
croscopy or Western blot following cell fractionation. Cells
expressing either HA- or mCherry-tagged CvpB or the tags alone
were used as controls. TNF-α treatment efficiently activated the
NF-κB pathway, as indicated by the significant degradation of IκBα
(Fig. 5A). Accordingly, p65 was readily relocalized to the nucleus of
cells expressing either the HA or mCherry tags alone or tagged
versions of the C. burnetii effector CvpB (Fig. 5 B–D). However, p65
translocation was largely inhibited in cells expressing either HA-
NopA or mCherry-NopA (Fig. 5 B–D). In all cases, the in-
tracellular levels of p65 remained largely unaltered. To determine
whether NopA modulates the intracellular levels of p65 by per-
turbing its nuclear import or by accelerating its nuclear export,
U2OS cells expressing either mCherry-NopA, mCherry-CvpB, or
mCherry alone as controls, were incubated for 4 h with 5 nM lep-
tomycin B (LMB), a fungal metabolite that blocks nuclear export by
covalently binding to exportin 1. As p65 shuttles continuously be-
tween the nucleus and the cytoplasm, treatment with LMB in
mCherry or mCherry-CvpB expressing cells led to an accumulation
of the transcription factor in the nucleus (Fig. 5D and SI Appendix,
Fig. S4). Interestingly however, ectopic expression of mCherry-
NopA significantly prevented p65 nuclear accumulation in re-
sponse to LMB treatment (Fig. 5D and SI Appendix, Fig. S4). A
similar phenotype was observed in cells treated with LMB for 4 h,
followed by a 30-min incubation with TNF-α (Fig. 5D and SI Ap-
pendix, Fig. S4). These data indicate that indeed, NopA perturbs
nuclear import.

Next, we tested whether the perturbation of nuclear import trig-
gered by NopA was specific to p65 and C. burnetii infections. The
nuclear translocation of the transcription factor IRF3 was monitored
in U2OS cells cotransfected with 3FLAG-tagged IRF3 in combina-
tion with either mCherry alone, mCherry-NopA, or mCherry-CvpB,
and infected with the Sendai virus for 18 h. Noninfected cells were
used as control (SI Appendix, Fig. S5A). Similar to what we reported
for p65, IRF3 was readily translocated to the nuclei of cells
expressing either mCherry alone or mCherry-CvpB but remained
largely cytoplasmic in cells expressing mCherry-NopA (SI Appendix,
Fig. S5 A and B).

NopA Is Involved in the Silencing of the Innate Immune Response
during C. burnetii Infections. p65 nuclear translocation was further
monitored in U2OS cells noninfected or challenged either with
10 ng/mL TNF-α for 30 min, WT C. burnetii, the Dot/Icm-defective
mutant dotA::Tn, the nopA::Tn, or the complemented strain
(nopA::Tn Comp.), for 24, 48, and 72 h by fluorescence microscopy
and, for the 72 h time point, by Western blot following cell frac-
tionation. IκBα was significantly degraded in all conditions as com-
pared to noninfected cells, indicating an efficient activation of the
NF-κB pathway (Fig. 6A). Translocation of p65 to the nucleus was
readily detected in cells treated with TNF-α, either by Western
blotting (Fig. 6B) or by immunofluorescence (Fig. 6 C and D). Cells
challenged with WT C. burnetii or the nopA::Tn complemented

Fig. 5. Overexpression of NopA interferes with the nuclear translocation of
p65. Representative Western blot of U2OS cells expressing either the HA tag
alone, HA-NopA, or HA-CvpB left untreated or incubated with 10 ng/mL TNF-
α for 30 min, lysed, and processed for cell fractionation. Whole cell lysates (A,
WCLs) were used to assess the overall levels of p65 and IκBα and nuclear
fractions (B) to monitor p65 translocation to the nucleus (nuclear fraction).
The signal ratio of p65 over tubulin or fibrillarin and of IκBα over tubulin is
indicated for experiments illustrated in A and B. Values are mean ± SD from
three independent experiments. (C) Representative images of U2OS cells
expressing mCherry-NopA or mCherry-CvpB and treated as in A. The locali-
zation of p65 was monitored using an anti-p65 antibody and Hoechst
staining of nuclei. Asterisks indicate transfected cells. (D) CellProfiler was
used to identify mCherry-expressing U2OS cells and to measure the median
of the ratios of p65 fluorescence intensity at nuclei versus cytoplasm. Values
are means ± SEM from two independent experiments where a minimum of
200 nuclei were measured per condition. Asterisks indicate statistically sig-
nificant variations [n.s., nonsignificant, ****P < 0.0001, ***P < 0.001, **P <
0.01, *P < 0.1, one-way ANOVA, Dunnett’s (A and B) and Bonferroni (D)
multiple comparison test]. (Scale bars, 10 μm.)
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strain showed a small but significant increase in nuclear p65 fluo-
rescence as compared to noninfected, untreated cells (Fig. 6 B–D).
However, incubation with either the dotA::Tn or the nopA::Tn mu-
tants triggered an accumulation of p65 to the nucleus which was
comparable to the TNF-α treatment (Fig. 6 B–D). Measurement of
p65 nuclear translocation by immunofluorescence, which was spe-
cifically measured in infected cells, resulted in a stronger phenotype
as compared to Western blot analysis, which was carried out on the
total cell population.

To investigate the downstream effects of perturbing the nuclear
translocation of transcription factors involved in the immune re-
sponse to C. burnetii infections, differentiated THP-1 macrophages
were exposed to either WT C. burnetii, the Dot/Icm-deficient dotA::Tn
mutant, the nopA::Tn mutant, or the corresponding complemented

strain (nopA::Tn Comp.) for 24, 48, and 72 h. Total RNA was extracted
from cell lysates and qRT-PCR analysis was used to monitor the ex-
pression of a panel of cytokines (Fig. 7A and SI Appendix, Fig. S6A). A
slight increase in the mRNA expression levels of all tested cytokines
was observed in cells exposed to WT C. burnetii or the nopA::Tn
complemented strain, as compared to noninfected cells. Interestingly
however, cells exposed to either the dotA::Tn mutant or the nopA::Tn
mutant displayed a comparable, significant increase in the production
of the majority of the cytokines tested, ranging from a 2-fold increase
to a 100-fold increase for IL8 (Fig. 7A and SI Appendix, Figs. S6A and
S7). Down-modulation of the innate immune response was further
confirmed by monitoring TNF-α and IFN-α production in THP-1
macrophages infected as above for 72 and 96 h. As C. burnetii effectors
are known to perturb the secretory pathway of infected cells (20, 25),
THP-1 cells were treated with brefeldin A (BFA) 24 h prior to fixation
and the intracellular levels of TNF-α and IFN-α were assessed by flow
cytometry (Fig. 7 B and C), following the application of a specific
gating to isolate the population of infected cells (SI Appendix, Fig.
S6B). A significant increase in the intracellular levels of both cytokines
was observed in cells infected either with the nopA::Tn or the dotA::Tn
strains as compared to cells infected with WT C. burnetii or the
nopA::Tn complemented strain (Fig. 7 B and C). Overall, our data
indicate that C. burnetii uses the Dot/Icm secretion system to down-
modulate the NF-κB signaling pathway as previously reported (9), and
that NopA is a key effector for this process.

Discussion
Intracellular bacterial pathogens and symbionts establish intimate
interactions with their eukaryotic hosts, which have evolved by co-
evolution over time. Part of their adaptation to their intracellular
niches has been mediated by transkingdom acquisition and func-
tional integration of eukaryotic genes in bacterial genomes (26).
Indeed, EUGENs represent a hallmark of intracellular bacteria, and
are rarely observed in free-living bacteria. Importantly, many EUGENs
from intracellular bacteria produce candidate or validated effector
proteins that are translocated into host cells through dedicated type III
or type IV secretion systems (27). Thus, EUGENs are predicted to play
an important role in the establishment of parasitic or symbiotic bacterial
lifestyles.

In this study, bioinformatics analysis combined with translocation
assays led to the identification of seven C. burnetii effector proteins
encoding eukaryotic-like domains involved in protein/protein inter-
actions, protein/chromatin interactions, and posttranslational mod-
ifications. CBU0447 and CBU0175 are conserved among C. burnetii
strains, whereas the remaining five EUGENS present some degree
of polymorphism (7). Upon ectopic expression in epithelial cells of
translocated ankyrin repeat-containing proteins, AnkA (CBU0072)
was largely cytoplasmic, whereas AnkF (CBU0447) seemed to as-
sociate with membranes that partially colocalized with the lysosomal
marker LAMP1. AnkG (CBU0781), which was previously reported
to localize at mitochondria and translocate to the nucleus upon
staurosporine treatment of transfected cells (21), partially localized
to the nucleus even in the absence of staurosporine in our hands. It is
thus possible that other Ank proteins modify their intracellular lo-
calization at different stages of infection.

Here, we have focused our study on CBU1217, which encodes
four RCC repeats in its C-terminal domain (aa 196 to 497). RCC
repeats are found in the regulation of chromosome condensation 1
(RCC1) eukaryotic protein (28). In eukaryotes, the RCC domain
consists of seven homologous repeats of 51 to 68 amino acid resi-
dues, arranged in a β-propeller fold (15). A single RCC domain
constitutes the majority of the protein in the case of the RCC1
subgroup of the RCC1 superfamily, whereas multiple RCC domains
can be found, either alone or in combination with other functional
domains of the other subgroups of the superfamily (13). As such,
RCCs are versatile domains that can be involved in protein/protein
or protein/chromatin interactions, guanine nucleotide exchange
factor (GEF), and posttranslational modifications including ubiq-
uitination and phosphorylation (13). RCC1 is primarily found in associ-
ation with histones H2A and H2B on chromatin (29) and acts as a GEF
for the small GTPase Ran, a master regulator of nucleocytoplasmic

Fig. 6. NopA interferes with the nuclear translocation of p65 during C.
burnetii infections. Representative Western blot of U2OS cells challenged for
72 h with GFP-tagged strains of WT C. burnetii (WT), the Dot/Icm-defective
dotA transposon mutant (dotA::Tn), the nopA transposon mutant (nopA::Tn),
or the corresponding complemented strain (nopA::Tn Comp.). Noninfected
cells (NI) and cells treated with 10 ng/mL TNF-α (TNF-α) for 30 min were used
as negative and positive controls, respectively. Cells were lysed and frac-
tionated to isolate nuclear fractions. Whole cell lysates (A, WCLs) were used
to assess the overall levels of p65 and IκBα and nuclear fractions (B) to
monitor p65 translocation to the nucleus (nuclear fraction). Normalized
densitometry of indicated protein ratios was calculated. Values are means ±
SD from two independent experiments. (C) Representative images of U2OS
cells treated as in A. The localization of p65 (red) was monitored using an
anti-p65 antibody and Hoechst staining of nuclei (blue). White arrows in-
dicate nuclei of infected cells. (D) U2OS cells were treated as in A for 24, 48,
and 72 h. CellProfiler was used to identify infected and total U2OS cells and
to measure the median of the ratios of p65 fluorescence intensity at nuclei
versus cytoplasm. Values are means ± SEM from two independent experi-
ments where a minimum of 400 nuclei were measured per condition. In all
cases, n.s., nonsignificant, ***P < 0.0001, one-way ANOVA, Dunnett’s mul-
tiple comparison test. (Scale bars, 10 μm.)
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Fig. 7. NopA inhibits cytokines production. (A) Differentiated THP-1 cells were challenged either with GFP-expressing WT C. burnetii (WT), the Dot/Icm-
defective dotA transposon mutant (dotA::Tn), the nopA transposon mutant (nopA::Tn), or the corresponding complemented strain (nopA::Tn Comp.) for 24,
48, 72, and 96 h. The expression of TNF-α and IFN-α4 cytokines was assessed by RT-qPCR for the indicated time points. Dot plots from a representative ex-
periment showing intracellular staining of TNF-α (B) and IFN-α (C) in cells infected for 72 and 96 h and treated with BFA for the last 24 h. Infected cells were
first gated on the GFP+ population and the percentage of cells expressing TNF-α and IFN-α was assessed. Flow cytometry data are presented on graphs as fold
relative to WT. Values are means ± SD from three independent experiments. n.s., nonsignificant, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.1. Full
statistical analysis for the 72-h time point illustrated in A is available in SI Appendix, Fig. S7.

Burette et al. PNAS | June 16, 2020 | vol. 117 | no. 24 | 13715

M
IC
RO

BI
O
LO

G
Y

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

Ja
nu

ar
y 

14
, 2

02
1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914892117/-/DCSupplemental


transport during interphase and mitotic spindle assembly during
mitosis (30).

Among vacuolar bacterial pathogens, the L. pneumophila effector
protein LegG1 encodes an RCC-like domain (RLD) consisting of
three out of the seven RCC repeats typically found in eukaryotes
(31). Of note, LegG1 localizes at Legionella-containing vacuoles
(LCVs) where it recruits and activates Ran to promote microtubule
polymerization and LCV mobility (32). Differently from LegG1, C.
burnetii NopA encodes an additional RCC repeat and, despite the
lack of typical nuclear or nucleolar localization signals, exclusively
localizes at nuclei with a strong enrichment in the chromatin frac-
tion, which is consistent with RCC1 localization. NopA RCC repeats
are necessary and sufficient to target the protein to nucleoli and
exert its functions. Moreover, the first RCC repeat seems to be
critical for targeting NopA to the nucleus, as removal of this repeat
from NopAC-term displaces the protein to the cytoplasm. Interestingly,
the first two RCC repeats (aa 196–310) alone localize at PML bodies.
This localization remains unchanged with the addition of the third
RCC repeat and it is only the expression of the complete NopAC-term
that triggers protein localization at nucleoli, suggesting the presence of
a nucleolar-targeting motif in the fourth RCC repeat.

Similarly to the eukaryotic protein RCC1, NopA interacts with
Ran, with preferential affinity for the GDP-bound form and pro-
motes the activation of Ran. Differently from RCC1, however,
NopA also triggers a nucleolar accumulation of Ran. Thus, the ob-
served increase in the intracellular levels of GTP-bound Ran may
result from either GEF activity of NopA (which has been reported
for RCC1), or via the observed sequestration of Ran at nucleoli,
which would prevent GTP-bound Ran to recycle back to the cyto-
plasm, where Ran GTPase-activating proteins (GAPs) stimulate
GTP to GDP conversion. As we were unable to purify sufficient
amounts of either full-length NopA or NopAC-ter, we could not as-
sess for the moment whether NopA has intrinsic GEF activity. In-
terestingly, a residual increase in the intracellular levels of Ran-GTP
was still observed in cells challenged with the nopA::Tn mutant
strain, as compared to infections with the Dot/Icm-defective
dotA::Tn strain. This may suggest that other C. burnetii effectors may
have a role in the modulation of Ran activity.

Of note, mutations in nopA do not affect C. burnetii intracellular
replication (10). However, increasing the intracellular levels of Ran-
GTP results in a global alteration in the nucleocytoplasmic transport
of proteins (24). It has been reported that during infections, C.
burnetii requires Dot/Icm activity to down-modulate the NF-κB
pathway by perturbing the nuclear translocation of the p65 tran-
scription factor (9). Here we demonstrate that NopA is one of the
effector proteins involved in this process, as indicated by the strong
inhibition of nuclear translocation of p65 upon treatment of cells
with TNF-α or infection. The modulation of the NF-κB signaling
pathway has been reported for a number of bacterial pathogens and
viruses (1, 2). In most cases, bacteria interfere with the degradation
of IκBα and the release of p65 or by triggering the proteasomal
degradation of p65 itself. Other bacteria, including L. pneumophila
and Shigella flexneri may also inhibit the innate immune response
downstream of p65 nuclear translocation, at the level of transcrip-
tion and mRNA processing, respectively (2). Finally, an emerging
number of bacterial effectors inhibit NF-κB activation by modulating
the nuclear translocation and/or accumulation of p65, by interfering
with nucleocytoplasmic protein transport. The Salmonella SPI-2
T3SS effector protein SpvD accumulates importin-α in the nucleus
by binding exportin Xpo2, thereby preventing p65 nuclear import
(4). O. tsutsugamushi uses ankyrin repeat-containing effector pro-
teins Ank1 and 6 by coopting the function of both importin-β and
exportin 1, thus accelerating p65 nuclear export (5). Here we show
that the NF-κB pathway is readily activated upon C. burnetii infec-
tions as shown by efficient IκBα degradation. However, NopA per-
turbs nuclear accumulation of p65 by triggering the nuclear
accumulation of GTP-bound Ran, resulting in an imbalanced Ran
gradient across cells. In turn, this leads to a defective nuclear import
of proteins, as also demonstrated by challenging cells ectopically
expressing NopA with leptomycin B to block nuclear export.

Considering that these bacterial effectors manipulate common
adaptors and GTPases involved in nucleocytoplasmic transport, it
would be of interest to monitor their effect on a broader panel of
proteins and investigate how infected cells respond to these per-
turbations. For example, other C. burnetii effector proteins have
been described to localize at the nucleus of infected cells (21, 33, 34).
In this perspective, it is important to note that nuclear translocation
of p65 is not completely ablated during C. burnetii infections, and
that the strongest phenotypes are observed at 48 and 72 h post-
infection, which is compatible with a reduced, but still detectable
translocation of protein to the nucleus at earlier time points. Here
we show that indeed the perturbation of nuclear import by NopA
affects a broader class of proteins, also outside the context of C.
burnetii infections, as indicated by the perturbation of nuclear
translocation of IRF3 in response to Sendai virus infection, in cells
ectopically expressing NopA.

To monitor the downstream effects of inhibiting the nuclear ac-
cumulation of transcription factors involved in immune sensing, we
challenged differentiated THP-1 cells with WT C. burnetii or strains
carrying mutations either in the Dot/Icm secretion system or in
nopA. As expected, infections by the WT strain elicited a minor
response in the expression of a panel of cytokines, including TNF-α,
interleukins, and interferons, in agreement with the observation that
C. burnetii is a stealth pathogen. Evasion of the innate immune re-
sponse was unmasked by infections with the Dot/Icm-defective strain
dotA::Tn, which triggered a significant cytokine response. In-
terestingly, infections by the nopA::Tn mutant strain largely phe-
nocopied the dotA::Tn mutation, suggesting that NopA is critical for
the down-modulation of the innate immune response.

Together, this work highlighted a number of C. burnetii eukaryotic-
like effector proteins and showed that one of them, NopA, is re-
sponsible for evading the host innate immune response by interfering
with nucleocytoplasmic transport.

Materials and Methods
Antibodies, reagents, bacterial strains, cell lines, and growth conditions used
in this study are listed in SI Appendix.

Plasmids. Plasmids used in this study are listed in SI Appendix, Table S4. DNA
sequences were amplified by PCR using Phusion polymerase (New England
Biolabs) and gene-specific primers (Sigma).

Plasmid Design for Secretion Assay in C. burnetii. Selected genes from SI
Appendix, Table S2 were amplified from C. burnetii RSA439 NMII genomic
DNA using primer pairs indicated in SI Appendix, Table S5. PCR products
were cloned into the pXDC61-BLAM plasmid to generate N-terminal-tagged
fusion version of all candidate effector proteins.

Plasmid Design for Mammalian Cells Transfection. Effector-coding genes were
amplified from C. burnetii RSA439 NMII genomic DNA using primer pairs
indicated in SI Appendix, Table S5. PCR products were cloned either into
pLVX-mCherry-N2 or pRK5-HA plasmids to generate N-terminal-tagged
mCherry or HA fusion versions of all effector proteins, respectively. For
cloning of Ran in pcDNA3-GFP10-zipper, Ran was amplified using forward
primers Ran-BspEI and reverse primers Ran-XbaI-rev. For cloning of NopA, RCC1,
and fibrillarin in pcDNA3-zipper-GFP11, genes were amplified using forward
primers NopA-NotI, RCC1-NotI, or FBL-NotI and reverse primers NopA-ClaI-rev,
RCC1-ClaI-rev, or FBL-ClaI-rev. pGBKT7-containing eukaryotic sequence of Ran
WT, RanT24N/Q69L/N122I mutants were kindly provided by Aymelt Itzen,
Zentrum für Experimentelle Medizin Institut für Biochemie und Signal-
transduktion, Hamburg, Germany. Ran WT and mutants were amplified from
pGBKT7-Ran-WT, pGBKT7-Ran-T24N, pGBKT7-Ran-Q69L, and pGBKT7-Ran-N122I
using primers pairs XhoI-Ran-F and Ran-XmaI-rev, and the PCR products were cloned
into pLVX-GFP-N2.

Plasmid Design for nopA Complementation in C. burnetii. For nopA comple-
mentation, the nopA putative promoter and nopA sequences were ampli-
fied using the primer pairs NheI-prom1217-fw/PstI-prom1217-Rev and
CBU1217-BamHI/CBU1217-EcoRI-rev, respectively (SI Appendix, Table S5).
The PCR products were cloned into pUCR6K-miniTn7-Kan-tetRA-4HA. Plas-
mids were electroporated in the nopA::Tn mutant strain Tn227 (10).
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Beta-Lactamase Translocation Assay. For C. burnetii effector translocation
assays, cells were cultured in black, clear-bottomed, 96-well plates and
infected with the appropriate C. burnetii strain (multiplicity of infection
[MOI] of 100) for 24 and 48 h. C. burnetii-expressing BLAM alone or BLAM-
tagged CBU0021 were used as negative and positive controls, respectively.
Cell monolayers were loaded with the fluorescent substrate CCF4/AM
(LiveBLAzer-FRET B/G loading kit; Invitrogen) in a solution containing
20 mM Hepes, 15 mM probenecid (Sigma) pH 7.3, in Hank’s balanced salt
solution (HBSS). Cells were incubated in the dark for 1 h at room temper-
ature and imaged using an EVOS inverted fluorescence microscope. Images
were acquired using DAPI and GFP filter cubes. The image analysis software
CellProfiler was used to segment and count total cells and positive cells in
the sample using the 520-nm and 450-nm emission channels, respectively,
and to calculate the intensity of fluorescence in each channel. Following
background fluorescence subtraction using negative control samples, the
percentage of positive cells was then calculated and used to evaluate ef-
fector translocation. A threshold of 20% of positive cells was applied to
determine efficient translocation of bacterial effector proteins.

Immunofluorescence Staining and Microscopy. Cells were fixed in 4% (wt/vol)
paraformaldehyde in phosphate-buffered saline (PBS) solution at room
temperature for 20 min. Samples were then rinsed in PBS solution and in-
cubated in blocking solution (0.5% bovine serum albumine [BSA], 50 mM
NH4Cl in PBS solution, pH 7.4). Cells were then incubated with the primary
antibodies diluted in blocking solution for 1 h at room temperature, rinsed
five times in PBS solution, and further incubated for 1 h with the secondary
antibodies diluted in the blocking solution. To visualize HA-tagged NopA or
nuclear/nucleolar proteins, cells were fixed as previously described in 4%
(wt/vol) paraformaldehyde in PBS solution. Then, cells were permeabilized
with 0.5% Triton X-100 in PBS solution for 3 min at room temperature.
Sample were then rinsed in PBS solution and incubated with blocking so-
lution (0.1% Triton X-100, 5% [wt/vol] milk in PBS solution) for 1 h at room
temperature. Cells were then incubated with the primary antibodies diluted
in blocking solution for 1 h at 37 °C, rinsed five times in PBS solution, and
incubated with the secondary antibodies for 1 h at room temperature. For
all conditions, coverslips were mounted by using Fluoromount mounting
medium (Sigma) supplemented with Hoechst 33258 for DNA staining.
Samples were imaged with a Zeiss Axio Imager Z1 epifluorescence micro-
scope (Carl Zeiss) connected to a CoolSNAP HQ2 charge-coupled device (CCD)
camera (Photometrics). Images were acquired alternatively with 100×, 63×,
or 40× oil immersion objectives and processed with MetaMorph (Universal
Imaging). ImageJ and CellProfiler software were used for image analysis and
quantifications.

Immunoprecipitations and Pull-Down Assays. For coimmunoprecipitation ex-
periments, pLVX-GFP-N2-tagged WT Ran, RanT24N/Q69L/N122I mutants, or
vector control were cotransfected with pRK5-HA-NopAC-ter in U2OS cells. At
24 h posttransfection, cells were lysed in lysis buffer (10 mM Tris HCl, pH 7.5,
150 mM NaCl, 0.5 mM ethylenediaminetetraacetic acid [EDTA] 1% Nonidet
P-40) supplemented with a protease inhibitor tablet (Complete; Roche) and
incubated with 25 μL of GFP-Trap magnetic beads (Chromotek) for 2 h at
4 °C with rotation. The beads were then washed three times with wash
buffer (10 mM Tris HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA), resuspended in
Laemmli buffer 4×, and analyzed by Western blot.

Tripartite Split-GFP Assay. U2OS were grown in Dulbecco’s modified Eagle
medium (DMEM) supplemented in 10% (vol/vol) fetal calf serum (FCS) at
37 °C and 5% CO2. For the interaction assay, U2OS cells were cotransfected
with Lipofectamine 2000 (Gibco, Invitrogen) with plasmids encoding for
GFP1-9, GFP10, and GFP11 fusions. At 24 h posttransfection, cells were fixed
in 4% paraformaldehyde in PBS solution and processed for immunofluo-
rescence. Protein/protein interactions were scored by calculating the per-
centage of GFP-positive cells over the total number of cells positive for the
anti-GFP antibody.

Cell Fractionation. U2OS cells were grown to 60% confluence in 100-mm Petri
dishes before being transfected with 10 μg of pRK5-HA-NopAN-ter or
pRK5-HA-NopAC-ter in JetPEI reagent (Polyplus-Transfection) according to
the manufacturer’s recommendations. At 24 h after transfection, cells were
washed in PBS and pelleted at 4 °C. U2OS cells cultured in 100-mm dishes
were infected with the nopA::Tn mutant or the corresponding com-
plemented strain (nopA::Tn Comp.) expressing a 4HA-tagged version of
NopA. After 24 h of infection, cells were washed in PBS and pelleted at 4 °C.

Transfected or infected cell pellets were subjected to cell fractionation as
previously described (35). Where appropriate, cytoplasmic, nuclear, and
chromatin fractions were subjected to immunoprecipitation using 40 μL of
anti-HA magnetic beads (Sigma) for 2 h at 4 °C with rotation. Bound proteins
were eluted using 80 μL of 100 μg/mL−1 HA-peptide (Sigma) and then
resuspended in Laemmli buffer 4× and analyzed by Western blot.

Ran Activation Assay. For the analysis of enzymatic activity of NopA, U2OS
cells were either infected or transfected and lysed with lysis buffer (25 mM
Hepes, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 10 mM MgCl2, 1 mM EDTA,
2% glycerol) containing a protease inhibitor tablet (Complete; Roche). Cell
lysates were then centrifuged for 10 min at 14,000 × g at 4 °C. For Ran-GTP
immunoprecipitation, 40 μL of RanBP1 beads (Cell Biolabs, Inc.) were in-
cubated with cell lysates for 1 h at 4 °C, and then washed three times with
lysis buffer, subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS/PAGE), and visualized by Western blotting using an anti-
Ran antibody (1:4,000, Sigma). GTP-bound Ran levels were determined by
calculating the signal ratio of GTP-bound Ran over the total amount of Ran.

NF-κB/IRF3 Translocation Assays. To analyze NF-κB translocation, U2OS cells
were grown to 60% confluence before being transfected as previously de-
scribed. At 24 h posttransfection, cells were incubated with media containing
10 ng/mL TNF-α for 30 min at 37 °C. Alternatively, cells were preincubated with
media containing 5 nM LMB for 4 h at 37 °C, followed by a TNF-α treatment
as indicated above where needed. For C. burnetii infection assays, cells were
infected with C. burnetii and incubated at 37 °C for 1 to 3 d. Cells were then
fixed in 4% paraformaldehyde in PBS solution and processed for NF-κB
immunostaining. The image analysis software CellProfiler was used to seg-
ment all nuclei using the Hoechst staining and cell contours using nuclei as
seeds and p65 labeling. Cytoplasm was segmented by subtracting nuclei
from cell objects. Next, mCherry signal was used to identify and isolate the
subpopulation of transfected cells, and single cell measurements of the
ratio of the mean p65 fluorescence in the nucleus versus cytoplasm were
calculated for each condition. For infection assays, CellProfiler was used to
identify and isolate the population of infected cells based on the GFP
fluorescence associated with the strains of C. burnetii used in this study
and nuclear p65 fluorescence was specifically measured as described above
in the subpopulation of infected cells. To analyze IRF3 translocation,
pLVX-mCherry-N2-tagged NopA, CvpB, or empty vector were cotransfected
with pcDNA3-3×FLAG-tagged IRF-3 in U2OS cells. At 24 h posttransfection,
cells were infected with a defective-interfering H4 Sendai virus (36) pro-
vided by D. Garcin, Department of Microbiology and Molecular Medicine,
University of Geneva, Geneva Switzerland, and used at 50 hemagglutination
units (HAU)/mL for 18 h at 37 °C. Cells were then fixed in 4% paraformaldehyde
in PBS solution and processed for FLAG immunostaining. IRF3 nuclear trans-
location was measured as described above for p65.

Densitometry. Regions of Interest (ROIs) were obtained from each band of
interest and the intensity was measured using ImageJ. For each band, the
same ROI was used for background calculation and removal from areas
adjacent to each band. For the experiments illustrated in Fig. 5, the intensity
of bands from samples treated with TNF-α were normalized for the intensity
of the corresponding untreated sample. For the experiments illustrated in
Fig. 6, the intensity of bands from samples challenged with C. burnetii or
treated with TNF-α were normalized for the intensity of the noninfected
(NI) sample.

qRT-PCR Analysis of Cytokine mRNA. Total RNA was extracted from THP-1 cells
using the RNeasy Micro kit and submitted to DNase treatment (Qiagen),
following manufacturer’s instructions. RNA concentration and purity were
evaluated by spectrophotometry (NanoDrop 2000c, Thermo Fisher Scien-
tific). A total of 500 ng of RNA was reverse transcribed with both oligo-dT
and random primers, using PrimeScript RT Reagent Kit (Perfect Real Time,
Takara) in a 10-mL reaction. Real-time PCR reactions were performed in
duplicates using Takyon ROX SYBR MasterMix blue dTTP (Eurogentec) on an
Applied Biosystems QuantStudio 5, using the following program: 3 min at
95 °C followed by 40 cycles of 15 s at 95 °C, 20 s at 60 °C, and 20 s at 72 °C.
Cycle threshold (Ct) values for each transcript were normalized to the geo-
metric mean of the expression of RPL13A, B2M, and ACTB (i.e., reference
genes) and the fold changes were determined by using the 2-ΔΔCt method.
Primers used for quantification of transcripts by real-time quantitative PCR
are indicated in SI Appendix, Table S5.
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SCID Mouse Infections. SCID (C.B-17/LcrHsd-Prkdcscid) mice were purchased
from Envigo and housed in the Texas A&M Health Science Center (TAMHSC)
animal facility. All animal procedures were done in compliance with Texas
A&M University Institutional Animal Care and Use Committee (Animal Use
Protocol, AUP 2016–0370). Infections were performed as described pre-
viously (37). Briefly, 6- to 8-wk-old female mice (SCID or C57BL/6) were in-
fected with 1 × 106 viable C. burnetii phase II strain via intraperitoneal (i.p.)
injection. Inoculum concentrations were confirmed by serial dilution spot
plating on acidified citrate cysteine medium-2-defined (ACCM-D) agarose as
described previously (38).

Mouse Tissue Collection, Processing, and DNA Purification. At 10 d (competitive
infections) or 14 d postinfection (single infections), the mouse spleens were
removed and weighed at necropsy to determine splenomegaly (spleen
weight/body weight). Each spleen was added to 1 mL PBS and homogenized
using an Omni tissue homogenizer equipped with plastic tips. A total of
100 μL of homogenate was added to 400 μL of TriZol LS (Invitrogen) for RNA
extraction. For DNA extraction, 100 μL of homogenate was added to 900 μL
tissue lysis buffer (Roche) plus 100 μL of proteinase K and incubated at 55 °C
overnight. The following day 100 μL of 10% SDS (wt/vol) was added and
incubated at room temperature for 1 h. Lysed tissue samples were then
processed using the Roche High Pure PCR template preparation kit accord-
ing to the manufacturer’s instructions.

Enumeration of Coxiella in Mouse Spleens. DNA purified from infected organs
was used as template for TaqMan real-time PCR using primers and probe for
com1 or primers and probe of IS1111 as described previously (37). Quanti-
tative PCR was performed in 20-μL reactions with ABI TaqMan universal PCR
mastermix run on an ABI StepOne Plus machine. The replication index
reported for each mouse was calculated by dividing the number of genome

copies recovered from spleens by the number of genome copies in the
original inoculum.

Flow Cytometry. For intracellular human TNF-α/IFN-α4 staining, 5 × 104 THP-1
cells differentiated in phorbol 12-myristate 13-acetate (PMA) (200 ng/mL) for
2 d seeded in 24-well plates were infected with the indicated C. burnetii
strain for 72 and 96 h. Cells were then treated with 1 μg/mL of BFA for the
last 24 h. The following day, cells were fixed using 2% paraformaldehyde in
PBS solution for 20 min at 4 °C. After washing with fluorescence-activated
cell sorting (FACS) buffer (1% BSA in PBS solution), cells were permeabilized
in FACS buffer supplemented with 0.1% saponin for 30 min at 4 °C and then
stained with anti-TNF-α-PE and IFN-α-PE antibodies for 1 h at 4 °C. Infected
cells were analyzed based on the GFP fluorescence associated with the
strains of C. burnetii. Flow cytometry analyses were performed on a BD
FACSCalibur flow cytometer using flow cytometry (CellQuest software, BD
Biosciences). FlowJo software (Tree Star) was used to analyze data.

Data Availability. All data discussed in the paper are available to readers
either in the manuscript or in SI Appendix.
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Abstract

Coxiella burnetii is an obligate intracellular bacterial pathogen responsible for severe

worldwide outbreaks of the zoonosis Q fever. The remarkable resistance to environ-

mental stress, extremely low infectious dose and ease of dissemination, contributed

to the classification of C. burnetii as a class B biothreat. Unique among intracellular

pathogens, C. burnetii escapes immune surveillance and replicates within large

autophagolysosome-like compartments called Coxiella-containing vacuoles (CCVs).

The biogenesis of these compartments depends on the subversion of several host

signalling pathways. For years, the obligate intracellular nature of C. burnetii imposed

significant experimental obstacles to the study of its pathogenic traits. With the

development of an axenic culture medium in 2009, C. burnetii became genetically

tractable, thus allowing the implementation of mutagenesis tools and screening

approaches to identify its virulence determinants and investigate its complex interac-

tion with host cells. Here, we review the key advances that have contributed to our

knowledge of C. burnetii pathogenesis, leading to the rise of this once-neglected

pathogen to an exceptional organism to study the intravacuolar lifestyle.

K E YWORD S

Coxiella burnetii, effector proteins, host-pathogen interactions, molecular genetics, phenotypic

screening

1 | INTRODUCING COXIELLA BURNETII

Coxiella burnetii is a Gram negative obligate intracellular pathogen, and

the causative agent of Q fever, a worldwide zoonotic disease (Eldin

et al., 2017). Animal coxiellosis is mostly associated with abortion,

stillbirths and weak offspring (Figure 1). Desiccation of placental

materials, excretions of birthing fluids, urine, faeces and milk from

infected animals contribute to shed C. burnetii into the environment

(Eldin et al., 2017). Transmission to humans results from exposure to

contaminated aerosols and dust (Figure 1). In humans, C. burnetii

infections are often asymptomatic and self-limiting, however, 40% of

individuals infected with C. burnetii develop an acute disease which is

associated with a flu-like syndrome, pneumonia, hepatitis and chronic

fatigue (Eldin et al., 2017) (Figure 1). Acute disease may convert into a

chronic illness with severe complications, including endocarditis

(Eldin et al., 2017). An important risk factor for Q fever outbreaks is

the multiple zoonotic reservoirs of C. burnetii, which include domestic

livestock and wild animals (mammals, reptiles, birds and ticks) (Eldin

et al., 2017). C. burnetii is extremely infectious, with 1-to-10 bacteria

being sufficient to cause disease (Brooke et al., 2013). The low infec-

tious dose coupled to remarkable environmental stability contribute

to the significant spreading of C. burnetii infections well away from

the outbreak source and led to the classification of C. burnetii as a cat-

egory B biothreat (Madariaga et al., 2003).

Coxiella burnetii is a stealth pathogen that actively escapes innate

immune recognition by inhibiting the NF-κB pathway (Mahapatra

et al., 2016) and inflammasome activation (Cunha et al., 2015).

Infected cells are also protected from apoptosis, thereby preserving

the bacterial replicative niche over long periods (Lührmann et al.,

2017). C. burnetii enters macrophages by phagocytosis through the
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interaction with αVβ3 integrins (Capo et al., 1999). In contrast, in non-

phagocytic cells, internalisation is facilitated by the invasin OmpA

(Outer membrane protein A) (Martinez et al., 2014) (Figure 1). Follow-

ing internalisation, bacteria reside within early endosomal compart-

ments, also called early CCVs, that passively mature along the

endocytic pathway by successive fusion events with early and late

endosomes and lysosomes (Figure 1). Maturation is accompanied by

the acidification of the CCV lumen (Heinzen et al., 1996), which is

required to activate bacterial metabolism (Hackstadt and Williams,

1981) and the translocation of bacterial effector proteins by a

Dot/Icm Type 4b Secretion System (T4SS) (Newton et al., 2013).

Thus, by 48 h post-infection, cells display a single, large, mature CCV,

where markers of multiple membrane compartments co-exist (Dragan

and Voth, 2019), which is indicative of the capacity of C. burnetii to

hijack multiple host membrane trafficking pathways (Figure 1).

Importantly, the biogenesis of these remarkable compartments is a

two-step process requiring both cellular and bacterial factors. This

review will focus on the recent technological advances that fostered

remarkable progress in our understanding of the complex host/patho-

gen interplay that controls the generation of the C. burnetii replicative

niche.

2 | THE LONG AND WINDING ROAD
(TO GENETIC MANIPULATION)

Together with its high infectivity, the obligate intracellular nature of

C. burnetii has imposed severe constraints on the study of its patho-

genesis. An important step towards the development of tools to

investigate C. burnetii infection was the isolation of a Phase II variant

F IGURE 1 Overview of C. burnetii infections. C. burnetii is an obligate intracellular pathogen which infects wild and farm animals. Bacteria are
shed in the environment with birth products and excretions leading to the contamination of hay and dust. Human infection occurs 2–3 weeks
after the inhalation of contaminated particles, followed by the internalisation of C. burnetii by alveolar macrophages. Human Q fever remains
asymptomatic in 60% of infected individuals, whereas 40% develop an acute, febrile disease, which can turn into a chronic disease with more
severe symptoms including endocarditis. C. burnetii invades eukaryotic cell through phagocytosis, which is facilitated by the bacterial invasin
OmpA. Early CCVs mature along the endocytic pathway by successive fusion events with early endosomes (EEs), late endosomes (LEs) and
lysosomes. Acidification of the CCV activates bacterial metabolism and the translocation of bacterial effector proteins (purple circles and ovals) by
the Dot/Icm secretion system. Several effector proteins are collectively beneficial for the biogenesis of the mature CCV where bacterial
replication occurs. These include the Cvp family (for Coxiella vacuolar proteins) of effectors that localise at CCV membranes and manipulate host
membrane trafficking pathways. CvpA interacts with the clathrin adaptor AP2 at recycling endosomes (REs), re-routing these compartments to
the forming CCV. CvpB binds PI(3)P at early endosomes and enriches this phospholipid at CCVs. This is required to favour the autophagy-
mediated homotypic fusion between CCVs. Although not a Cvp, Cig57 interacts with the clathrin adaptor FCHO2 at clathrin-coated pits and re-
routes clathrin-mediated membrane traffic to the CCV
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(NMII) of the Nine Mile Phase I strain (NMI), presenting a single dele-

tion of 21 genes involved in lipopolysaccharide biosynthesis and dis-

playing loss-of-virulence phenotype in animal models (Moos and

Hackstadt, 1987; Hoover et al., 2002). Thus, NMII was allowed for

manipulation in biosafety level-2 (BSL-2) environments (Figure 2D), as

opposed to other C. burnetii strains that require manipulation in
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biosafety level-3 (BSL-3) confinement. Importantly, loss-of-virulence

of NMII has no impact either on intracellular growth kinetics or devel-

opment of CCVs in cultured cells, making NMII a relevant model to

study host-pathogen interactions (Howe et al., 2010).

Nevertheless, bacterial amplification of C. burnetii in embryonated

eggs and/or cultured cells represented a real obstacle for its genetic

manipulation. Indeed, transposon mutagenesis allowed the generation

of C. burnetii mutants (Beare et al., 2009); however, amplification and

isolation of these from infected cells ruled out the possibility of isolat-

ing mutations in virulence genes. Thus, until 2011, ftsZ was the only

C. burnetii gene characterised using Himar1 transposon mutagenesis

(Beare et al., 2009) (Figure 2F).

Whole-genome sequencing of C. burnetii NMI RSA493 in 2003

allowed the identification of typical features, including a Dot/Icm

secretion system, which is highly homologous to that of

L. pneumophila (Seshadri et al., 2003) (Figure 2C). This finding was piv-

otal to develop bioinformatics-based approaches to predict effector

proteins-coding genes. These revealed that similar to L. pneumophila,

effector proteins translocated by C. burnetii encode a C-terminal

secretion signal called the E-block motif and are mostly under the

control of a PmrA response regulator (Zusman et al., 2007). Due to

the genetic intractability of C. burnetii at that time, candidate effector

proteins were tested for secretion using L. pneumophila as a surrogate

model, exploiting the homologies between the Dot/Icm secretion sys-

tems of the two pathogens. This approach allowed the Roy laboratory

to validate the translocation of four C. burnetii effector proteins

encoding ankyrin repeat homology domains (ARHDs) (Pan et al.,

2008) (Figure 2E). Later work from the Samuel laboratory reported

the first large-scale, bioinformatics-based identification of C. burnetii

effector proteins and used the L. pneumophila system to validate the

secretion of 32 new T4SS substrates (Chen et al., 2010) (Figure 2H).

Moreover, using a shuttle plasmid system for the expression of

recombinant proteins in C. burnetii, Chen and colleagues also demon-

strated that the functionality of the Dot/Icm secretion system (Chen

et al., 2010).

One year later, a genetic screen of C. burnetii proteins carrying

C-terminal secretion signals led to the identification of additional

effector proteins (Carey et al., 2011) (Figure 2I). For this study, wild

type (wt) L. pneumophila or the T4SS-defective ΔdotA mutant were

transformed with a library containing adenylate cyclase enzyme

(CyaA)-tagged random fragments of C. burnetii genome, leading to the

validation of seven additional C. burnetii effectors (Carey et al., 2011).

These were further tested for their intracellular localization and func-

tion, which indicated a possible implication in the manipulation of host

membrane trafficking. Of note, this is the first study to report a repli-

cation phenotype associated with a transposon insertion in the

C. burnetii Dot/Icm gene icmL (icmL::Tn), thus demonstrating the

importance of C. burnetii effector protein translocation for infection

(Carey et al., 2011) (Figure 2I). Today, the development of tailored

bioinformatics algorithms for the identification of T4SS effector pro-

teins led to the identification of over 140 candidate C. burnetii T4SS

effectors (Voth et al., 2009; Chen et al., 2010; Carey et al., 2011;

Maturana et al., 2013; Weber et al., 2013). Recent genome

comparison of the C. burnetii strains NMII RSA493, Henzerling

RSA331, G Q212, K Q154 and Dugway 5J108-111, revealed that

many genes encoding candidate effector proteins are either pseudo-

genised or missing altogether, leaving only 44 out of the 143 identified

effector protein-coding genes intact across all strains (Larson et al.,

2016). Despite these significant advances, functional analysis of

C. burnetii genes involved in virulence was still limited by the genetic

intractability of this pathogen.

A game-changer in the study of C. burnetii infections has been the

development of a synthetic medium (ACCM for Acidified Citrate Cys-

teine Medium), followed by the development of ACCM-2, allowing

the extracellular culture of this obligate intracellular bacterium

(Omsland et al., 2009, 2011) (Figure 2G). ACCM-2 development stems

from metabolic requirement studies using microarrays, genomic

reconstruction of metabolic pathways and metabolite typing

(Omsland et al., 2009, 2011). These studies highlighted that C. burnetii

requires acid activation buffer (pH 4.75), to reproduce the CCV micro-

environment (Heinzen et al., 1996) and increase its metabolic poten-

tial as well as low oxygen levels (2.5%) to facilitate the bacterial

micro-aerophilic respiration (Omsland et al., 2009, 2011). This scien-

tific milestone finally enabled genetic manipulation of C. burnetii, lead-

ing to a new era in our understanding of its pathogenesis (Figure 2).

3 | FROM GENES TO FUNCTION:
CHARACTERISATION OF C. BURNETII
EFFECTORS INVOLVED IN VACUOLE
BIOGENESIS

With the development of axenic culture, targeted deletion of

C. burnetii was formally achievable (albeit remaining extremely chal-

lenging), and the role of C. burnetii effector proteins in infection could

be tested directly. The Heinzen laboratory first exploited axenic cul-

ture with the generation of a dotA deletion mutant (Beare et al., 2012)

(Figure 2J) and with the identification and characterisation of CvpA

(for Coxiella vacuolar protein A). This effector protein localises at

CCVs and reroutes recycling endosomes to this compartment by

interacting with the clathrin adaptor protein AP2 (Larson et al., 2013)

(Figure 1). In a follow-up study, the Heinzen laboratory identified four

additional members of what constitutes today the Cvp sub-class of

C. burnetii effector proteins (CvpA, CvpB/Cig2 and CvpC-to-E,

Figure 1) (Larson et al., 2015). Accordingly, targeted deletion of C. bur-

netii vacuolar proteins severely affects the biogenesis of CCVs (Larson

et al., 2013, 2015).

If targeted deletion of C. burnetii genes remains challenging,

Himar1-based transposon mutagenesis has been extensively applied

to the generation of libraries of C. burnetii mutants. Thus, by 2013,

the Samuel laboratory reported the first study that combined

bioinformatics-mediated identification of candidate effector proteins

with transposon mutagenesis (Weber et al., 2013) (Figure 2N).

Searching the C. burnetii genome for T4SS features (PmrA consensus

sequences, E-block motifs and homologies with known effectors), led

to the identification of 234 genes encoding putative C. burnetii
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effector proteins. β-lactamase translocation assay in L. pneumophila

validated 53 T4SS substrates, most of which were never reported

before. Transposon mutagenesis showed that 10 effector proteins

were involved in the biogenesis of CCVs and bacterial replication

(Weber et al., 2013) (Figure 2N).

The following year, two independent studies reported the large-

scale identification of C. burnetii virulence determinants based on the

generation of two libraries of C. burnetii transposon mutants

(Martinez et al., 2014; Newton et al., 2014) (Figure 2O, (r)). The

Bonazzi library consisted of 3,000 GFP-tagged mutants, among which

over 1,000 were sequenced, annotated and screened using quantita-

tive, multiparametric image analysis to identify bacterial factors

involved in host cell invasion, intracellular replication and persistence

(Martinez et al., 2014, 2015). This approach allowed to validate the

function of 16 out of the 22 genes constituting the C. burnetii

Dot/Icm secretion system, characterise the phenotype associated

with transposon insertions in 31 genes encoding effector proteins and

identify the first C. burnetii invasin OmpA (for Outer membrane pro-

tein A), which is necessary and sufficient to trigger internalisation by

non-phagocytic cells (Martinez et al., 2014) (Figures 1 and 2P). This

study was also the first to report the use of the insect model Galleria

mellonella to investigate C. burnetii virulence in vivo (Martinez

et al., 2014).

The Roy laboratory used a modified-Himar1 expressing mCherry

fluorescent protein to generate over 3200 mutants. These were visu-

ally screened in HeLa cells to identify genes important in the biogene-

sis of CCVs and bacterial replication using the lysosomal marker

LAMP-1 to visualise the membranes of the C. burnetii replicative com-

partment (Newton et al., 2014) (Figure 2O). This approach allowed

the isolation of mutants characterised by different intracellular pheno-

types, including defects in intracellular replication and homotypic

fusion of independent CCVs or the appearance of filamentous bacte-

ria. Of note, mutants carrying a transposon insertion in gene encoding

CBU1751 (cig57) displayed a severe vacuole biogenesis defect

(Newton et al., 2014). The Newton laboratory has further

characterised the role of this effector protein in the development of

CCVs and intracellular replication, showing that Cig57 subverts

clathrin-mediated traffic by interacting with FCHO2, an accessory

protein of clathrin-coated pits (Latomanski et al., 2016) (Figure 1).

More recently, CTLC (clathrin heavy chain) has been observed at

CCVs, where it plays an essential role in vacuole expansion

(Latomanski and Newton, 2018). Importantly, CTLC recruitment to

the CCV is related to autophagy, and conversely, the fusion of

autophagosomes with CCVs is dependent on CTLC (Latomanski and

Newton, 2018). The Roy visual screen also highlighted a multivacuolar

phenotype associated with transposon insertions in the gene

CBU0021 (cig2), identical to that previously observed following the

knockdown of autophagy-related genes (McDonough et al., 2013),

suggesting a functional link between a bacterial effector protein and

the manipulation of a specific host cell function (Figure 2O). This

hypothesis was further investigated, demonstrating that Cig2 contrib-

utes to the recruitment of the autophagy machinery to CCVs

(Figure 1), thus facilitating their homotypic fusion and contributing to

an enhanced bacterial virulence in the Galleria mellonella infection

model (Kohler et al., 2016).

4 | IT TAKES TWO TO TANGO: ROLE OF
HOST CELL PATHWAYS IN C. BURNETII
VACUOLE BIOGENESIS

If on one hand effector proteins translocation is critical for pathogene-

sis, host cell proteins, lipids and membrane trafficking pathways also

play a significant role in C. burnetii infections. As mentioned above,

the maturation of CCVs along the endocytic pathway is a pre-

requisite for effector proteins translocation (Newton et al., 2013)-

(Figure 2L); thus, Rab GTPases of the endocytic pathway play a key

role in C. burnetii intracellular replication (Figure 1) (Beron et al., 2002;

Romano et al., 2007; Campoy et al., 2011). Indeed, silencing of either

Rab5 or Rab7 correlates with effector protein translocation defects

(Newton et al., 2016) (Figure 2R).

A comprehensive characterisation of the host cell components

required for the biogenesis of CCVs was provided for the first time by

a genome-wide screen using siRNA targeting eukaryotic genes in

C. burnetii-infected HeLa cells (McDonough et al., 2013) (Figure 2M).

Host determinants required for C. burnetii infection were identified by

the analysis of the number and size of CCVs, revealing the importance

of several eukaryotic pathways in critical infection events. As

expected, the silencing of genes encoding pH-regulating proteins

CLN3 and CLCN5, as well as components of the vacuolar ATPase

resulted in a defect in the biogenesis of CCVs (McDonough et al.,

2013). Besides, the depletion of the retromer cargo complex

VPS26-VPS29-VPS35 leads to defective in bacterial replication,

revealing a role for retrograde membrane trafficking in C. burnetii

infections (McDonough et al., 2013). Interestingly, seminal work from

the Colombo laboratory in the past decade demonstrated that the

induction of autophagy favours the biogenesis of CCVs and that

C. burnetii actively manipulates autophagy during infections (Gutierrez

et al., 2005; Romano et al., 2007). However, the precise role of

autophagy in CCVs’ development remained to be characterised. The

genome-wide screening approach of the Roy laboratory revealed that

knockdown of autophagy proteins syntaxin-17, ATG5 and ATG12

results in the formation of multiple CCVs of smaller size as compared

to control cells (McDonough et al., 2013). It was later demonstrated

that this multivacuolar phenotype is the result of the defective homo-

typic fusion of CCVs (Newton et al., 2014; Martinez et al., 2016).

The Voth and Heinzen laboratories have further explored the

complex interplay between C. burnetii and autophagy by. The

autophagy-associated cargo receptor p62 is actively recruited at

CCVs, independently of LC3-interacting domains (Winchell et al.,

2018). Interestingly, C. burnetii infections seem to preserve p62 from

degradation upon induction of autophagy (Winchell et al., 2018).

Accordingly, C. burnetii infections inhibit mTORC1, a master regulator

of autophagy, by a non-canonical mechanism that does not result in

accelerated autophagy, nor a block of the autophagic flux (Larson

et al., 2019). Finally, autophagy is also involved in repairing the
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membranes of CCVs during expansion, which are subject to transitory

damage and loss-of-acidification (Mansilla Pareja et al., 2017)

(Figure 2T).

Besides host cell proteins, lipids also play a significant role in the

development of CCVs, which are rich in sterols (Gilk et al., 2010).

Indeed, cholesterol homeostasis regulates CCVs biogenesis and intra-

cellular survival of C. burnetii (Gilk et al., 2013; Mulye et al., 2017)

(Figure 2K). Accordingly, C. burnetii actively manipulates cholesterol

metabolism via a eukaryotic-like Δ24 sterol reductase (Gilk et al.,

2010). Furthermore, an image-based supervised machine learning

approach led to the identification of CvpB/Cig2 as the first C. burnetii

effector protein to bind phosphoinositides and manipulate their

metabolism (Martinez et al., 2016) (Figure 2S). Indeed, CvpB/Cig2

binds phosphatidylinositol-3-phosphate (PI[3]P) and phos-

phatidylserine (PS) and perturbs the activity of the PI3-kinase

PIKFYVE. This inhibition results in an enrichment of PI(3)P at CCVs,

which is essential for their homotypic fusion (Martinez et al., 2016).

Importantly, despite the apparent defect in the biogenesis of CCVs,

cvpB transposon mutants were unaffected in their capacity of replicat-

ing within infected cells. However, cvpB mutants are attenuated in the

in vivo models Galleria mellonella (Martinez et al., 2016) and SCID mice

(van Schaik et al., 2017), demonstrating that the biogenesis of CCVs

can modulate C. burnetii virulence, independently of bacterial

replication.

5 | TO INFINITY AND BEYOND
(CONCLUSIONS)

As of today, C. burnetii stands as the sole example of an obligate intra-

cellular bacterial pathogen for which a specific axenic culture medium

has been developed. Consequently, research on this dangerous and

complex pathogen has bloomed during this decade, with the develop-

ment of genetic tools and phenotypic screening approaches to better

understand the complex interactions established between C. burnetii

and its host. The generation of libraries of C. burnetii transposon

mutants combined with the development of multi-parametric screen-

ing approaches have allowed the rapid and unbiased identification of

microbial genes involved in specific steps of the infectious process.

This has been facilitated by the fact that the majority of C. burnetii

transposon mutants isolated to date display a significant phenotype

during infection (Martinez et al., 2014), suggesting a milder functional

gene redundancy as compared to the closely related pathogen

L. pneumophila. Accordingly, bioinformatics predicted ~150 effector

proteins compared to the 300 translocated by Legionella.

Nevertheless, understanding how these newly identified virulence

determinants manipulate host cell functions remains exceptionally

challenging. Probably due to the complex nature of this compartment,

a large proportion of the C. burnetii effector proteins identified and

characterised to date are involved in the biogenesis of the CCV; how-

ever, proteins involved in the manipulation of other signalling path-

ways including apoptosis and inflammation have been identified and

partially characterised. With the development of advanced

bioinformatics approaches such as unsupervised machine learning,

hierarchical clustering and Bayesian network analysis, we can now

compare microbial-targeted and host-targeted phenotypic screens, to

identify sets of bacterial and eukaryotic genes predicted to be

involved in the same biological process during infection.

Despite the giant leaps taken since the development of axenic

culture, many technical barriers still exist today. Directed mutagenesis

remains challenging, limiting our studies to the mutants available in

the transposon libraries hosted in the laboratories that undertook this

endeavour. Nevertheless, our knowledge of this once-neglected path-

ogen is ever increasing. This will allow, in the near future, to address

burning questions on C. burnetii pathogenesis, including a characteri-

sation of the strategies used to evade immune recognition, cell-to-cell

spread and, consequently, dissemination to distant organs (heart and

liver) following infection of alveolar macrophages.
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Coxiella effector protein CvpF subverts RAB26-dependent autophagy to promote
vacuole biogenesis and virulence
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ABSTRACT
Coxiella burnetii, the etiological agent of the zoonosis Q fever, replicates inside host cells within a large
vacuole displaying autolysosomal characteristics. The development of this compartment is mediated by
bacterial effectors, which interfere with a number of host membrane trafficking pathways. By screening
a Coxiella transposon mutant library, we observed that transposon insertions in cbu0626 led to intra-
cellular replication and vacuole biogenesis defects. Here, we demonstrate that CBU0626 is a novel
member of the Coxiella vacuolar protein (Cvp) family of effector proteins, which is translocated by the
Dot/Icm secretion system and localizes to vesicles with autolysosomal features as well as Coxiella-
containing vacuoles (CCVs). We thus renamed this effector CvpF for Coxiella vacuolar protein F. CvpF
specifically interacts with the host small GTPase RAB26, leading to the recruitment of the autophago-
somal marker MAP1LC3B/LC3B (microtubule associated protein 1 light chain 3 beta) to CCVs.
Importantly, cvpF::Tn mutants were highly attenuated compared to wild-type bacteria in the SCID
mouse model of infection, highlighting the importance of CvpF for Coxiella virulence. These results
suggest that CvpF manipulates endosomal trafficking and macroautophagy/autophagy induction for
optimal C. burnetii vacuole biogenesis.

Abbreviations: ACCM: acidified citrate cystein medium; AP: adaptor related protein complex; CCV:
Coxiella-containing vacuole; Cvp: Coxiella vacuolar protein; GDI: guanosine nucleotide dissociation
inhibitor; GDF: GDI dissociation factor; GEF: guanine exchange factor; LAMP1: lysosomal associated
membrane protein 1; MAP1LC3B/LC3B: microtubule associated protein 1 light chain 3 beta; MTORC1:
mechanistic target of rapamycin kinase MTOR complex 1; PBS: phosphate-buffered saline; PMA: phorbol
myristate acetate; SQSTM1/p62: sequestosome 1; WT: wild-type.
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Introduction

Coxiella burnetii is the causative agent of animal coxiellosis
and human Q fever, considered as one of the most relevant
reemerging zoonosis in Europe [1�]. The symptoms of Q fever
range from fatigue, long-lasting fever, and hepatitis in the
acute form of the disease, to severe endocarditis in its chronic
form [2]. Upon internalization by phagocytic and non-
phagocytic cells, Coxiella remains in endosomes that progress
in the endocytic pathway. Endosomal acidification triggers the
activation of a defect in organelle trafficking genes/intracellu-
lar multiplication (Dot/Icm) type 4 secretion system (T4SS)
and the translocation of bacterial effectors, which are essential
for the biogenesis of the Coxiella-containing vacuole (CCV)
[3–5]. Bioinformatics analysis and secretion assays using
either Legionella [6] or Coxiella [7] have identified approxi-
mately 143 candidate Coxiella effectors [8]. However, very few
host cell partners have been identified [9,10], and the role of
Coxiella effectors in CCV biogenesis remains poorly charac-
terized. Coxiella vacuolar proteins (Cvps) constitute a class of
effectors that localize to endosomal compartments and CCVs

in cells infected with wild type Coxiella. These effectors play
an important role in Coxiella vacuole biogenesis, as the muta-
tion of their corresponding genes leads to smaller CCVs [11].
CvpA interacts with adaptor related protein complex 2 (AP2)
and clathrin [10]. CvpB (or Cig2) interacts with cellular lipids
phosphatidylinositol 3-phosphate (PtdIns3P) and phosphati-
dylserine (PS) and interferes with PIKFYVE (phosphoinosi-
tide kinase, FYVE-type zinc finger containing) activity to
promote autophagy-mediated homotypic fusion of CCVs
[12]. The functions of CvpC, CvpD, and CvpE remain unde-
termined. Besides CvpB, additional effector proteins manip-
ulate the autophagy machinery for optimal vacuole biogenesis:
effectors CpeB and CpeL colocalize with the autophagosomal
marker LC3B [13,14] and mutants of the effector proteins
CBU0513, and Cig57 display decreased presence of LC3B at
their respective vacuoles [15,16].
Macroautophagy (hereafter termed autophagy) is a highly

conserved eukaryotic process used by cells to recycle and
degrade cargos, such as damaged organelles and misfolded
proteins, in order to acquire nutrients during periods of
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deprivation. It can also act as a cell defense mechanism cap-
able of targeting invading pathogens for degradation. The
mechanistic target of rapamycin kinase complex 1
(MTORC1) mediates the nutrient-sensing and regulatory
functions of lysosomes. Under normal conditions, phosphory-
lated MTOR (mechanistic target of rapamycin kinase) loca-
lizes to the lysosome surface and downregulates autophagy.
Upon starvation or treatment with the MTOR inhibitor
torin1, MTOR is inactivated and delocalizes to the cytosol,
which triggers a signaling cascade leading to autophagy. RAB
GTPases, the key regulators of vesicular sorting and traffick-
ing in the endocytic and secretory pathways, could regulate
autophagy membrane dynamics. While RAB1, RAB5, RAB7,
RAB9A, RAB11, RAB23, RAB32 and RAB33B act at different
stages of autophagosome formation, RAB7, RAB8B and
RAB24 participate in autophagosome maturation [17].
Recently, additional RAB GTPases, such as RAB26 and
RAB37, have also been shown to participate in the autophagy
process [18–21]. RAB GTPases shuttle between a cytosolic
inactive GDP-bound state and a membrane-anchored active
GTP-bound state. Once inserted into the membranes, these
proteins can interact with other partner proteins to mediate
vesicular trafficking and maturation events. Their central role
in membrane dynamics and immunity made them ideal tar-
gets for intracellular bacterial pathogens, which divert their
function for the development of optimal intracellular niches
[22–24]. In the context of Coxiella infections, inhibiting the
function or expression of RAB1, RAB5, RAB7, and RAB24
affects the vacuole biogenesis and impairs intracellular repli-
cation [12,25–29].
Multi-parametric phenotypic analysis of a Coxiella trans-

poson library revealed that transposon insertions in the gene
cbu0626 affect Coxiella vacuole biogenesis and intracellular
replication [30]. Here, we demonstrate that CBU0626 is a new
Coxiella vacuolar effector protein interacting with RAB26 to
trigger LC3B recruitment at CCVs. Decreased LC3B recruit-
ment at CCVs in cells challenged with cbu0626 mutants is
associated with altered replication in vitro and in vivo, sug-
gesting that diversion of autophagy by this effector is crucial
for Coxiella virulence.

Results

CvpF is a Dot/Icm vacuolar effector protein required for
LC3B recruitment to CCVs and for Coxiella virulence
in vivo

Our phenotypic screen of a Coxiella transposon mutant
library identified a significant number of genes encoding
candidate Coxiella effector proteins with a role in CCV bio-
genesis [30]. Among these, the mutant Tn248 with
a transposon insertion in the gene cbu0626 displayed
a severe replication defect in epithelial cells [30].
Bioinformatics analysis indicated that cbu0626 is likely part
of a PmrA-regulated operon, together with cbu0625 (also
known as cig17) [31], and possesses a C-terminal E-Block
motif found in type 4-secreted effectors [32] (Figure S1A).
Southern blot analysis confirmed that transposon insertion in
the genome of Tn248 is unique and occurs in the gene

cbu0626 (Figure S1B). Complementation of the cbu0626::Tn
mutation in Tn248 by the introduction of the full cbu0625-
cbu0626 operon under the control of the endogenous PmrA
promoter (Tn248 Comp.) restored the expression of the full
cbu0626 mRNA (Figure S1C and D). We validated CBU0626
translocation by transforming either a control Coxiella trans-
poson mutant (WT) or a T4SS-defective dotA::Tn mutant
with a β-lactamase-cbu0626 fusion construct and comparing
the secretion of CBU0626 with that of the previously reported
effector protein CvpB [12], using the β-lactamase secretion
assay. We verified the expression of all β-lactamase-tagged
constructs by western blot (Figure S1E). CBU0626 secretion
was comparable with that of CvpB after 24, 48, and 72 h of
infection by the control Coxiella strain (Figure S1F). The
absence of detectable secretion of either protein by the T4SS-
defective dotA::Tn mutant indicated that CBU0626 is indeed
a Dot/Icm secreted protein. Of note, T4SS-dependent translo-
cation was still functional in the Tn248 mutant strain
(Figure S1F).
To determine the subcellular localization and targets of

CBU0626, we transfected U2OS cells infected with WT
Coxiella Tn1832 for 4 d with a plasmid coding for mCherry-
tagged CBU0626 (mCh-CBU0626, Figure 1A). The Coxiella
effector colocalized with the lysosomal marker LAMP1 at
CCVs, indicating that CBU0626 is a newly identified member
of the Cvp family of Coxiella effector proteins. We, thus,
renamed this protein CvpF for Coxiella vacuolar protein
F. Next, we used our implemented image analysis algorithm
[33] to validate the replication phenotypes previously
observed with the cvpF::Tn mutant in our transposon library
[30]. U2OS and PMA-treated THP-1 cells infected for 6
d with either the control Coxiella mutant Tn1832 (WT). We
fixed and processed the cvpF::Tn transposon mutant or the
complemented cvpF transposon mutant (cvpF::Tn Comp.) for
immunofluorescence and quantitative PCR. Automated image
analysis indicated that cvpF transposon mutant generated
smaller CCVs and colonies in U2OS and THP1 cells, respec-
tively (Figure 1B,D), and replicated less efficiently than WT
bacterium (Figure 1C,E). Interestingly, in ACCM-2 axenic
media, replication of the cvpF::Tn mutant was similar to WT
Coxiella, the T4SS-defective dotA::Tn mutant and the cvpF::Tn
complemented strain (Figure 1F), indicating that transposon
insertion in cvpF only affects intracellular development of the
bacterium.
We, then, investigated the in vivo relevance of CvpF

using the recently developed SCID mice model [34]. Mice
challenged via the IP route either with the control Coxiella
strain NMII, the cvpF::Tn mutant, the complemented cvpF::
Tn strain and the dotA::Tn mutant, were culled at 14 d post-
infection and we assessed bacterial genome equivalents (GE)
in the spleen, as well as splenomegaly (Figure 1G,H). In
agreement with the observations on cultured cells, the num-
ber of cvpF::Tn mutant GE in the spleen of infected animals
was significantly lower than those found for the WT bacter-
ium and complementation of the cvpF::Tn mutant partially
restored this replication defect (Figure 1G). The splenome-
galy induced by the cvpF::Tn mutant was also much lower
than the one provoked by WT bacterium (Figure 1H),
strongly suggesting that the virulence of the cvpF::Tn
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Figure 1. CvpF is a Dot/Icm T4BSS vacuolar effector protein important for Coxiella intracellular growth, CCV biogenesis, and virulence. (A) U2OS cells were infected
with Coxiella WT GFP (gray) and transfected with pLVX-mCherry-CBU0626/CvpF (red) 4 d post-infection. We fixed cells 12 h post-transfection and labeled with an
anti-LAMP1 antibody (green). White arrows indicate discrete regions of the Coxiella vacuole where CvpF and LAMP1 colocalize. (B) U2OS cells were challenged for 6
d either with Coxiella WT GFP (WT), cvpF::Tn mutant, or the complemented cvpF::Tn strain (cvpF::Tn Comp.). CCV area for each strain was determined using the Cell
Profiler software. (C) U2OS cells were challenged as in B, and Genome Equivalents (GE) were determined by quantitative PCR (D) PMA-treated THP1 cells were
challenged for 6 d either with Coxiella WT GFP (WT), cvpF::Tn mutant, or the complemented cvpF::Tn strain (cvpF::Tn Comp.) The colony area for each strain was
determined using the Cell Profiler software. (E) THP1 cells were challenged as in D and Genome Equivalents (GE) were determined by quantitative PCR. (F) Coxiella
WT GFP (WT), dotA::Tn mutant, cvpF::Tn mutant and the complemented cvpF::Tn strain (cvpF::Tn Comp.) were grown for 8 d in ACCM-2 and Genome Equivalents (GE)/
ml were determined by Pico Green assay. (G) Genome Equivalents (GE) calculated using TaqMan real-time PCR with DNA purified from infected spleens of 5 SCID
mice per group on day 14 after challenge with 1 × 106 GE equivalents of the strains shown. (H) Splenomegaly calculated as spleen weight as a percentage of total
body weight at the time of necropsy on day 14 after infection with 1 × 106 GE equivalents of the strains listed in the figure legend. Values are mean ± SD from 3
independent experiments (n.s. = non-significant, **** = P < 0.0001, ** = P < 0.0021, * = P < 0.033, one-way ANOVA, Sidak’s multiple comparison test). Scale bars: 10
μm.
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mutant is severely attenuated in vivo and could be partially
restored using the cvpF::Tn-complemented strain.
As CvpF appears to be important for CCV biogenesis, we

investigated whether the absence of CvpF affects typical CCVs
markers. More than 80% of vacuoles generated by WT
Coxiella, cvpF::Tn and cvpF::Tn Comp. strains were positive
for the acidification marker LysoTracker and the lysosomal/
late endosomal protein LAMP1 (Figure 2A,B). However,
15.77 ± 6.8% of CCVs generated by the cvpF::Tn mutant
was positive for LC3B (Figure 2C,D), while 93.56 ± 3.4% of
CCVs generated by WT Coxiella and 70.13 ± 10.2% of CCVs
generated by the cvpF::Tn-complemented strain were positive
for LC3B (Figure 2C,D). Colocalization analysis between
LAMP1 and LC3B on CCVs generated by WT, cvpF::Tn,
and cvpF::Tn complemented strains (Figure 2E) showed that
significantly less LC3B is found on CCVs generated by the
cvpF::Tn mutant, strongly suggesting that CvpF plays a role in
the recruitment of this autophagosomal marker on CCVs.

Ectopically expressed CvpF localizes to vesicular
structures with autolysosomal features

The defective vacuole biogenesis phenotype observed with the
cvpF transposon mutants, accompanied by the loss of LC3B at
CCVs, suggested a role for this bacterial effector in re-routing
autophagy components to the forming CCV. We, thus, further
investigated CvpF localization in cells overexpressing either
mCherry- or HA-tagged versions of the effector protein.
CvpF was excluded from the Golgi complex either labeled by
an anti-GM130 antibody or by expression of GFP-tagged
M6PR (mannose-6-phosphate receptor, cation dependent)
(Figure S2), whereas we observed partial colocalization of
CvpF with markers of the endosomal sorting complex required
for transport (ESCRT) complex (GFP-TSG101, GFP-VPS4A
and FLAG-CHMP4B) (Figure S2). Conversely, CvpF signal
overlapped with the lysosomal marker LAMP1, but also with
the early endosomal and autophagosomal markers phosphati-
dylinositol 3-phosphate (PtdIns3P) probe 2xFYVE-GFP and
LC3B (Figure 3A). Importantly, all compartments labeled by
CvpF displayed a clustered perinuclear localization (Figure 3A),
as opposed to cells expressing either the HA or the mCherry
tags alone (Figure S3).
To understand how CvpF is targeted to host cell mem-

branes, we carried out a mutational analysis of this Coxiella
effector protein. We transfected U2OS cells with mCherry- or
HA-tagged versions of incremental deletions either from the
N-terminal or the C-terminal of CvpF, and we assessed the
localization of the bacterial effector fragments, with respect to
2xFYVE-GFP, LC3B, and LAMP1 (Figure 3B,C). The deletion
of the first 370 amino acids did not affect CvpF localization
nor the formation of perinuclear clusters of CvpF-labeled
compartments (Figure 3B). Conversely, CvpF500-695 failed to
localize at cellular membranes and remained diffused in the
cytoplasm (Figure 3B). Accordingly, the expression of
CvpF500-695 also failed to reposition cellular compartments
to the perinuclear area (Figure 3B). Deletion of the last 195
amino acids (CvpF1-500) did not affect membrane targeting of
CvpF; however, the localization with LAMP1- and LC3B-
positive vesicles was lost, together with the effect on the

perinuclear positioning of these two markers. Of note,
CvpF1-500 still localized at PtdIns3P-positive structures,
which retained the perinuclear localization. Further
C-terminal deletions of CvpF resulted in a loss of membrane
localization and the cytoplasmic redistribution of membrane
markers. This result indicated that the membrane-binding
domain (MBD) of CvpF is located between amino acids 370
and 500 and that the C-terminal domain of CvpF (effector
domain, ED) may play a role either in the re-routing of early
endosomes to autophagosomes or the maturation of autopha-
gosomes to autolysosomes (Figure 3C).
Bioinformatics analysis of the CvpF MBD revealed the

presence of one [DERQ]XXX[LI] and 2 YXXΦ endocytic
sorting motifs (Figure S4A), involved in the interaction with
clathrin adaptor complexes. We, thus, generated di-leucine
and tyrosine mutants to validate the functionality of these
motifs. The di-leucine LLAA mutant, and the Y440A mutant,
failed to affect the membrane targeting and perinuclear loca-
lization of CvpF, whereas the Y425A mutation sufficiently
displaced CvpF to the cytoplasm with concomitant loss of
LAMP1 and LC3B repositioning (Figure S4B and C).
Accordingly, Tyr425 is required for CvpF localization at the
CCV (Figure S4D). These observations suggest that Tyr425
could be part of a functional endocytic sorting motif. To date,
however, we could not detect any interaction or co-
localization between CvpF and adaptor complexes or clathrin
(data not shown).

CvpF stimulates LC3B-II formation

Several studies have shown that Coxiella stimulates the for-
mation of LC3B-II in a T4SS-dependent manner during infec-
tion [15,35,36]. To determine whether the secretion of CvpF
participates in the formation of LC3B-II, we infected U2OS
cells either with the WT GFP Coxiella strain (Tn1832), the
cvpF::Tn mutant, or the complemented cvpF::Tn mutant
(cvpF::Tn Comp.). Given the intracellular replication defect
of the cvpF::Tn mutant Tn248, and to rule out the possibility
that LC3B-II increase is dependent on the bacterial load, we
also infected cells with an excess of cvpF::Tn mutant (cvpF::Tn
x10) (Figure 4A). We observed an increase in LC3B-II levels
for cells infected with WT Coxiella and the complemented
cvpF::Tn mutant, in the presence of bafilomycin A1. We
observed no LC3B-II increase for cells infected with the
cvpF::Tn mutant (Figure 4A). Next, we infected the cells as
in Figure 4A and starved for 3 h to determine whether the
LC3B-II increase observed with WT Coxiella and the comple-
mented cvpF::Tn mutant was not due to a blockade of the
autophagy flux. We analyzed levels of SQSTM1/p62 (seques-
tosome 1) by western blot, which revealed that upon starva-
tion, SQSTM1 is degraded for all conditions, indicating that
CvpF does not block the starvation-induced autophagy flux
but stimulates the formation of LC3B-II (Figure 4B).
The vacuolar localization of CvpF, together with the

decreased presence of LC3B on CCVs generated by cvpF::Tn
mutants prompted us to investigate the role of CvpF in autop-
hagosome dynamics further. We probed the individual role of
CvpF on LC3B-II increase in transfected cells. We analyzed the
autophagy flux by western blotting on U2OS cells expressing
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HA, HA-CvpF, or HA-CvpFY425A (Figure 4C). When bafilo-
mycin A1 blocks the autophagy flux, we observed a marked
increase in LC3B-II and SQSTM1 in cells expressing CvpF and
HA-CvpFY425A compared to cells expressing HA, with wild
type CvpF having the greatest effect on SQSTM1 levels, indi-
cating that CvpF stimulates the autophagy flux and that its
membrane localization participates in this process (Figure 4C).
Next, we co-transfected HA-CvpF and HA-CvpFY425A with

the tandem-fluorescent probe TF-LC3. This probe consists of
an LC3B linked to GFP and RFP. Since acidic conditions
quench GFP fluorescence, this probe labels autophagosomes
in green and red, while autolysosomes appear only red. In
transfected cells, HA-CvpF localizes to clustered vesicles, only
displaying red fluorescence corresponding to autolysosomes
(Figure S5A). Conversely, CvpFY425A displayed a diffuse loca-
lization, and transfected cells displayed non-acidified autop-
hagosomes similarly to HA-transfected cells (Figure S5A).
Upon addition of bafilomycin A1, CvpF was still found pre-
sent on clustered vesicles, but these were GFP- and RFP-
positive (Figure S5B). In bafilomycin A1-treated cells, HA
and HA-CvpFY425A – transfected cells displayed non-
acidified autophagosomes similarly to the mock-treated con-
dition (Figure S5B). CvpF-dependent clustering of vesicles
rendered the scoring of LC3B-positive puncta impossible. Of
note, vesicular swelling and clustering triggered by overex-
pression of LAMP1-Flag did not affect the TF-LC3 probe
signal in the presence or absence of bafilomycin A1, indicating
that CvpF alone can stimulate the formation of autophago-
somes and autolysosomes. Furthermore, its membrane locali-
zation seems critical to act on this endosomal system.
Finally, to rule out the possibility that CvpF stimulates

autophagy by inhibiting MTORC1, we stained U2OS cells
transfected with HA, HA-CvpF, or HA-CvpFY425A for
MTOR and we labeled lysosomes with LysoTracker (Figure
S6A). The expression of CvpF or CvpFY425A did not affect the
localization of MTOR on lysosomes, indicating that CvpF
does not alter MTORC1 activity to stimulate autophagy.

CvpF interacts with the autophagy-related RAB GTPase
RAB26

Yeast two-hybrid screening identified the small GTPase
RAB26 as a candidate interactor of CvpF. Of note,
RAB26 has been previously involved in lysosomal positioning
[37], autophagosome maturation [18,19], and vesicle-
mediated secretion of adrenergic receptors [38]. We, thus,
validated the interaction using a co-immunoprecipitation

approach on U2OS cells co-expressing HA-CvpF and GFP-
RAB26 (Figure 5A). The lack of interaction in cells co-
expressing HA-CvpF together with GFP-tagged versions of
RAB5, RAB7, RAB9, RAB11, or RAB37 (the closest homolog
of RAB26 with 54% amino acid identity), indicated that the
CvpF-RAB26 interaction is specific (Figure 5A). In agreement
with the interactomics analysis, fluorescence microscopy indi-
cated that CvpF and RAB26 localize at the same cellular
compartments, and that expression of CvpF increases mem-
brane targeting of RAB26 (Figure 5B). Of note, we still
observed interactions in cells co-expressing CvpFY425A and
RAB26, indicating that the membrane targeting of CvpF is
not required for the interaction with RAB26 (Fig. S6B).
However, ectopically expressed CvpFY425A does not alter
GFP-RAB26 distribution in cells, indicating that the interac-
tion of CvpF with membranes is required to relocalize RAB26
(Figure S6C). Further analysis using the CvpF truncations
revealed that the domain 370–695 of CvpF is sufficient to
relocalize RAB26 onto vesicles (Figure S7).
To investigate whether CvpF binds preferentially to active

or inactive forms of RAB26, we generated GFP-tagged domi-
nant-negative (GFP-RAB26T77N), dominant-positive (GFP-
RAB26Q123L) and guanosine-free (GFP-RAB26N177I) versions
of RAB26. We co-expressed these constructs in U2OS cells, in
combination with HA-CvpF for the co-immunoprecipitation
assay or mCherry-CvpF, to investigate the respective intracel-
lular localization of the two proteins. Interactomics analysis
indicated that CvpF preferentially binds to inactive RAB26
(Figure 5C), which we confirmed by fluorescence microscopy.
Indeed, co-expression of either GFP-RAB26T77N or GFP-
RAB26N177I with mCherry-CvpF resulted in the membrane
targeting of the small GTPase, conversely, we observed little
or no overlapping between mCherry-CvpF and GFP-
RAB26Q123L (Figure 5D). Together, these observations suggest
that CvpF might act as a guanosine exchange factor (GEF) or
GDI displacement factor (GDF), anchoring and/or activating
RAB26 on either early endosomal or pre-autophagosomal
structures.

CvpF triggers the recruitment of RAB26 to CCVs

CvpF localization at CCVs (Figure 1A) and its interaction
with RAB26 (Figure 5A) suggested that the small GTPase
might be recruited at CCVs and be involved in vacuole
biogenesis. To test whether RAB26 recruitment at CCVs is
CvpF-dependent, we infected U2OS cells with WT Coxiella,
cvpF::Tn or cvpF::Tn Comp. and transfected with a plasmid

Figure 2. CvpF participates in LC3B recruitment to CCVs but not in their acidification. (A) U2OS cells were infected with either Coxiella WT GFP (top panels), cvpF::Tn
(middle panels) or the complemented cvpF::Tn strain (cvpF::Tn Comp., bottom panels) (green) for 6 d, fixed and stained with anti-LAMP1 (pseudo-colored gray) and
LysoTracker (red). (B) U2OS cells were infected as in A, and the presence of the LysoTracker probe in CCVs was scored for at least 80 cells. (C) U2OS cells were infected
with either Coxiella WT GFP (top panels), cvpF::Tn (middle panels), or the complemented cvpF::Tn strain (cvpF::Tn Comp., bottom panels) for 6 d, fixed and stained
with anti-LAMP1 (pseudo-colored cyan) and anti-LC3B (red). The white line in the merged image indicates the position of the profile line used for the analysis of
intensity distribution. Fluorescence intensity plotting of GFP (green), LC3B (red), and LAMP1 (blue) signals are shown on the right for each strain. (D) U2OS cells were
infected as in C and the presence of LC3B on CCVs was scored for at least 80 cells. Values are mean ± SD from 3 independent experiments (n.s. = non-significant,
**** = P < 0.0001, one-way ANOVA, Dunnett’s multiple comparison test). Scale bars: 10 μm. (E) Pearson’s correlation coefficient between LC3B and LAMP1 signals in
images acquired in C (**** = P < 0.0001, one-way ANOVA, Sidak’s multiple comparison test).
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Figure 3. Ectopically expressed CvpF localizes to vesicles with autolysosomal features. (A) U2OS or U2OS GFP-FYVE cells were transfected with pLVX-mCherry-CvpF or
pRK5-HA-CvpF (red). Cells were fixed and labeled either with anti-LC3B, or anti-LAMP1 antibodies (green). HA-CvpF was labeled with an anti-HA antibody (red). (B)
U2OS or U2OS GFP-FYVE cells were transiently transfected with plasmids pLVX-mCherry or pRK5-HA fused to CvpF1-500, CvpF1-370, CvpF200-695, CvpF370-695, CvpF500-695,
or CvpF370-500 (red). Cells were fixed and labeled either with anti-LC3B or anti-LAMP1 antibodies (green). HA-tagged constructs were labeled with anti-HA antibody
(red). (C) Schematic representation of CvpF fragments used in A and B. MBD: membrane-binding domain, ED: effector domain. Scale bars: 10 μm.
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expressing GFP-RAB26 (Figure 6A). Indeed, GFP-RAB26
became recruited on 75.4 ± 2.72% of CCVs generated by
WT Coxiella and 66.9 ± 6.12% of CCVs generated by cvpF::
Tn Comp. strains but only 23.23 ± 3.78% of CCVs generated
by cvpF::Tn mutants were positive for RAB26 (Figure 6B).
Colocalization analysis between LAMP1 and RAB26 on CCVs
generated by WT, cvpF::Tn and cvpF::Tn complemented

strains (Figure 6C) indicated that CvpF stimulates the pre-
sence of RAB26 at the CCV.

Inhibition of RAB26 activity alters LC3B recruitment to
CCVs and CCV development

Active RAB26 has been shown to interact with ATG16L1
[18,19], which is key for LC3B anchoring to membranes.

Figure 4. CvpF stimulates the formation of LC3B-II. (A) Immunoblot of lysates from U2OS cells left uninfected (N.I.) or infected with Coxiella WT GFP (WT), cvpF::Tn, 10
times cvpF::Tn (cvpF::Tn x10) or the complemented cvpF::Tn strain (cvpF::Tn Comp.) for 72 h in complete media. Bafilomycin A1 (25 nM) was added to the media 3 h
before lysis. Immunoblots were probed with antibodies against LC3B and GAPDH. The signal ratio of LC3B-II versus GAPDH is indicated for samples treated with
bafilomycin A1. (B) Immunoblot of lysates from U2OS cells left uninfected (N.I.) or infected with Coxiella WT GFP (WT), cvpF::Tn, or the complemented cvpF::Tn strain
(cvpF::Tn Comp.) for 72 h in complete media. Starvation was triggered by incubation of cells in HBSS for 3 h before lysis. Immunoblots were probed with antibodies
against SQSTM1 and GAPDH. (C) Immunoblot of lysates from U2OS cells transfected with pRK5-HA, pRK5-HA-CvpF or pRK5-HA-CvpFY425A mock-treated or treated
with 25 nM bafilomycin A1 for 1 h. The signal ratio of LC3B-II versus GAPDH is indicated for samples treated with bafilomycin A1. Values are mean ± SD from 3
independent experiments (n.s. = non-significant, ** = P < 0.0021, * = P < 0.0033, one-way ANOVA, Dunnett’s multiple comparison test).
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We, thus, determined the requirement of active RAB26 for
CCV biogenesis and investigated the presence of the LC3B
autophagy marker on CCVs in cells expressing GFP, GFP-
RAB26, GFP-RAB26T77N, GFP-RAB26Q123L, and GFP-

RAB26N177I. The LC3B signal on CCVs generated by
Coxiella NMII became much reduced in cells transfected
with the inactive forms of RAB26 (GFP-RAB26T77N and GFP-
RAB26N177I) compared to cells expressing either RAB26 wild

Figure 5. CvpF interacts specifically with RAB26. (A) A co-immunoprecipitation assay using U2OS cells co-transfected with pRK5-HA-CvpF and pLVX-GFP, pLVX-GFP-
RAB5, peGFP-RAB7, peGFP-RAB9, pLVX-GFP-RAB11, pLVX-GFP-RAB26, pLVX-GFP-RAB37. RAB GTPases and CvpF were detected using anti-GFP and anti-HA antibodies,
respectively. (B) U2OS cells were transfected with pLVX-mCherry or pLVX-mCherry-CvpF (red) and pLVX-GFP, pLVX-GFP-RAB26 or pLVX-GFP-RAB37 (green). (C) A co-
immunoprecipitation assay using U2OS cells co-transfected with pRK5-HA-CvpF and pLVX-GFP, pLVX-GFP-RAB26, pLVX-GFP-RAB26T77N, pLVX-GFP-RAB26Q123L, pLVX-
GFP-RAB26N177I. The RAB GTPases and CvpF were detected using anti-GFP and anti-HA antibodies, respectively. (D) U2OS cells were transiently transfected with
pLVX-mCherry-CvpF (red) and pLVX-GFP-RAB26T77N, pLVX-GFP-RAB26Q123L or pLVX-GFP-RAB26N177I (green). Scale bars: 10 μm.
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Figure 6. CvpF stimulates the recruitment of RAB26 to CCVs. (A) U2OS cells were infected with either Coxiella WT GFP (WT, top panels), cvpF::Tn (middle panels), or
the complemented cvpF::Tn strain (cvpF::Tn Comp., bottom panels) and transfected with pLVX-GFP-RAB26 (green) 4 d post-infection. We fixed cells 12 h post-
transfection and stained with anti-LAMP1 (red) and anti-Coxiella (blue) antibodies. (B) U2OS cells were infected, as in A, and the presence of RAB26 on CCVs was
scored for at least 80 cells per condition. Values are mean ± SD from 3 independent experiments (n.s. = non-significant, **** = P < 0.0001, one-way ANOVA,
Bonferroni’s multiple comparison test). Scale bars: 10 μm. (C) Pearson’s correlation coefficient between RAB26 and LAMP1 signals in images acquired in
A (**** = P < 0.0001, one-way ANOVA, Sidak’s multiple comparison test).
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type (GFP-RAB26) or active RAB26 (GFP-RAB26Q123L)
(Figure 7A). Of note, loss of LC3B was accompanied by
a reduction in the size of CCVs (Figure 7B).
To confirm the importance of RAB26 for CCV develop-

ment, we inhibited endogenous RAB26 expression using the
CRISPR-Cas9 genome editing system. We used three RAB26-
targeting guides, and guide 5 was the most efficient in
decreasing RAB26 expression (Figure 7C). We infected
U2OS cells treated with either non-targeting guides or
RAB26-targeting guide 5 with WT Coxiella, and we deter-
mined the CCV area and Genome Equivalents (GE). We
observed a marked decrease in CCV area (Figure 7D), as
well as bacterial replication (Figure 7E) in cells deficient in
RAB26 expression, indicating that RAB26-mediated autop-
hagy is key to the development of CCVs.

Co-expression of RAB26 with CvpF stimulates the
formation of LC3B-II

To determine whether the interaction between CvpF and
RAB26 stimulates the recruitment of LC3B onto vesicles, we
transfected U2OS cells with HA-CvpF, in combination with
either GFP, GFP-RAB26, GFP-RAB26T77N, GFP-RAB26Q123L,
or GFP-RAB26N177I. While the co-expression of RAB26 wild
type and RAB26Q123L with CvpF led to an increase of the
LC3B signal onto vesicles, the concomitant expression of the
dominant-negative and guanosine-free forms of RAB26 with
CvpF led to a moderate increase of the LC3B signal (Figure 8).
These observations indicate that active RAB26 can stimulate
the recruitment of LC3B onto vesicles and that CvpF could
activate RAB26 to trigger the recruitment of LC3B onto
vesicles.

Discussion

Coxiella-containing vacuoles (CCVs) are unique compart-
ments with autolysosomal features. Key to the generation of
CCVs is the secretion of bacterial effectors that divert host cell
mechanisms to shape an adequate environment for bacterial
replication. Here, we identified a new Coxiella effector protein
important for vacuole biogenesis and replication of the bac-
terium in epithelial and myeloid cell lines. As recent studies
have highlighted, the fact that defective vacuole biogenesis
impacts Coxiella virulence in insect and mammalian models
of infection [12,34,39], we, thus, investigated the in vivo rele-
vance of CvpF using the recently developed SCID mouse
model. This model is capable of assessing two traits relevant
to virulence, such as the ability to cause splenomegaly (a
surrogate for inflammation) and the ability to replicate within
the spleen (replication defect). The cvpF::Tn mutant was
severely attenuated for both virulence readouts, and we
found even less GE in the spleens than in the dotA::Tn
mutant. We hypothesize that this is a result of the impaired
vacuole synthesis, but it could be due to the ability of the
cvpF::Tn mutant to secrete proteins, which may alert the
innate immune system. In agreement with the in vitro obser-
vations, the complemented strain was able to partially rescue
the ability of cvpF::Tn to replicate within the spleen and
marginally increased the amount of splenomegaly.

Stimulation of autophagy leads to increased CCV size,
suggesting that autophagy provides nutrients and membranes
to the expanding CCV [28]. It has been shown that infection
of cultured myeloid and epithelial cells with Coxiella wild type
leads to increased lipidation of LC3B [35,40] and that this
lipidation is dependent on the secretion of bacterial effectors
[15,36]. Besides lipidation of LC3B, secretion of bacterial
effectors via the T4SS is required for the acquisition of autop-
hagosomes and autophagosomal markers to the CCV
[12,35,39,40]. Here, we showed how the secreted effector
CvpF diverts RAB26-dependent autophagy to favor the gen-
eration of Coxiella-containing vacuoles in vitro, and the viru-
lence of the bacterium in vivo. Indeed, most of CCVs
generated by the cvpF::Tn mutant are devoid of the autopha-
gosomal marker LC3B, suggesting that CvpF could favor CCV
biogenesis by manipulating autophagy. Interestingly, SQSTM1
levels are stabilized during Coxiella infections [40,41], and
SQSTM1 is recruited to CCVs in a T4SS-dependent but
LC3B-independent manner. We showed here an increase of
steady-state levels of LC3B-II and SQSTM1 in cells infected
with WT Coxiella and the cvpF::Tn complemented strains
compared to cells infected with the cvpF::Tn mutant or in
uninfected cells. This observation is similar to what is
observed in HeLa cells infected with the cig57::Tn mutant
[15]. Indeed, Coxiella effector Cig57 has been shown to influ-
ence autophagy via clathrin recruitment to CCVs, as cig57::Tn
mutant CCVs display decreased levels of clathrin and LC3B
[15,42]. However, contrary to CvpF, Cig57 alone was not
capable of inducing LC3B lipidation [15]. This observation
raises the possibility that CvpF and Cig57 could be function-
ally linked through the recruitment of host cell proteins
RAB26 and clathrin, respectively, to CCVs.
Cells expressing HA-CvpF show decreased steady-state

levels of SQSTM1 but unaltered levels of steady-state LC3B-
II. The increased levels of SQSTM1 and LC3B-II in the pre-
sence of bafilomycin A1 suggest that ectopically expressed
CvpF could stimulate the degradation of SQSTM1 and the
lipidation of LC3B-II. However, in the context of infection,
multiple effectors are translocated that could counteract some
of CvpF actions (i.e., SQSTM1 degradation, stimulation of
SQSTM1 transcription). The fact that cells infected with the
cvpF::Tn mutant display less SQSTM1 compared to cells
infected with the WT strain could be the result of other
Coxiella effectors. Overall, ectopically expressed CvpF stimu-
lates the formation of LC3B-II but also the degradation of
SQSTM1, suggesting that CvpF would be involved in the
formation of autolysosomes, but other effectors could stabilize
SQSTM1 during infection.
Several studies have shown that mature autophagosomes are

recruited to the CCV [39,40] and that another effector protein,
CvpB/Cig2, is important to recruit LC3B toCCVs and tomaintain
the CCV in an autolysosomal stage of maturation [35,39]. This is
achieved via the CvpB-dependent stabilization of phosphatidyli-
nositol 3-phosphate at CCVs [12]. Interestingly, in cvpB/cig2::Tn
mutants, LC3B lipidation, and SQSTM1 levels are increased. This
raises the possibility that Coxiella effectors may act in sequence to
modify the lipid and protein signature of the CCV, and to alter the
physiological behavior of the endosomal network. In this case,
effectors such as CvpB and Cig57 would initiate CCVmaturation
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Figure 7. RAB26 activity is essential for CCV biogenesis. (A) U2OS cells infected with Coxiella NMII were transfected with pLVX-GFP, pLVX-GFP-RAB26, pLVX-GFP-
RAB26T77N, pLVX-GFP-RAB26Q123L or pLVX-GFP-RAB26N177I (green) 2 d post-infection. We fixed cells 24 h post-transfection and stained with anti-LC3B (red) and
stained DNA using Hoechst 33,258 (blue). White arrows indicate Coxiella colonies. (B) Cells were treated as in A, and the CCV area was measured for at least 100 cells
per condition. Values are mean ± SD from 3 independent experiments (n.s. = non-significant, **** = P < 0.0001, one-way ANOVA, Dunnett’s multiple comparison
test). (C) Immunoblot of lysates from U2OS Cas9 cells expressing non-targeting guides (Guide CTRL1 and guide CTRL2) or RAB26-targeting guides (RAB26 Guide 3, 5
and 7). Immunoblots were probed with antibodies against RAB26, GAPDH and Cas9. (D) U2OS Cas9 cells expressing the non-targeting guide CTRL2 or the RAB26-
targeting guide 5 were challenged for 6 d with Coxiella WT GFP (WT). The normalized CCV area for each condition was determined using the Cell Profiler software. (E)
U2OS cells were challenged as in D and Genome Equivalents (GE) were determined by quantitative PCR. Values are mean ± SD from 3 independent experiments (n.
s. = non-significant, **** = P < 0.0001, ** = P < 0.001, unpaired t test). Scale bars: 10 μm.
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events, and CvpF could then stimulate the autophagy flux to
provide membranes and nutrients to expand CCVs and permit
optimal Coxiella replication.
Ectopic expression showed that CvpF has a strong capa-

city to remodel the endosomal network by clustering early
and late endosomal vesicles, as well as autophagosomal
structures in the perinuclear area of transfected cells. Of
note, the dynein-dependent movement of autophagosomes

is used in cells to promote their efficient encounter with
lysosomes [43], a mechanism that could be used by CvpF to
drive transport and maturation of vesicles toward an auto-
lysosomal state. Interestingly, CvpF possesses an internal
motif that corresponds to a putative eukaryotic-like endo-
cytic sorting motif that could interact with adaptor com-
plexes (APs), similar to the vacuolar effector CvpA [10].
Indeed, mutation of a critical tyrosine residue in this motif

Figure 8. Co-expression of CvpF and RAB26 stimulates the formation of LC3B-positive endosomes. U2OS cells were transfected with pLVX-GFP, pLVX-GFP-RAB26,
pLVX-GFP-RAB26T77N, pLVX-GFP-RAB26Q123L, or pLVX-GFP-RAB26N177I (green) and pRK5-HA or pRK5-HA-CvpF. Cells were fixed and stained with anti-LC3B (red) and
anti-HA (blue). Scale bars: 10 μm.
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led to the complete relocalization of CvpF to the cytosol of
transfected cells. Furthermore, this tyrosine could also be
part of an extended LC3-interacting region (LIR) motif
(xx[WFY]xx[LIV]) [44]. However, direct interaction of
CvpF with APs and LC3B still needs to be experimentally
demonstrated.
Several RAB GTPases have been shown to decorate the

CCV (RAB1 [29], RAB7 [26], and RAB24 [28]), all of them
being important for its biogenesis. Importantly, CvpF is the
first Coxiella effector protein to interact with RAB GTPases.
Specific interaction of CvpF with RAB26 recruits the small
GTPase to CCVs and RAB26-depletion, or inactivation
decreases LC3B recruitment at CCVs, which is accompa-
nied by a strong reduction in CCVs size, indicating that
active RAB26 and RAB26-dependent stimulation of autop-
hagy favor the development of CCVs. Accordingly, RAB26
participates in the transport of lysosomes to perinuclear
regions [37] and autophagy [18,19], as its active form is
capable of interacting with ATG16L1 to stimulate LC3B
lipidation.
Intracellular pathogens commonly manipulate RAB

GTPases for the establishment of their replicative niche
[24]. For example, Legionella pneumophila secretes at least
7 effectors targeting the RAB GTPase RAB1 for the devel-
opment of its vacuole [45,46]. CvpF preferentially interacts
with the inactive form of RAB26 and stimulates its presence
on endosomal vesicles, suggesting that CvpF may act either
as a GDI Dissociation Factor (GDF) or Guanine Exchange
Factor (GEF) for RAB26. This hypothesis remains to be
experimentally validated. Interestingly, CvpF still localizes
with inactive RAB26 in the perinuclear area, suggesting that
the CvpF-dependent endosomal relocation does not rely on
RAB26 activity.
Thus, in this study, we identified the first Coxiella effec-

tor protein capable of interacting with an autophagy-related
RAB GTPase to stimulate the autophagy flux. With
a repertoire of more than 130 effector proteins, Coxiella
could possess additional RAB-modifying proteins that could
favor its development in mammalian hosts. CvpF could
open the way for the characterization of novel RAB-
targeting effectors.

Material and methods

Bacterial strains, cell lines, and growth conditions

Strains used in this study are listed in Supplementary Table 1.
Coxiella burnetii strains were grown in ACCM-2 [47] supplemen-
ted with kanamycin (Sigma-Aldrich, K1377; 340 μg/ml) or chlor-
amphenicol (Sigma-Aldrich, C0378; 3 μg/ml), as appropriate in
a humidified atmosphere of 5% CO2 and 2.5% O2 at 37°C. U2OS
(ATCC, HTB-96), U2OS mCherry, U2OS GFP-FYVE (kindly
provided by Dr. Tassula Proikas-Cezanne, Eberhard Karls
University Tübingen, Germany), U2OS Cas9, and HEK293T
(ATCC, CRL-11268) cell lines were routinely maintained in
DMEM with GlutaMAX (GIBCO, 61965–026) containing 10%
fetal calf serum (FCS; Sigma-Aldrich, F7524) and THP-1 (ATCC,
TIB-202) cells were routinely maintained in RPMI with

GlutaMAX (GIBCO, 61,870–010) containing 10% FCS. All cells
were grown in a humidified atmosphere of 5%CO2 at 37°C. THP-
1 cells were differentiated into macrophages by treatment with
25 ng/ml phorbol myristate acetate (PMA, Sigma-Aldrich, P8134)
for 24h.Cell growthmediumwas supplementedwith 600μg/ml of
geneticin G418 (Gibco, 10131035), 10 μg/ml of blasticidin
(InvivoGen, ant-bl-05) and/or 1 μg/ml of puromycin (Sigma-
Aldrich, P8833) as appropriate.

Antibodies and reagents

Hoechst 33258 (94403), anti-mouse (12–349), and anti-rabbit (-
12–348) HRP-conjugated antibodies, rabbit anti-LC3B (L8918),
rabbit anti-LAMP1 (L1418),mouse anti-GAPDH (G8795),mouse
anti-Flag (F1804) and bafilomycin A1 (B1793) were purchased
from Sigma-Aldrich. Rabbit monoclonal anti-GOLGA2/GM130
(ab52649) and rabbit polyclonal anti-RAB26 (ab187151) were
purchased from AbCam. Mouse monoclonal anti-beta-lactamase
(MA1-20370) was from ThermoFisher Scientific. Mouse anti-
LC3B (ALX-803-080-C100) was from Enzo Life Sciences. Rabbit
anti-HA (sc-7392) was from Santa Cruz Biotechnology, and
mouse anti-HA (66006-1-lg) was from Proteintech. Rabbit poly-
clonal anti-SQSTM1/p62 (GTX100685) was from GeneTex.
Phalloidin coupled to Alexa Fluor 647 (A22287) and
LysoTracker Red (L7528) were purchased from Life technologies.
Rabbit anti-GFP (PABG1-20) was from Chromotek. Rabbit anti-
MTOR (2983S) was from Cell Signaling Technology. Mouse anti-
Cas9 (844302) was from BioLegend. Rabbit anti-Coxiella NMII
antibodies [30] were generated by Covalab. Mouse and rabbit IgG
conjugated to Alexa Fluor 488 (A-11029 and A-11008), 555
(A-21147 and A-21429), or 647 (A-21239 and A-21245), as well
as Prolong Gold antifade mounting reagent (P36930) were pur-
chased from Invitrogen. Paraformaldehyde (15700) was provided
by Electron Microscopy Sciences, PA.

Plasmids

Plasmids and primers used in this study are listed in
Supplementary Tables 2 and 3, respectively. DNA sequences
were amplified by PCR using Phusion polymerase (New England
Biolabs, M0530L) and gene-specific primers (Sigma-Aldrich). All
site-directed mutagenesis was performed by PCR overlap exten-
sion with the mentioned primer pairs.

Complementation in C. burnetii

The operon comprising cbu0625 promoter (600 nt upstream
cbu0625 start codon), cbu0625, and cbu0626/cvpF was
amplified from Coxiella RSA439 NMII genomic DNA
using Prom-0625-NheI-Fw and CvpF-XhoI-Rv and cloned
into pUCR6K-miniTn7-Kan (kindly provided by Prof.
Robert Heinzen, Rocky Mountain Laboratories, MT, USA)
to generate Mini-Tn7-Kan-prom625-0625-0626. Preparation
of electrocompetent Coxiella cvpF::Tn was performed as
described in [33] and the bacteria were electroporated with
an equimolar amount of Mini-Tn7-Kan-prom625-0625-0626
(carrying the transposon prom625-0625-0626) and pTnS2
(carrying the Tn7 transposase, kindly provided by Prof.
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Robert Heinzen) plasmids prior to selection and amplifica-
tion in ACCM-2 containing appropriate antibiotics.

Lentivirus production and stable cell line engineering

To produce lentiviral particles, HEK293T cells were cotrans-
fected with an HIV-1 based genome coding plasmid
(pLentiCas9-Blast [Addgene, 47948], pLentiGuide-Puro
[Addgene, 68463], or pLVX-mCherry-C1 [Clontech,
632561]), pCMV-dR8.91 (HIV-1 GagPol, kindly provided by
Dr. Antoine Gross, IRIM UMR9004 CNRS, Montpellier,
France) and pMD.G (VSV-G, kindly provided by
Dr. Antoine Gross, IRIM UMR9004 CNRS, Montpellier,
France) at a ratio of 1:1:0.5, respectively. The medium was
replaced after 6 h, and viral particles were harvested 42 h later,
filtered on 0.45-μm filters (Clearline, 146561), and directly
used to transduce U2OS target cells. After 4 to 6 h, the
transduction medium was replaced with fresh DMEM con-
taining 10% FCS, and the relevant antibiotics were added 48 h
later to select transduced U2OS Cas9 and U2OS mCherry
cells.

Reverse transcription and PCR

Coxiella strains Tn1832 (WT), Tn248, or Tn248 Comp. were
grown for 7 d in 5 ml of ACCM-2 containing the appropriate
antibiotics. Bacteria were centrifuged for 30 min at 21,000 ×
g at 4°C and total RNA was extracted using the RNA easy kit
(Qiagen, 74104) or the Direct-zol RNA miniprep kit (Zymo
Research, R2051), according to the manufacturer’s recom-
mendations. DNA was further removed using DNase I (New
England Biolabs, M0303S). 1 μg of total RNA was used for
reverse transcription using the High Capacity cDNA reverse
transcription kit (Applied Biosystems, 4368814) or the
SuperScript VILO cDNA synthesis kit (Invitrogen,
11754–050) according to the manufacturer’s recommenda-
tions. Gene-specific primers (Supplementary Table 3) were
used to amplify the cDNA corresponding to ompA
(cbu1260), cbu0625, and cbu0626/cvpF.

Real-time PCR

Lightcycler 480 SYBR Green I master mix (Thermo Fisher
Scientific, 4887352001) was used for real-time PCR and read-
outs was acquired on a Lightcycler480 real-time system
(Roche) according to the manufacturer’s instructions. The
relative levels of transcripts were calculated by the ΔΔCT
threshold cycle (CT) method using dotA as the internal con-
trol. The relative levels of mRNA from the WT samples were
adjusted to 1 and served as the basal control value. Each
experiment was done in biological triplicate. For the calibra-
tion curve construction, aliquots of the plasmid pCR2.1::dotA
(Provided by Dr. Robert Heinzen, 8 × 1010 copies/μl) in
dilutions ranging from 8 × 102 to 8 × 109 copy numbers
were applied. Three replicative runs of a dotA real-time PCR
for all samples were performed. For the standard curves, the
threshold cycle (Cq) values were calculated using the
Lightcycler480 Software (Roche).

Immunofluorescence staining

Cells were either fixed in 3% paraformaldehyde in PBS
(ThermoFisher Scientific, 14190–094) at room temperature
for 30 min, or in methanol/acetone (1:1) at −20°C for
5 min. Samples were rinsed in PBS and incubated in BSS
(0.5% BSA (Sigma-Aldrich, A2058), 50 mM NH4Cl in PBS
pH 7.4) or FBS (5% fetal bovine serum [Sigma-Aldrich,
F7524] in PBS pH 7.4) blocking solutions. Primary and sec-
ondary antibodies were diluted in the respective blocking
solutions and used for immunofluorescence staining.

Co-immunoprecipitation

U2OS cells were transfected with equimolar amounts of plas-
mids expressing GFP- and HA-tagged constructs. After 24 h,
cells were trypsinized, washed twice in PBS and incubated in the
co-IP buffer (20 mM Tris-HCl pH 7.6, 200 mM NaCl, 0.5 mM
EDTA, 1% IGEPAL CA-630 [Sigma-Aldrich, I8896], Complete
protease inhibitor [Roche, 11836170001]) on ice for 30 min.
Following a 10-min spin at 21,000 x g at 4°C, cell lysates were
incubated with magnetic GFP-trap beads (Chromotek, gtma-
20) for 1 h at 4°C on a roller. Beads were washed thrice with co-
IP buffer, and proteins were collected in Laemmli buffer.

Beta-lactamase translocation assay

For C. burnetii effector translocation assays, cells were cultured in
black, clear-bottomed, 96-well plates (Greiner Bio-One, 655,090),
and infected with the appropriate C. burnetii strain (MOI of 100)
for 24, 48, and 72 h. C. burnetii expressing β-lactamase alone was
used as a negative control; C. burnetii expressing β-Lactamase-
tagged CvpB was used as a positive control. Cell monolayers were
loaded with the fluorescent substrate CCF4/AM (LiveBLAzer-
FRETB/G loading kit; Invitrogen, K1095) in a solution containing
15mMprobenecid (Sigma-Aldrich, P36400). Cells were incubated
in the dark for 1 h at room temperature and imaged using an
EVOS inverted fluorescence microscope (ThermoFisher
Scientific, UK). Images were acquired using aDAPI andGFP filter
cubes. The image analysis software CellProfiler (Broad Institute,
MA)was used to segment and identify all cells in the sample (GFP)
and positive cells (DAPI) and to calculate the intensity of fluores-
cence in each channel. The percentage of positive cells versus the
total number of cells was then calculated and used to evaluate
effector translocation.

Microscopy and image analysis

Samples were imagedwith a Zeiss Axio Imager Z1 epifluorescence
microscope (Carl Zeiss, Germany) connected to aCoolSNAPHQ2

CCD camera (Teledyne Photometrics, Tucson, AZ). Images were
acquired with 40x oil immersion objectives and processed with
Metamorph (Molecular Devices, San Jose, CA). High throughput
image acquisition was performed on an epifluorescence auto-
mated microscope (Cellomics, ThermoFisher Scientific,
Pittsburgh, PA) equipped with a 20X objective. Image analysis
was performed using the CellProfiler 3.0 software, as previously
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described (Martinez et al., 2015). Briefly, Hoechst 33258 (Sigma-
Aldrich, 94403) staining, cytoplasmic mCherry fluorescence pro-
duced by U2OS mCherry cells and LAMP1 labeling were used to
identify nucleus, cytoplasm, and lysosomal/late endosomal com-
partments, respectively. The GFP signal was used to identify
C. burnetii colonies, and CCVs were segmented based on the
LAMP1 antibody labeling and GFP fluorescence, respectively.
After sorting non-infected and infected cells, a morphometrical
analysis was carried out over a population of at least 200 objects
(CCVs and/or C. burnetii colonies) per condition. Confocal
microscopy was performed using a TCS SP8 HyVolution micro-
scope (Leica, Germany) connected to a DFC9000 sCMOS camera
or an SP5-SMD microscope (Leica, Germany). Images were
acquired with 63x oil immersion objectives and processed with
LAS-AF (Leica, Germany). Fluorescence was measured using Fiji
analysis software (version 2.0.0) and the Multicolor line profile
plot macro (University of Leicester). LC3B and RAB26 recruit-
ment at CCVs were scored as follow: The mean ± confidence
interval (CI) Pearson’s correlation coefficient between LAMP1
and the cellular marker of interest (LC3B or RAB26) was calcu-
lated using Icy analysis software from triplicate experiments repre-
senting a total of at least 80 CCVs per condition (WT, cvpF::Tn,
cvpF::Tn Comp.). The mean + positive CI calculated from cells
infected with the cvpF::Tnmutant was then taken as a threshold to
calculate the percentage of CCVs positive for either marker.

Animal experiments

SCID (C.B-17/LcrHsd-Prkdcscid) mice were handled and
infected, as previously described [34]. All animal procedures
were done in compliance with Texas A&M University IACUC
(AUP#2016-0370). DNA was purified from infected organs,
and primers and probe for IS1111 were used to determine
Genome Equivalents (GE) using TaqMan real-time PCR.

Statistical analysis

Statistical analyses�of data were performed using Prism soft-
ware (GraphPad, San Diego, CA). For experiments requiring
statistical analysis, an adapted statistical test was performed,
as described in the corresponding figure legends.
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The intracellular bacterial pathogen Coxiella burnetii is the
etiological agent of the emerging zoonosis Q fever. Crucial to its
pathogenesis is type 4b secretion system–mediated secretion of
bacterial effectors into host cells that subvert host cell mem-
brane trafficking, leading to the biogenesis of a parasitophorous
vacuole for intracellular replication. The characterization of
prokaryotic serine/threonine protein kinases in bacterial patho-
gens is emerging as an important strategy to better understand
host–pathogen interactions. In this study, we investigated CstK
(for Coxiella Ser/Thr kinase), a protein kinase identified in
C. burnetii by in silico analysis. We demonstrate that this puta-
tive protein kinase undergoes autophosphorylation on Thr and
Tyr residues and phosphorylates a classical eukaryotic protein
kinase substrate in vitro. This dualThr-Tyr kinase activity is also
observed for a eukaryotic dual-specificity Tyr phosphorylation-
regulated kinase class. We found that CstK is translocated dur-
ing infections and localizes to Coxiella-containing vacuoles
(CCVs).Moreover, aCstK-overexpressingC. burnetii strain dis-
played a severe CCV development phenotype, suggesting that
CstK fine-tunes CCV biogenesis during the infection. Protein–
protein interaction experiments identified the Rab7 GTPase-
activating protein TBC1D5 as a candidate CstK-specific target,
suggesting a role for this hostGTPase-activating protein inCox-
iella infections. Indeed, CstK co-localizedwithTBC1D5 in non-
infected cells, and TBC1D5 was recruited to CCVs in infected
cells. Accordingly, TBC1D5depletion from infected cells signif-
icantly affected CCV development. Our results indicate that
CstK functions as a bacterial effector protein that interacts with
the host protein TBC1D5 during vacuole biogenesis and intra-
cellular replication.

Signal transduction is an essential and universal function
that allows all cells, fromprokaryotes to eukaryotes, to translate
environmental signals to adaptive changes. By this mechanism,
extracellular inputs propagate through complex signaling net-
works whose activity is often regulated by reversible protein
phosphorylation. Signalingmediated by serine/threonine/tyro-
sine protein phosphorylation has been extensively studied in
eukaryotes; however, its relevance in prokaryotes has only
begun to be appreciated. The recent discovery that bacteria also
use Ser/Thr/Tyr kinase-based signaling pathways has opened
new perspectives to study environmental adaptation, especially
in the case of bacterial pathogens, with respect to host infection
(1). Thus, advances in genetic strategies and genome sequenc-
ing have revealed the existence of “eukaryotic-like” serine/thre-
onine protein kinases (STPKs)4 and phosphatases in a number
of prokaryotic organisms (2), including pathogens such as
Streptococcus spp. (3–6), Mycobacteria (7–12), Yersinia spp.
(13, 14), Listeria monocytogenes (15, 16), Pseudomonas aerugi-
nosa (17), Enterococcus faecalis (18), or Staphylococcus aureus
(19, 20). Consequently, the study of STPKs in human bacterial
pathogens is emerging as an important strategy to better under-
stand host–pathogen interactions and develop new, targeted
antimicrobial therapies. However, if on one hand it is clear that
STPKs and phosphatases regulate important functions in bac-
terial pathogens, their signal transduction mechanism remains
ill-defined and restricted to a limited number of microbes.
Importantly, STPKs expressed by pathogenic bacteria can

either act as key regulators of important microbial processes or
be translocated by secretion systems to interact with host sub-
strates, thereby subverting essential host functions including
the immune response, cell shape, and integrity (21). Phospho-
rylation of host substrates has beendemonstrated for somebac-
terial STPKs, whereas others seem to require their kinase activ-
ity, but their phosphorylated substrates remain to be identified
(21). Therefore, biochemical mechanisms of these pathogen-
directed targeted perturbations in the host cell–signaling net-
work are being actively investigated, and STPKs are proving to
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be molecular switches that play key roles in host–pathogen
interactions (21).
Among emerging human pathogens, Coxiella burnetii is a

highly infectious bacterium, responsible for the zoonosis Q
fever, a debilitating flu-like disease leading to large outbreaks
with a severe health and economic burden (22–24). The effi-
ciency of infections by C. burnetii is likely associated with the
remarkable capacity of this bacterium to adapt to environmen-
tal as well as intracellular stress. Indeed, outside the host,
C. burnetii generates pseudospores that facilitate its airborne
dissemination. C. burnetii has developed a unique adaptation
to the host, being the only bacterium that thrives in an acidic
compartment containing active lysosomal enzymes. Upon host
cell invasion, bacteria reside within membrane-bound com-
partments that passively traffic through the endocytic matura-
tion pathway, progressively acquiring early and late endocytic
markers such as Rab5 and Rab7, respectively (25). Fusion of
Coxiella-containing vacuoles (CCVs) with late endosomes and
lysosomes is accompanied by the acidification of the endosomal
environment, which is required to activate the translocation of
bacterial effector proteins by a Dot/Icm type 4b secretion sys-
tem (26). Some of these effectors modulate important signaling
pathways of infected cells, including apoptosis and inflam-
masome activation (27–29), whereas others are essential for the
development of the intracellular replicative niche. Among
these, CvpB and CvpF have been recently implicated in the
manipulation of autophagy for optimal vacuole development
(30–33).C. burnetii genome analysis revealed a close homology
to the facultative intracellular pathogen Legionella pneumo-
phila, in particular at the level of Dot/Icm core genes (34). In
silico analysis identified over 100 candidate effector proteins
encoded in the C. burnetii genome, some of which have been
validated for secretion using either C. burnetii or L. pneumo-
phila as a surrogate model (26, 35, 36).
In this study, we investigated the candidate effector

CBU_0175, which encodes a unique putative Coxiella Ser/Thr
kinase (CstK). We demonstrated CstK translocation by C. bur-
netii during infection, and we reported its localization at CCVs.
In vitro kinase assays revealed that CstK undergoes autophos-
phorylation on Thr and Tyr residues and displays a bona fide
kinase activity toward a test substrate of eukaryotic protein
kinases. Furthermore, the identification of the Rab7 GTP-acti-
vating protein TBC1D5 as a CstK interactor suggests that this
protein might be involved during infection to facilitate CCVs
biogenesis. Indeed, TBC1D5 is actively recruited at CCVs dur-
ing Coxiella infections, and TBC1D5-targeting siRNAs signifi-
cantly affect CCVs development. Our data provide the first evi-
dence that a C. burnetii secreted kinase might control host cell
infection.

Results

C. burnetii genome encodes a single putative protein kinase

In silico analysis of the virulent C. burnetii strain RSA493
NMI genome revealed only one gene encoding a putative STPK.
To date, no STPKs have been characterized in this organism.
This gene was named cstK for C. burnetii serine threonine
kinase and encodes a 246-amino acid protein with an estimated

molecular mass of 31 kDa. The gene coding for cstK is flanked
by genes CBU_0174 (which encodes an hypothetical protein)
and CBU_0176, a gene coding for the serine protease domain-
containing protein degP.1. Of note, these genes are not part of
an operon (Fig. 1A). InterProScan analysis of CstK revealed the
presence of most of the essential amino acids and sequence
subdomains characterizing the Hanks family of eukaryotic-like
protein kinases (37). CstK shares a common eukaryotic protein
kinase superfamily fold with two lobes and a Gly-rich loop.
These protein kinases include the central core of the catalytic
domain and the invariant lysine residue in the consensus motif
within subdomain II, which is usually involved in the phosphate
transfer reaction and required for the autophosphorylating
activity of eukaryotic STPKs (Fig. 1A) (37–39). The activation
loop in the catalytic domain is particularly short in CstK, and
the DFGmotif is substituted by a GLGmotif. Interestingly, the
transmembrane domain usually present in classical prokaryotic
STPKs is lacking in CstK; thus, it is a so-called cytoplasmic
STPK.

CstK is a Dot/Icm effector protein

Bioinformatics analysis using the prediction software S4TE
2.0 (40) indicated that CstK harbors features corresponding to
secreted effector proteins, including a promoter motif typically
found in effector proteins from intravacuolar bacterial patho-
gens, suggesting that CstK is indeed a Coxiella effector protein
(Fig. 1A). Consistently, previous studies by Chen et al. (36) have
shown that CstK is secreted in a type 4b secretion system–de-
pendent manner by the surrogate host L. pneumophila, albeit
with low efficiency. To validate CstK secretion in C. burnetii,
we engineered plasmids encoding, either CstK or CvpB (a
known C. burnetii effector protein) (30), fused to �-lactamase
(BLAM) and expressed in WT Coxiella Tn1832 (a C. burnetii
transposon mutant expressing GFP and that phenocopies WT
C. burnetii) or the Dot/Icm-defective dotA::Tn mutant, also
expressing GFP. Bymeans of a BLAM secretion assay, we could
observe that BLAM-CstK was secreted by WT Coxiella at 48
and 72 h, but not at 24 h postinfection (Fig. 1B). Secretion of
BLAM-CvpB or BLAM-CstK was not detectable in cells
infected with the dotA::Tn strain, indicating that both CvpB
andCstK areC. burnetiiDot/Icm substrates (Fig. 1B). Next, the
intracellular localization of Cstk was investigated by ectopically
expressing HA-tagged CstK either in noninfected or WT
C. burnetii–infected U2OS cells. In noninfected cells, CstK
localized at intracellular compartments that were negative for
the lysosomal marker LAMP1, whereas it was recruited at
CCVs (as revealed by the co-localization with LAMP1) in
infected cells (Fig. 1C).

CstK displays autokinase and protein kinase activities

To determine whether CstK is a functional protein kinase,
this protein was overproduced in Escherichia coli and purified
as a recombinant protein fused to glutathione S-transferase
(GST) tag. The purified tagged CstK protein (Fig. 2A, upper
panel) was then assayed for autokinase activity in the presence
of the phosphate donor [�-33P]ATP. As shown in Fig. 2A (lo-
wer panel), CstK incorporated radioactive phosphate from
[�-33P]ATP, generating a radioactive signal corresponding to
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the expected size of the protein isoform, strongly suggesting
that this kinase undergoes autophosphorylation. To confirm
CstK autophosphorylation and exclude the possibility that con-
taminant kinase activities fromE. coli extractsmight phosphor-
ylate CstK, we mutated the conserved Lys55 residue present in
subdomain II into CstK by site-directed mutagenesis. Indeed
protein sequence analysis revealed that Lys55 in CstK is simi-
larly positioned as a conserved Lys residue usually involved in
the phosphotransfer reaction and also required for the autophos-
phorylating activity of eukaryotic-like STPKs (37, 38). Thus,
Lys55 was substituted by a Met residue, the mutated form of
CstK, CstK_K55M, was purified as described above (Fig. 2A,
upper panel), and it was then tested for autophosphorylation in
the presence of [�-33P]ATP. As expected, no radioactive signal
could be detected (Fig. 2A, lower panel), thus establishing that
CstK displayed autophosphorylation activity. A kinetic analysis
of CstK phosphorylation was next performed to determine the
initial CstK phosphorylation rate (Fig. 2B). Incorporation of
�-phosphate occurred rapidly, reaching �50% of its maximum
ratewithin 5min of reaction. This autokinase activity depended
on bivalent cations such as Mg2� and Mn2� in the range of 5
mM, thus in correlation with concentrations required for
canonical STPK activity, as shown in Fig. 2C, and abolished by
addition of 20mMEDTAchelating all the divalent cations avail-
able (data not shown).

The recombinant CstK protein was further characterized by
studying its ability to phosphorylate exogenous proteins and
was thus assayed for in vitro phosphorylation of the general
eukaryotic protein kinase substrate, myelin basic protein
(MBP), in the presence of [�-33P]ATP. MBP is a commonly
used substrate for both Ser/Thr andTyr kinases. A radiolabeled
signal at the expected 18-kDa molecular mass of MBP was
detected, thus demonstrating that CstK phosphorylates protein
substrates such asMBP (Fig. 2A). As expected, the CstK_K55M
mutant did not phosphorylated MBP. Altogether, these data
indicate that in vitro, CstK possesses intrinsic autophosphory-
lation activity and displays kinase functions for exogenous
substrates.

Identification of CstK autophosphorylation sites

To determine the specificity of this kinase, we next identified
its autophosphorylation sites. AMS approachwas used because
this technique allows precise characterization of post-trans-
lational modifications including phosphorylation (41, 42).
NanoLC/nanospray/tandemMS (LC-ESI/MS/MS) was applied
for the identification of phosphorylated peptides and for local-
ization of phosphorylation sites in CstK. This approach led to
97% of sequence coverage, whereas the remaining residues
uncovered did not include Ser, Thr, or Tyr residues.

Figure 1. CstK is a Dot/Icm effector protein. A, schematic representation of CstK. A conserved promoter-binding domain is predicted between amino acids
�227 and �213 (Apm), and the transposon insertion site for Tn2496 is indicated. The kinase domain is predicted between amino acids 26 and 174 and is shown
in red. The conserved lysine residue is indicated, and the phosphorylated sites are indicated by an asterisk. B, BLAM secretion assay. U2OS cells were infected
for 24, 48, or 72 h (black, gray, and white bars, respectively) with WT C. burnetii or the dotA::Tn mutant transformed with vectors expressing BLAM (negative
control), BLAM-CvpB (positive control), or BLAM-CstK. Protein translocation was probed using the CCF-4 substrate. The average percentage of cells positive for
cleaved CCF-4 as compared with the total number of cells was assessed. The values are means � S.D. from three independent experiments. ns, nonsignificant;
***, p � 0.0001, one-way ANOVA, Dunnett’s multiple comparison test, CstK localization. C, U2OS cells ectopically expressing HA-tagged CstK (red) were either
left untreated (top panels) or challenged with WT C. burnetii expressing GFP (green) for 3 days. Lysosomal compartments were labeled using anti-LAMP1
antibodies (blue). Scale bars, 10 �m.
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As detailed in Table 1, analysis of tryptic digests allowed the
characterization of three phosphorylation sites in CstK. Sur-
prisingly,unlikeclassicalSer/ThrorTyrkinases,CstKwasphos-

phorylated on two Tyr residues (Tyr14 and Tyr209), in addition
to one Thr site (Thr232). Because protein sequence analysis did
not reveal a classical activation loop in this kinase, the contri-

Figure 2. A, biochemical characterization of CstK. Recombinant CstK derivatives were overproduced, purified on GSH-Sepharose 4B matrix, submitted to gel
electrophoresis, and stained with Coomassie Blue (upper panel). In vitro phosphorylation assays were performed with [�-33P]ATP for 30 min and the eukaryotic
substrate myelin basic protein (MBP) when required. Proteins were analyzed by SDS-PAGE, and radioactive bands were revealed by autoradiography (lower
panel). The upper bands illustrate the autokinase activity of CstK, and the lower bands represent phosphorylated MBP. Standard proteins of known molecular
masses were run in parallel. B, a kinetic analysis was performed by incubation of CstK with [�-33P]ATP for different times. Proteins were analyzed by SDS-PAGE,
and radioactive bands were revealed by autoradiography. C, effects of cations on autokinase activity of CstK. Purified CstK protein was subjected to in vitro
autophosphorylation assays in the presence of 50 �M ATP [�-33P]ATP and 5 mM of Mg2� or Mn2�. Phosphoproteins were separated by SDS-PAGE and then
revealed by autoradiography. D, in vitro phosphorylation of CstK mutant derivatives. The mutated variants CstK_Y14F (harboring a Tyr to Phe substitution at
Tyr14), CstK_Y209F (harboring a Tyr to Phe substitution at Tyr209), CstK_T232A (harboring a Thr to Ala substitution at Thr232), and CstK_Y14F/Y209F/T232A
(harboring all three substitutions) were incubated in the presence of [�-33P]ATP with or without the eukaryotic substrate MBP. The samples were separated by
SDS-PAGE, stained with Coomassie Blue (upper panel), and visualized by autoradiography (lower panel). The upper bands illustrate the autokinase activity of
CstK, and the lower bands represent phosphorylated MBP. Standard proteins of known molecular masses were run in parallel (kDa lane). E, U2OS cells
ectopically expressing either HA-tagged CstK_K55M or CstK_FFA (red) were challenged with WT C. burnetii expressing GFP (green) for 3 days. Lysosomal
compartments were labeled using anti-LAMP1 antibodies (blue). Scale bars, 10 �m. Inset, magnification scale bars, 4 �m.
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bution of Thr232, Tyr14, and Tyr209 to CstK kinase activity was
individually assessed. Hence, these residues were mutated
either to phenylalanine to replace tyrosine residues or alanine
to replace threonine residue, generating the single mutants
CstK_Y14F, CstK_Y209F, and CstK_T232A, as well as the
CstK_Y14F/Y209F/T232A triple mutant (CstK_FFA). Next, in
vitro kinase assays with [�-33P]ATP were carried out and
revealed that maximum loss in CstK autophosphorylation
activity was observed in the CstK_Y14F mutant (Fig. 2D), sug-
gesting that this site is central for CstK activation. In contrast,
the CstK_Y209F mutant exhibited a slight hyperphosphoryla-
tion, which might indicate that Tyr209 only plays an accessory
role in controlling CstK autophosphorylation (Fig. 2D). Finally,
the CstK_T232Amutant showed a reduced CstK phosphoryla-
tion and displayed diminished kinase activity toward the exog-
enous substrate MBP (Fig. 2D). Note that mutating all three
autophosphorylation sites fully abrogated CstK kinase activity
(Fig. 2D). These results indicate that Tyr14 and Thr232 are the
major phosphorylation sites in CstK and strongly suggest that
CstK might be a dual specificity (Thr/Tyr) kinase.

CstK activity and phosphorylated state affect its intracellular
localization

Next, we ectopically expressed HA-tagged CstK, CstK_
K55M, and CstK_FFA derivatives in noninfected and C. bur-
netii–infected U2OS cells to investigate its intracellular local-
ization. CstK mainly localized at vesicular compartments in
noninfected cells and accumulated at CCVs upon C. burnetii
infection, suggesting an active role in the biogenesis of this
compartment (Fig. 1C). Interestingly, the inactive CstK_K55M
mutant localized at vesicular structures positive for the lyso-
somal marker LAMP1 but not at CCVs, whereas the nonphos-
phorylated CstK_FFA displayed a diffuse localization in the
cytosol of transfected cells (Fig. 2E). Overall, these data suggest
that the kinase activity andphosphorylated state ofCstKplay an
important role in its localization in cells.

CstK regulates vacuole development and C. burnetii
replication within infected cells

As a first step toward the understanding of CstK functions in
the course of infection and to appreciate the extent to which
this kinase is required for growth and viability ofC. burnetii, we
attempted to inactivate the corresponding chromosomal gene.
Unfortunately, after several attempts we were unable to gener-
ate a null mutant, suggesting that cstKmight be essential. How-
ever, we had previously isolated a C. burnetiimutant (Tn2496)
carrying a transposon insertion allowing GFP expression at
position 156,783, 32 bp upstream of the starting codon of cstK

(43) (Fig. 1A). To determine the effect of this transposon inser-
tion on cstK gene expression,we assessed the expression level of
cstKmRNA fromWT C. burnetii and Tn2496 strains. Surpris-
ingly, cstK expression was significantly up-regulated in the
mutant strain, suggesting that the transposon insertion may
have released a transcriptional negative regulation (Fig. 3A).
This suggested that a putative transcriptional regulator might
bind the cstK promoter and control its activity during host
invasion.
We next examined the effects of CstK overexpression on

C. burnetii infections by challenging Vero cells with WT
C. burnetii, the Dot/Icm-defective dotA::Tn mutant, or the
Tn2496mutant. Intracellular growth of the CstK-overexpress-
ing strainwas significantly reduced over 7 days of infectionwith
an intermediate phenotype between WT and the dotA::Tn
mutant (Fig. 3B). Accordingly, multiparametric phenotypic
profile analysis of the Tn2496mutant indicated that this strain
exhibited a major defect in CCV development as compared
withWTC. burnetii (Fig. 3,C andD). To further investigate the
effects of CstK overexpression on C. burnetii infections, GFP-
expressing C. burnetii were transformed with plasmids
expressing HA-tagged WT CstK or its corresponding mutants
(CstK_K55M and CstK_FFA) under the control of an IPTG
promoter. U2OS cells expressing cytoplasmic mCherry were
challenged with the three C. burnetii strains in the presence or
absence of IPTG. After 6 days of infection, the cells were fixed,
labeled with Hoechst and anti-LAMP1 antibody to visualize
host cells nuclei and CCVs, respectively, and processed for
automated image analysis. In all cases, the overexpression of
CstK was detrimental for CCVs biogenesis and bacterial repli-
cation (Fig. 3E). Next, U2OS cells were challenged with WT
C. burnetii, the GFP-expressing Tn2496 mutant strain, or a
combination of the two for 6 days (Fig. 3F). The cells were then
fixed and labeled with an anti–C. burnetii antibody to label
both bacteria strains and incubated with Hoechst to visualize
host cells nuclei (Fig. 3F). Automated image analysis was then
used to determine the effects of CstK overexpression on the
replication ofWT bacteria, in trans. Co-infections resulted in a
significant increase in the size of Tn2496 colonies, indicating
that WT C. burnetii can partially restore the growth of the
CstK-overexpressing strain (Fig. 3G). However, a significant
decrease in the size of bacterial colonies labeled by the anti–
C. burnetii antibodies indicated that CstK overexpression has a
detrimental effect in trans on the development of WT bacteria
(Fig. 3G). Of note, vacuoles harboring WT or mutant colonies
alone were never observed in co-infection experiments. There-
fore, we concluded that CstK participates in the formation of
the C. burnetii replicative vacuole and that its expression must
be finely tuned for optimal intracellular replication.

CstK specifically interacts with host cell proteins

Because CstK is a secreted protein, we assume that this
kinase would interfere with host cell signal transduction path-
ways to subvert host cell defenses to the benefit of the bacteria.
To identify host cell proteins that could interact with CstK, we
made use of the model amoeba Dictyostelium discoideum.
D. discoideum is a eukaryotic professional phagocyte amenable
to genetic and biochemical studies. Lysate from cells overex-

Table 1
Phosphoacceptors identified after phosphorylation of C. burnetii CstK
Sequences of the phosphorylated peptides identified in CstK as determined bymass
spectrometry following tryptic digestion are indicated, and phosphorylated residues
(pT or pY) are shown in bold type.

Phosphorylated tryptic
peptide sequence

of CstK

Number of detected
phosphate groups

LC/MS/MS
Phosphorylated

residue
8LSVADFpYDLKK18 1 Tyr14
228EQFNpTAGHLR237 1 Thr232
209pYCNPHIK215 1 Tyr209
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pressing CstK tagged with a C-terminal FLAG epitope
(CstK-FLAG) was incubated with beads coupled to an anti-
FLAG antibody. The beads were extensively washed, and

bound proteins were separated by SDS-PAGE before MS
analysis. Among the putative interactants of CstK identified
by this approach, some were discarded on the basis of their

Figure 3. CstK regulates vacuole development and C. burnetii replication within infected cells. A, expression of cstk was measured by qRT-PCR from
cultures of either WT C. burnetii or the Tn2496 mutant strain. The values are means � S.E. of four independent experiments. ***, p � 0.001, unpaired t test. B, Vero
cells were challenged with WT C. burnetii, the dotA::Tn mutant, or the Tn2496 mutant strains, all expressing GFP. Intracellular replication was monitored over 7
days of infection by monitoring the GFP fluorescence using a microplate reader. The values are means � S.D. from three independent experiments. C, U2OS
cells were challenged with either WT C. burnetii or the Tn2496 mutant strain, both expressing GFP (green). 7 days postinfection, the cells were fixed and labeled
with an anti-LAMP1 antibody (red) and Hoechst (blue) to visualize CCVs and host cell nuclei, respectively. Scale bars, 10 �m. D, an average of 50,000 cells were
automatically imaged and analyzed from triplicate experiments for each condition illustrated in C, and the phenotypic profile of the Tn2496 mutant was
compared with that of WT C. burnetii and expressed as z scores over 15 independent features. E, GFP-expressing C. burnetii transformed with plasmids
encoding WT CstK, the K55M, or the FFA mutants, all under the regulation of an IPTG-inducible promoters were used to infect U2OS cells for 6 days, in the
presence or absence of IPTG. The cells were then fixed and labeled as in C, and an average of 50,000 cells was automatically imaged and analyzed for each
condition. The mean sizes of C. burnetii colonies and CCVs were calculated (red bars). F, U2OS cells were challenged with WT C. burnetii, the GFP-expressing
mutant Tn2496, or a combination of the two strains for 6 days. The cells were then fixed and labeled with anti–C. burnetii antibodies (anti-NMII) to label both
strains. G, an average of 50000 cells were automatically imaged and analyzed for each condition illustrated in F, and the mean size of C. burnetii colonies was
calculated (red bars). n.s., nonsignificant; ****, p � 0.0001, one-way ANOVA, Dunnett’s multiple comparison test.

CstK affects C. burnetii vacuole biogenesis

7396 J. Biol. Chem. (2020) 295(21) 7391–7403



intracellular localization, whereas other retained candidates
were mostly involved in the endocytic pathway (Table S1).
Among these, the Rab GTPase-activating protein/TBC
domain-containing protein, DDB_G0280253 (UniProtKB
Q54VM3), is a 136.4-kDa protein homologous to mamma-
lian TBC1D5 (dictyBase), a GTPase-activating protein for
Rab7a and Rab7b (44–46) that acts as a molecular switch
between the endosomal and the autophagy pathway (47).
Given the recently reported implication of TBC1D5 in the
biogenesis of L. pneumophila–containing vacuoles (48) and
the role of autophagy in the biogenesis of CCVs (25, 31, 49),
we aimed at validating the interaction between human
TBC1D5 (Hs-TBC1D5) and CstK in HEK-293T cells. The
cells co-expressing Hs-TBC1D5-GFP and HA-CstK or CstK
mutants were used for immunoprecipitation using anti-HA
beads. WT and CstK derivatives were detected as co-immu-
noprecipitated in the presence of Hs-TBC1D5-GFP, thus
confirming that Hs-TBC1D5 is a bona fide CstK interactant
(Fig. 4A). Significantly higher levels of TBC1D5 were co-

immunoprecipitated by the CstK mutants, suggesting that
the interaction might be increased in the absence of phos-
phorylation turnover of the kinase (Fig. 4A, bottom panel).
Interestingly, the interaction is not dependent on the phos-
phorylation status of CstK because the K55Mmutant and the
triple FFA mutant are still able to interact. Other candidates
identified by MS are currently being investigated.

TBC1D5 is recruited at CCVs and regulates their biogenesis

Given its recently reported role in the development of
L. pneumophila–containing vacuoles, we investigated the
localization of TBC1D5 inU2OS cells infectedwithWTC. bur-
netii, the CstK-overexpressing strain Tn2496, or the Dot/Icm-
defective mutant dotA::Tn. Consistent with previous studies
demonstrating a role in the activation of Rab7a and b, TBC1D5
seems to accumulate specifically at CCVs in a Dot/Icm-inde-
pendent manner because the eukaryotic protein was found at
CCVs generated by all C. burnetii (WT, the Tn2496, and the
dotA::Tn; Fig. 4B and Fig. S1). Next, we used siRNA to deplete

Figure 4. Figure 4. CstK interacts with TBC1D5. A, The interaction between CstK and the human TBC1D5 has been confirmed after cotransfection of
HEK-293T cells to express each HA-tagged CstK derivatives with GFP-tagged Hs-TBC1D5. Cells have been lysed and HA-tagged CstK derivatives have been
trapped on anti-HA magnetic beads (Pierce). Beads were washed, eluted by boiling, and bound proteins were revealed by Western blot analysis. Anti-HA
antibody confirms the immunoprecipitation of CstK derivatives. For the densitometry graph, Regions of Interest (ROIs) were obtained from each band of
interest and the intensity was measured (ctrl for “control” and WCL for “whole cell lysates”). B, Hs_TBC1D5 localization during infection was monitored in U2OS
cells expressing mCherry-tagged Hs-TBC1D5 (red) challenged for 4 days either with wt C. burnetii, the Dot/Icm-defective dotA::Tn mutant or the CstK-overex-
pressing mutant Tn2496, all expressing GFP (green). Lysosomal compartments were labelled with anti-LAMP1 antibodies (blue). Scale bars 10 �m. Inset
magnification scale bars 4 �m. C, The role of TBC1D5 in C. burnetii infections was investigated using siRNA to deplete Hs-TBC1D5 in U2OS prior to challenge with
GFP-expressing wt C. burnetii. The size of CCVs was automatically calculated over an average of 150000 cells per condition. Red bars indicate medians. ***, p �
0.0001; **, p � 0.001; *, p � 0.01; one-way ANOVA, Dunnett’s multiple comparison test. Scale bars 10 �m.
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cells of TBC1D5 prior to C. burnetii infection, to investigate a
possible role in CCVs development and intracellular bacterial
replication. Indeed, vacuole development was significantly
reduced in cells exposed to Hs-TBC1D5–targeted siRNAs as
opposed to cells treated with nontargeting siRNA oligonucleo-
tides (Fig. 4C).

TBC1D5 is not phosphorylated in vitro by recombinant CstK

We assessed whether CstK might phosphorylate the recom-
binant Hs-TBC1D5. Despite the in silico prediction of several
Ser/Thr and Tyr phosphorylatable residues in Hs-TBC1D5, we
failed to detect Hs-TBC1D5 phosphorylation using several in
vitro kinases assays (Fig. S2). In addition, Hs-TBC1D5 phos-
phorylation status was also investigated upon transfection with
CstK or its inactive derivative (K55M) followed byHs-TBC1D5
immunoprecipitation. No phosphorylation could be detected
in our experimental conditions.

Discussion

Bacterial Ser/Thr/Tyr kinases expressed by pathogenic bac-
teria can either act as key regulators of important microbial
processes or be translocated by secretion systems to interact
with host substrates; thereby our results provide the first bio-
chemical analysis of the secretedC. burnetii kinase CstK and its
involvement in the process of infection and CCVs develop-
ment. Importantly, CstK presents important differences as
compared with classical Ser/Thr kinases. In particular, we pro-
vided evidence that CstK is a dual kinase able to autophosphor-
ylate on Thr and Tyr residues.Moreover, the observation that a
transposon insertion 32 bp upstream of the cstK starting codon
leads to an increase in the levels of cstKmRNAs was indicative
of the presence of a negative transcriptional regulation of gene
expression, suggesting a fine-tuning of the levels of CstK.
Indeed, the Tn2496 mutant displays a severe CCV biogenesis
defect when used to challenge U2OS cells, highlighting the
importance of regulating cstK expression during C. burnetii
infections. Accordingly, inducing the expression ofWTCstK in
WT C. burnetii severely impairs CCVs development and bac-
terial replication. Co-infection experiments demonstrated that
CstK overexpression can also act in trans, by perturbing the
intracellular replication of WT C. burnetii. The identification
of candidate eukaryotic interactors of CstK further corrobo-
rated a role of the bacterial kinase in subverting host functions
during infection. Here we confirmed that CstK interacts with
TBC1D5, butwe failed to detect phosphorylation of the eukary-
otic target by CstK. However, we cannot exclude that TBC1D5
is a genuine CstK substrate in vivo because the lack of phos-
phorylation of host interactors of bacterial STPKs is not
uncommon. Interaction between STPKs and host proteins
might well perturb protein interaction networks at play in host
cells (21). Indeed, the induced overexpression of CstK mutants
lacking kinase activity inWTC. burnetii impaired CCVs devel-
opment to the same extent as the overexpression of WT CstK.
The biochemical mechanisms of these pathogen-directed tar-
geted perturbations of host cell–signaling networks are being
actively investigated. Regardless, siRNA depletion of TBC1D5
in C. burnetii–infected cells points at a role of the eukaryotic
protein in CCVs development. In mammals, TBC1D5 was sug-

gested to function as a molecular switch between endosomal
and autophagy pathways. Indeed TBC1D5 associates the retro-
mer VPS29 subunit involved in endosomal trafficking, and
upon autophagy induction, the autophagy ubiquitin-like pro-
tein LC3 can displace VPS29, thus orienting TBC1D5 functions
toward autophagy instead of endosomal functions (47). It is
thus tempting to propose that CstK might interfere with this
tight regulation between TBC1D5, LC3, and VPS29 and redi-
rect TBC1D5 functions to support efficientC. burnetii intracel-
lular replication. Further work will need to be carried out to
decipher how CstK recognizes these host substrates and how
they participate in the establishment of C. burnetii parasito-
phorous vacuoles. Another perspective of this work is the
opening of a new field of investigation for future drug devel-
opment to fight this pathogen. Because CstK seems to be
essential, specific inhibitors of this kinase preventing C. bur-
netii growth would be extremely useful for the development
of new therapies.

Experimental procedures

Bacterial strains and growth conditions

Bacterial strains and plasmids are described in Table 2.
Strains used for cloning and expression of recombinant pro-
teins were E. coli TOP10 (Invitrogen) and E. coli BL21
(DE3)Star (Stratagene), respectively. E. coli cells were grown
and maintained at 25 °C in LB medium supplemented with
100 �g/ml ampicillin when required.C. burnetii RSA439 NMII
and transposon mutants Tn1832, Tn2496, and dotA::Tn were
grown inACCM-2 (45) supplementedwith chloramphenicol (3
mg/ml) in a humidified atmosphere of 5% CO2 and 2.5% O2 at
37 °C.

Cloning, expression, and purification of CstK derivatives

The cstK (CBU_0175) gene was amplified by PCR using
C. burnetii RSA439 NMII chromosomal DNA as a template
with the primers listed in Table 3 containing a BamHI andHin-
dIII restriction site, respectively. The corresponding amplified
product was digested with BamHI and HindIII and ligated into
the bacterial pGEX(M) plasmid, which includes a N-terminal
GST tag, thus generating pGEX(M)_cstK. pGEX(M)_cstK
derivatives harboring different mutations were generated by
using the QuikChange site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) and resulted in the construction of plasmids
detailed in Table 3. For overexpression assays, cstK and its
derivatives were cloned in the pJA-LACO-4xHA vector (30)
using KpnI and BamHI restriction sites. All constructs were
verified by DNA sequencing. Transformed E. coli BL21 Star
cells with pGEX(M)_cstK derivatives were grown at 16 °C in LB
medium containing 1 g/liter of glucose and 100 �g/ml of ampi-
cillin and protein synthesis induced with 0.5 mM IPTG over-
night. Bacteria were disrupted by sonication (Branson, digital
sonifier) and centrifuged at 14,000 rpm for 25 min. Purifica-
tions of the GST-tagged recombinants were performed as
described by the manufacturer (GE Healthcare). cstK coding
sequence was also optimized for mammalian cell expression
(GenScript), amplified by PCR, and cloned into pDXA-3C
(50) containing a FLAG tag for C-terminal fusion. After
sequencing, the plasmid was linearized by the restriction
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enzyme ScaI and transfected in D. discoideum as described
(51). Clone selection was made with 10 mg/ml of G418, and
protein expression was assayed by Western blotting analysis
of D. discoideum crude extract with an anti-FLAG rabbit
polyclonal antibody (GenScript). For ectopic expression
assays, cstK, cstK_K55M, and cstK_FFA with optimized
codons (IDT) were cloned in pRK5-HA using the primer pair
CstKopt-BamHI-Fw/CstKopt-EcoRI-Rv.

Cloning, expression, and purification of TBC1D5 derivatives

The D. discoideum GFP-tagged TBC1D5 was previously
generated (48). Cells were grown at 22 °C in HL5 medium as
previously described (51). Human TBC1D5 coding sequence
was obtained from the hORFeome v8.1 (ORF 2659, Q92609,
fully sequenced cloned human ORFs in Gateway Entry
clones ready for transfer to Gateway-compatible expression

vectors). HsTBC1D5 coding sequence has been recombined
into pEGFP-N1 RfCDestination vector by GateWay reaction
(MGC Platform Montpellier), thus generating pEGFP-
N1_HsTBC1D5 coding for HsTBC1D5 with a C-terminal
GFP tag. pmCH_Hs-TBC1D5-mCherry has been generated
by the same method (MGC Platform Montpellier).

RNA extraction and quantitative RT-PCR (qRT-PCR)

50 ml of C. burnetii culture was harvested, resuspended in
600 �l of RNA protect reagent (Qiagen) and incubated for 5
min at room temperature. Bacteria were centrifuged and resus-
pended in 200 �l of TE (10 mM Tris-HCl, 1 mM EDTA, pH 8)
containing 1 mg/ml lysozyme. Bacterial suspension was incu-
bated at room temperature for 5 min, and bacteria were dis-
rupted by vigorous vortexing for 10 s every 2min. 700�l of lysis
buffer from RNA easy kit (Qiagen) were added to the bacterial

Table 2
Strains and plasmids used in this study

Strain or plasmid Genotype or description
Source or
reference

E. coli strains
E. coli TOP10 E. coli derivative ultra-competent cells used for general cloning; F�

mcrA D(mrr-hsdRMS-mcrBC) f80dlacZÄM15 D lacX74 endA1
recA1araD139 D (ara, leu)7697 galU galK rpsL nupG--tonA

Invitrogen

E. coli BL21(DE3)Star F2 ompT hsdSB (rB2 mB2) gal dcm (DE3); used to express recombinant
proteins in E. coli

Stratagene

C. burnetii strains
C. burnetii RSA439 NMII WT C. burnetii RSA439 NMII nonfluorescent Ref. 55
C. burnetii Tn2496 C. burnetii RSA439 NMII carrying an Himar1-CAT-GFP cassette 32 bp

upstream of CBU_0175, expressing GFP
This study

C. burnetii Tn1832 C. burnetii RSA439 NMII carrying an Himar1-CAT-GFP cassette in the
intergenic region between CBU_1847b and CBU_1849, expressing
GFP

Ref. 43

C. burnetii Tn292 C. burnetii RSA439 NMII carrying an Himar1-CAT-GFP cassette in
CBU_1648 (dotA), expressing GFP

Ref. 43

Plasmids
pGEX(M) pGEX with a 321-bp EcoRI/BamHI fragment from pET19b introducing

a HindIII site in the pGEX polylinker
Ref. 56

pGEX(M)_cstK pGEX(M) derivative used to express GST-tagged fusion of CstK (AmpR) This study
pGEX(M)_cstK_K55M pGEX(M) derivative used to express GST-tagged fusion of CstK_K55 M

(AmpR)
This study

pGEX(M)_cstK_Y14F pGEX(M) derivative used to express GST-tagged fusion of CstK_Y14F
(AmpR)

This study

pGEX(M)_cstK_Y209F pGEX(M) derivative used to express GST-tagged fusion of CstK_Y209F
(AmpR)

This study

pGEX(M)_cstK_T232A pGEX(M) derivative used to express GST-tagged fusion of CstK_T232A
(AmpR)

This study

pGEX(M)_cstK_Y14F/Y209F/T232A pGEX(M) derivative used to express GST-tagged fusion of CstK_Y14F/
Y209F/T232A (AmpR)

This study

peGFPN1 Vector used for mammalian expression of C-terminal GFP-tagged
fusion proteins

Addgene

peGFPN1_Hs-TBC1D5-GFP peGFP-N1 derivative used to express C-terminal GFP-tagged fusion of
Hs_TBC1D5 for mammalian expression

This study

pmCH_Hs-TBC1D5-mCherry pmCH derivative used to express C-terminal mCherry-tagged fusion of
Hs_TBC1D5 for mammalian expression

This study

pRK5_HA_cstKopt pRK5_HA derivative used to express N-terminal HA-tagged fusion of
CstK codon-optimized for mammalian expression

This study

pRK5_HA_cstK_K55Mopt pRK5_HA derivative used to express N-terminal HA-tagged fusion of
cstK_K55M codon-optimized for mammalian expression

This study

pRK5_HA_cstK_FFAopt pRK5_HA derivative used to express N-terminal HA-tagged fusion of
cstK_FFA codon-optimized for mammalian expression

This study

pXDC61K-Blam Vector with IPTG-inducible expression of �-lactamase Ref. 57
pXDC61K-Blam-cvpB pXDC61K-Blam derivative used to express Blam-tagged fusion of CvpB This study
pXDC61K-Blam-cstK pXDC61K-Blam derivative used to express Blam-tagged fusion of CstK This study
pJA-LACO-4�HA Vector with IPTG-inducible expression of 4 � HA-tagged proteins Ref. 30
pJA-LACO-4�HA-cstK Vector with IPTG-inducible expression of 4 � HA-tagged cstK This study
pJA-LACO-4�HA-cstK_K55M Vector with IPTG-inducible expression of 4 � HA-tagged cstK_K55M This study
pJA-LACO-4�HA-cstK_FFA Vector with IPTG-inducible expression of 4 � HA-tagged cstK_FFA This study

D. discoideum plasmids
pDXA-3C_cstK-FLAG Vector for overexpression of CstK with a C-terminal FLAG tag in

D. discoideum
This study

pDXA-3C_DdTBC1D5-myc vector for expression of myc-DdTBC1D5 in D. discoideum This study
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suspension, and disruption was completed by vortexing vigor-
ously. RNAwas purified with the RNA easy kit according to the
manufacturer’s instructions. DNA was further removed using
DNase I (Invitrogen). cDNAwas producedusing Superscript III
reverse transcriptase (Invitrogen). Controls without reverse
transcriptase were done on each RNA sample to rule out pos-
sibleDNAcontamination.Quantitative real-time PCRwas per-
formed using LightCycler 480 SYBR Green I Master (Roche)
and a 480 light cycler instrument (Roche). PCR conditions were
as follows: 3 min of denaturation at 98 °C, 45 cycles of 98 °C for
5 s, 60 °C for 10 s, and 72 °C for 10 s. The dotA gene was used as
internal control. The sequences of primers used for qRT-PCR
are listed in Table 3. The expression level of cstK in the WT
strain was set at 100, and the expression levels of cstK in the
Tn2496mutant were normalized to the WT levels.

In vitro kinase assays

In vitro phosphorylation was performed with 4 �g of WT
CstK or CstK derivatives in 20 �l of buffer P (25 mM Tris-HCl,
pH7.0, 1mMDTT, 5mMMnCl2, 1mMEDTA, 50�MATP)with
200 �Ci ml�1 (65 nM; �-33P]ATP; PerkinElmer, ref: NEG
602H250UC, 3000 Ci mmol�1) for 30 min at 37 °C. For sub-
strate phosphorylation, 4 �g of MBP (Sigma) and 4 �g of CstK
were used. Each reactionmixture was stopped by addition of an
equal volume of Laemmli buffer, and themixture was heated at
100 °C for 5 min. After electrophoresis, the gels were soaked in
16% TCA for 10 min at 90 °C and dried. Radioactive proteins
were visualized by autoradiography using direct exposure to
films.

Mass spectrometry analysis

For MS analysis, CstK was phosphorylated as described
above, except that [�-33P]ATP was replaced with 5 mM cold
ATP. Subsequent MS analyses were performed as previously
reported (52, 53). Briefly, the sampleswere submitted to trypsin
digestion and analyzed using an Ultimate 3000 nano-RSLC
(Thermo Scientific, San Jose, CA) coupled on line with a qua-
drupole OrbitrapQ Exactive HFmass spectrometer via a nano-
electrospray ionization source (Thermo Scientific). The sam-
ples were injected and loaded on a C18 Acclaim PepMap100
trap-column (Thermo Scientific) and separated on a C18

Acclaim Pepmap100 nano-column (Thermo Scientific). MS
data were acquired in a data-dependent strategy selecting the
fragmentation events based on the 20most abundant precursor
ions in the survey scan (350–1600 Th). The resolution of the
survey scan was 60,000 atm/z 200 Th, and for MS/MS scan the
resolutionwas set to 15,000 atm/z 200Th. Peptides selected for
MS/MS acquisition were then placed on an exclusion list for
30 s using the dynamic exclusion mode to limit duplicate spec-
tra. Data files were then analyzed with Proteome Discover 2.2
using the SEQUEST HT algorithm against the Uniprot D. dis-
coideum, which included the sequence of CstK.

C. burnetii infections

U2OS epithelial cells were challenged with C. burnetii
RSA439 NMII, the transposon mutants Tn1832, dotA::Tn, or
Tn2496 as previously described (38, 49). For co-infection
experiments, the cells were challengedwith a 1:1 ratio ofC. bur-
netii RSA439 NMII and Tn2496 transposon mutant. For gene
silencing, U2OS cells were seeded at 2,000 cells/well in black,
clear-bottomed, 96-well plates in triplicate and transfected
with siRNA oligonucleotides 24 h later by using the RNAiMAX
transfection reagent (Thermo Fisher Scientific) according to
the manufacturer’s recommendations. At 24 h post-transfec-
tion, the cells were challenged with C. burnetii (MOI of 100)
and further incubated for 5 days. The cells were then fixed and
processed for immunofluorescence. Where appropriate, anti-
LAMP1 antibodies were used to label lysosomes and CCVs as
previously described (54). Samples were imaged with a Zeiss
Axio Imager Z1 epifluorescence microscope (Carl Zeiss) con-
nected to a CoolSNAPHQ2CCD camera (Teledyne Photomet-
rics, Tucson, AZ). Images were acquired with 40� oil immer-
sion objectives and processed with Metamorph (Molecular
Devices, San Jose, CA). For phenotypic screening, the samples
were imagedwith anArrayScanVTI Live epifluorescence auto-
mated microscope (Cellomics) equipped with an ORCA-ER
CCD camera (Hamamatsu). 25 fields/well were acquired for
image analysis. ImageJ and ICY software were used for image
analysis and quantifications. Phenotypic profiles (expressed as z
scores) were calculated using CellProfiler, from triplicate
experiments as previously described (54) following median
based normalization of 96-well plates. Plates effects were cor-

Table 3
Primers used in this study
Restriction sites are underlined and specified in parentheses. Mutagenized codons are shown in bold type.

Primer 5� to 3� sequence

NtermCstK TATGGATCCTTAATGGCTTATATGAGGCTTAGT (BamHI)
CtermCstK TATAAGCTTTTAATCCCATTCAATATTTTC (HindIII)
RvCstK K55M ATAAAAGAGCATCGCCGCTCG
FwCstKY14F CTTAGTGTGGCTGACTTTTTTGATTTGAAGAAGGGCAAG
FwCstKY209F GGGGCGACGGGCTATCGCTTCTGTAACCCTCACATAAAG
FwCstKT232A CATTCGTGAACAGTTTAATGCTGCGGGCCATTTGCGATTAC
CstKopt-BamHI-Fw GAAGGATCCCTGATGGCGTATATGCGTCTGAG
CstKopt-EcoRI-Rv CTTGAATTCTTAGTCCCACTCGATGTTTTCCAGATG
CstK-KpnI-Fw AGGGGTACCTTAATGGCTTATATGAGGCTTAGT
CstK-BamHI-Rv AGGGGATCCTAATTAATCCCATTCAATATTTTCTAA
CvpB-KpnI-Fw GATGGTACCAGCAGACAGCCATCATTG
CvpB-KpnI-Fw GATGGTACCAGCAGACAGCCATCATTG
RT-PCR primers
DotA-F GCTCCCAGCATTCATCCAGT
DotA-R GGCACTTAACCAGCCCTCAT
CstK-F GGCAAGGTATTAGGGCGGAA
CstK-R GGGATTCTCACCATTGGCCT
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rected by the median value across wells that are annotated as
control.

�-Lactamase translocation assay

Effector proteins translocation assays were performed as
previously described (30). Briefly,C. burnetii Tn1832 (WT) and
dotA::Tn were transformed with pXDC-Blam (negative con-
trol), pXDC-Blam-CvpB (positive control), or pXDC-Blam-
CstK. Each strain was used to infect U2OS epithelial cells. After
24, 48, or 72 h of infection, the cells were loaded with the fluo-
rescent substrate CCF4/AM (LiveBLAzer-FRET B/G loading
kit; Invitrogen) inHanks’ balanced salt solution (20mMHEPES,
pH 7.3) containing 15 mM probenecid (Sigma). The cells were
incubated in the dark for 1 h at room temperature and imaged
using an EVOS inverted fluorescencemicroscope. Images were
acquired using 4�,6�-diamino-2-phenylindole and GFP filter
cubes. The image analysis software CellProfiler was used to
segment and identify all cells in the sample (GFP) and positive
cells (4�,6�-diamino-2-phenylindole) and to calculate the inten-
sity of fluorescence in each channel. The percentage of positive
cells versus the total number of infected cells was then calcu-
lated and used to evaluate effector translocation.

Immunoprecipitation from D. discoideum lysates

For immunoprecipitation assays, 2 � 107 cells were lysed in
lysis buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 0.5% Non-
idet P-40, protease inhibitors (Roche)) and cleared by centrifu-
gation for 15 min at 14,000 rpm in a microfuge. Lysate super-
natants were incubated overnight at 4 °C with anti-FLAGmAb
coated on agarose beads (Genscript). The beads were then
washed five times in wash buffer (50 mM Tris-HCl, pH 7.5, 300
mMNaCl, 0.1%Nonidet P-40) and once in PBS. Bound proteins
were migrated on SDS-PAGE and analyzed by LC-MS/MS.

Cell culture, heterologous expression, and anti-HA
immunoprecipitation

HEK-293T cells were grown in DMEM (Gibco) containing
10% (v/v) FBS, 1%GlutaMAX (Gibco, 200mM stock), 0.5% pen-
icillin/streptomycin (Gibco, 10,000 units/ml stock) and main-
tained under standard conditions at 37 °C in a humidified
atmosphere containing 5% CO2. The cells were transiently
transfected using the jetPEI transfection reagent (Polyplus-
Transfection Inc.) to express either Hs-TBC1D5-GFP, Cst-
K_HAderivatives, or each CstK derivatives with TBC1D5_GFP
protein. The cells were used 24 h after transfection for immu-
noprecipitation assay. Transfected cells were washed two times
in cold PBS and lysed in lysis buffer (50 mM Tris, 150 mMNaCl,
0.5 mM EDTA, 0.5% Nonidet P-40, protease, and phosphatases
inhibitors (Roche)). Cleared lysate (950 �l, �1 mg of total pro-
teins) were incubated with anti HAmagnetic Beads (Pierce) for
30 min at room temperature under gentle rotation. The beads
were washed three times in lysis buffer, boiled in 2� Laemmli
sample buffer and loaded on ExpressPlusTM PAGE gels (Gen-
Script). The eluted proteins were visualized by Western blot-
ting with the following antibodies: anti-HA from Chromotek,
anti-GFP from Torrey Pines, donkey anti-rat, or anti-rabbit
from Jackson ImmunoResearch.

Densitometry

Regions of Interest (ROIs) were obtained from each band of
interest, and the intensity wasmeasured using ImageLab (From
Bio-Rad). For each band, the same ROI was used for back-
ground calculation and removal from areas adjacent to each
band.
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