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ABSTRACT

A rising theme among intracellular microbes is the delivery of ankyrin repeat-containing effectors (Anks) that interact with tar-
get proteins to co-opt host cell functions. Orientia tsutsugamushi, an obligate intracellular bacterium and the etiologic agent of
scrub typhus, encodes one of the largest Ank repertoires of any sequenced microorganism. They have been previously identified
as type 1 secretion system substrates. Here, in silico and manual sequence analyses revealed that a large proportion of O. tsutsug-
amushi strain Ikeda Anks bear a eukaryotic/poxvirus-like F-box motif, which is known to recruit host cell SCF1 ubiquitin ligase
machinery. We assessed the Anks for the ability to serve as F-box proteins. Coimmunoprecipitation assays demonstrated that
F-box-containing Anks interact with overexpressed and/or endogenous SCF1 components. When coexpressed with FLAG-
Ank4_01 or FLAG-Ank9, a glutathione S-transferase (GST)-tagged version of the SCF1 component SKP1 localized to subcellular
sites of FLAG-Ank accumulation. The abilities of recombinant Anks to interact and colocalize with SKP1 were F-box dependent.
GST-SKP1 precipitated O. tsutsugamushi-derived Ank9 from infected host cells, verifying both that the pathogen expresses
Ank9 during infection and the protein’s capability to bind SKP1. Aligning O. tsutsugamushi, poxviral, and eukaryotic F-box se-
quences delineated three F-box residues that are highly conserved and likely to be functionally important. Substitution of these
residues ablated the ability of GFP-Ank9 to interact with GST-SKP1. These results demonstrate that O. tsutsugamushi strain
Ikeda Anks can co-opt host cell polyubiquitination machinery, provide the first evidence that an O. tsutsugamushi Ank does so
during infection, and advance overall understanding of microbial F-box proteins.

IMPORTANCE

Ankyrin repeat-containing proteins (Anks) are important virulence factors of intracellular bacteria that mediate protein-protein
interactions with host cell targets. Orientia tsutsugamushi, which causes a debilitating infection called scrub typhus in one of the
most densely populated regions of the world, encodes one of the largest Ank armamentariums of any sequenced bacterium. This
study demonstrates that O. tsutsugamushi strain Ikeda Anks also bear F-box motifs that interact with host cell polyubiquitina-
tion machinery. By proving that an Orientia-derived Ank interacts with SKP1 in infected cells, this evidences the first bona fide
Orientia effector and the first example of an endogenous F-box-containing Ank–mammalian-host ligand interaction for any in-
tracellular bacterium. Also, importantly, this work identifies key residues that are essential for microbial F-box function.

The obligate intracellular bacterium Orientia tsutsugamushi is
the causative agent of scrub typhus, a potentially fatal disease

transmitted to humans through the bite of an infected trombicu-
lid mite. O. tsutsugamushi invades phagocytic cells of the immune
system, as well as endothelial cells of the skin and major organs
(1–4). Diagnosis of scrub typhus is complicated by its nonspecific
symptoms, which include fever, rash, pneumonitis, and meningi-
tis. If left untreated, the disease can progress to disseminated in-
travascular coagulation, circulatory collapse, organ failure, and
death. Depending on the bacterial strain, patient immune compe-
tence, and antibiotic intervention, the mortality rate can be as high
as 50% (2, 5–7). Scrub typhus is endemic to a 13 million-km2 area
of the Asia-Pacific region and threatens over 1 billion people, with
an estimated 1 million cases annually (2, 5, 8). Military personnel
serving in areas of endemicity are at risk for contracting scrub
typhus, as evidenced by over 7 decades of military disease inci-
dence. Hundreds of American and Allied soldiers died from and
several thousand became ill with scrub typhus during World War
II (5, 8–10), and scrub typhus was the second leading cause of
febrile illness among troops during the Vietnam conflict (5, 8,
11–13).

How O. tsutsugamushi modulates host cell functions is poorly
understood. Ankyrin repeat-containing proteins (Anks) are im-
portant virulence factors of intracellular bacterial pathogens (14–
26). These effectors contain one or more ankyrin repeats, each of
which consists of a 33-amino-acid motif that mediates protein-
protein interactions (15). Recently, we characterized Anks
from O. tsutsugamushi strain Ikeda (NCBI accession number
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NC_010793.1) (23). The strain’s genome includes 9 ank pseudo-
genes and 38 ank open reading frames (ORFs), 8 of which occur as
multiple identical or nearly identical copies and 12 of which exist
as single-copy genes (27). We previously selected all of the single-
copy Anks and one representative member of each multicopy Ank
group to arrive at a subset of 20 full-length distinguishable Anks
for characterization (23). O. tsutsugamushi expresses all 20 of the
representative ank genes during infection of mammalian host
cells. The encoded proteins are type 1 secretion system (T1SS)
substrates that, when ectopically expressed, localize to distinct
subcellular locales, including the endoplasmic reticulum, Golgi
apparatus, and nucleus, suggesting their potential for modulating
diverse host cellular processes (23).

In this study, further examination revealed that 16 of the 20
Anks carry sequences that are homologous to eukaryotic/poxviral
F-box motifs known to interact with SKP1 (S-phase kinase-asso-
ciated protein 1) of the SCF1 (SKP1-Cullin 1-F-box) E3 ubiquitin
ligase complex (28). F-box-containing proteins (FBPs) also pos-
sess a repetitive sequence, such as an ankyrin repeat, that pro-
motes protein-protein interactions. With this pair of interaction
motifs, FBPs bridge SCF1 components with protein substrates to
be polyubiquitinated and subsequently destroyed in the 26S pro-
teasome. Eukaryotic polyubiquitination of target proteins occurs
via three sequential steps: (i) E1 ubiquitin ligase activates ubiqui-
tin, (ii) ubiquitin is transferred to the E2 ubiquitin conjugase, and
(iii) ubiquitin is linked to the substrate by the E3 ligase complex.
The SCF1 complex, one of the most studied E3 ligases, consists of
SKP1, Cullin 1 (CUL1), and RING box 1 (RBX1) subunits, in
addition to the FBP. CUL1 serves as the scaffold for the catalytic
core, binding both RBX1 and SKP1, with the FBP binding SKP1
via its F-box. As the final SCF1 component, the FBP interacts with
the target protein via its protein-protein interaction domain, act-
ing as a substrate specificity module to direct SCF1-mediated
polyubiquitination of the target (29, 30). Numerous intracellular
bacterial pathogens encode FBPs (20–22, 31–37), evidencing their
potential to exploit the SCF1 complex.

Considering that the majority of Ikeda Anks carry putative
F-boxes, their abilities to interact with SCF1 components were
investigated. The results presented here demonstrate that Ikeda
Anks can co-opt host cell polyubiquitination machinery. They
also demonstrated that Orientia-derived Ank9 interacts with
SKP1 in infected cells, thereby providing the first evidence that an
O. tsutsugamushi Ank, or any effector, does so during infection.
Analysis of the Ank F-box motifs showed homology with canon-
ical F-box sequences, though the Ikeda Anks resemble poxviral
F-boxes in terms of arrangement and length. Aligning the O. tsut-
sugamushi F-box sequences revealed conservation of three key
residues that are essential for F-box function, as demonstrated by
the inability of a recombinant Ank with these residues replaced to
interact with SKP1. Overall, this study advances the understand-
ing of microbial F-box proteins, delineates the first bona fide O.
tsutsugamushi Ank effector that is expressed and interacts with
SKP1 during infection, and underscores the importance of study-
ing virulence factor function in more than one scrub typhus bac-
terial strain.

MATERIALS AND METHODS
Cell culture and infection. HeLa human cervical epithelial cells
(CCL-2; ATCC, Manassas, VA) were maintained in RPMI 1640
(Gibco, Grand Island, NY) medium supplemented with 10% fetal bo-

vine serum (FBS) at 37°C in a humidified incubator with 5% CO2. O.
tsutsugamushi strain Ikeda was maintained in HeLa cells and passaged via
addition of O. tsutsugamushi-laden supernatant to uninfected HeLa cells
treated with 0.4 �g/ml daunorubicin hydrochloride (Sigma-Aldrich, St.
Louis, MO) (38).

Plasmids. Constructs for expressing mammalian codon-optimized
Anks N-terminally fused to FLAG or green fluorescent protein (GFP) tags,
respectively, have been previously described (23). Ank4_01�F-box con-
structs were made by PCR amplification of Ank4_01 nucleotides 4 to 945
(corresponding to amino acids 2 to 315) using pBMH-Ank4_01 (23) as
the template and primers containing KpnI and XbaI restriction sites (5=-
TGCTGGTACCAAACAATGGGAACCTGCTGCAC-3= and 5=-GATCT
CTAGATCATTCTTTCATCCACAGCAGTCTC-3= [boldface indicates
extra nucleotides upstream of restriction sites; restriction sites are under-
lined]). Ank9�F-box constructs were made by PCR amplification of Ank9
nucleotides 4 to 1149 (corresponding to amino acids 2 to 383) using
pBMH-Ank9 (23) as the template and primers containing the EcoRI
and SalI restriction sites (5=-ATCGGAATTCGGGGAGATTCACCAG-3=
and 5=-ATCGATTGGTCGACTCAATTGTTCCAGCTAGGGGTGG-3=).
Ank PCR products were subsequently cloned into the pEGFP-C1 and
p3XFLAG-CMV-14 vectors. PCR amplification, restriction digestion,
and ligation were performed as previously described (23). All gener-
ated clones were sequenced to ensure nucleotide fidelity. pApex-3-
FLAG-SKP2, pApex-3-GST-SKP1, pApex-3-GST-CUL1, and pApex-
3-GST-RBX1 were kind gifts from Andrew Mercer (University of
Otago, Dunedin, New Zealand) (39). pFLAG-BAP, which encodes the
negative control, FLAG-tagged bacterial alkaline phosphatase (BAP),
was purchased from Sigma-Aldrich. Genes corresponding to Ank9
with the key conserved F-box residues L384, I392, and E400 converted
to alanines (LIE-AAA) or to alanines and asparagine (LIE-AAN) were
synthesized with flanking EcoRI and SalI restriction cloning sites by
Genewiz (South Plainfield, NJ). These Ank9 mutant genes were cloned
into pEGFP-C1 as previously described (23) to generate pGFP-Ank9-
LIE-AAA and pGFP-Ank9-LIE-AAN.

In silico analyses of O. tsutsugamushi Anks. Identification of putative
F-box domains was accomplished as previously noted with the SMART
(Simple Modular Architecture Research Tool) algorithm (http://smart
.embl-heidelberg.de/) (23) and by manual sequence scanning using Ge-
neious R6 v.6.1.8 software.

Antiserum generation. Affinity-purified rabbit polyclonal antiserum
targeting Ank9 amino acids 12 to 28 was generated by New England Pep-
tide (Gardner, MA). Recombinant O. tsutsugamushi outer membrane
protein A (OmpA; OTT_1320) was generated using primers 5=-GACGA
CGACAAGATATGTTTATGGCAAAGATCTAAACATAGTAAC-3= and
5=-GAGGAGAAGCCCGGTTATTTATGTTTCCCATGTATAGCTTGTA
AAAACTG-3= (sequences that are compatible with ligation-independent
cloning are italicized) to amplify the region corresponding to amino acids
22 to 93, which is unique to OmpA, as assessed by NCBI BLAST (Basic
Local Alignment Search Tool) (http://blast.ncbi.nlm.nih.gov/) searches.
The primers harbored ligase-independent cloning (LIC) tails, and the
amplicon was annealed with pET46 Ek/LIC (Novagen, EMD Millipore,
Billerica, MA). Plasmids were propagated in Escherichia coli DE3 NovaB-
lue cells (EMD Millipore). Protein was expressed by inoculation of 100 ml
Luria-Burtani (LB) broth supplemented with 100 mg liter�1 of ampicillin
with a colony from freshly plated E. coli, and the culture was allowed to
autoinduce protein expression overnight. The final recombinant pro-
tein, which carried an N-terminal 6�His tag of 1.7 kDa, was purified
(�95% homogeneity) by immobilized metal affinity chromatography
(IMAC) (HisTrap; GE Healthcare Biosciences, Pittsburgh, PA) ac-
cording to the manufacturer’s protocol and concentrated using Ami-
con Ultra filters (EMD Millipore). The protein concentration was de-
termined using the bicinchoninic acid assay. Two 8-week-old male
Sprague-Dawley rats were immunized with 40 �g His-OmpA protein
emulsified in a 1:1 ratio with complete Freund’s adjuvant (CFA). The
recombinant protein was intraperitoneally administered in a total vol-
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FIG 1 Schematic of domains found within O. tsutsugamushi strain Ikeda Anks. Each Ank is listed by name, followed by its gene annotation in parentheses. The
amino acid locations of ankyrin repeats, putative F-boxes, coiled-coil domains, signal peptides, and PRANC domains are noted above or below the corresponding
shape. F-boxes predicted using the SMART algorithm are found within PRANC domains, while those found via manual sequence searches are shown as separate
boxes. The length of each Ank is noted to the right of its respective schematic, with the estimated protein size. Though Ank18 does not contain any ankyrin repeats
itself, it is annotated as an Ank because it shares homology with nonrepeat regions of O. tsutsugamushi strain Boryong Ank1u7 (OTBS_1195), which does contain
ankyrin repeats. aa, amino acids.
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ume of 400 �l. At weeks 2 and 4, the rats were boosted with 40 �g
protein in Freund’s incomplete adjuvant. At week 6, the rats were
humanely sacrificed, blood was recovered by cardiac puncture, and the
sera were isolated. Antiserum from one of the rats was used at 1:1,000
for Western blot analysis. These studies were performed in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. The Virginia Commonwealth University Institu-
tional Animal Care and Use Committee approved the protocol.

Pulldown and Western blot analyses. HeLa cells were seeded in wells
of a six-well plate for 90 to 95% confluence the next day. A total of 8 �g of
plasmid DNA was transfected per well using Lipofectamine 2000 (Invit-
rogen, Carlsbad, CA) according to the manufacturer’s directions and in-
cubated for 18 to 24 h. In some instances, culture media from heavily
infected (�90%) HeLa cell medium containing naturally liberated O.
tsutsugamushi organisms was applied, and infection was allowed to pro-
ceed for 48 h. The cells were released from well surfaces by the addition of

FIG 2 O. tsutsugamushi Anks interact with GST-SKP1. (A) GST-SKP1 coprecipitates FLAG-tagged Anks. Lysates of transfected HeLa cells expressing GST-SKP1
together with FLAG-tagged Anks, positive-control FLAG-SKP2, or negative control FLAG-BAP were incubated with glutathione-Sepharose to precipitate
GST-SKP1 and thereby coprecipitate interacting proteins. The resulting Western blots were screened with FLAG antibody. (B) GST-SKP1 coprecipitates
GFP-tagged Anks. Lysates of transfected HeLa cells expressing GST-SKP1 together with GFP-tagged Ank9, Ank10, Ank14, or negative-control GFP alone were
Western blotted and screened with GFP antibody. (C) FLAG-Ank9 coimmunoprecipitates GST-SKP1. Lysates of transfected HeLa cells expressing GST-SKP1
together with FLAG-Ank9 or FLAG-BAP were incubated with FLAG antibody-conjugated agarose beads to immunoprecipitate FLAG-tagged proteins and
coprecipitate interacting proteins. The resulting Western blots (WB) were probed with GST antibody (�-GST). Precipitation of FLAG-tagged proteins was
confirmed by probing the stripped blots with FLAG antibody (�-FLAG). (A to C) For each experiment, expression of the protein of interest was confirmed in the
“Input” lane containing 3% of the sample. The pulldown (PD) lanes represent proteins that coprecipitated with GST-SKP1 (A and B) or coimmunoprecipitated
with FLAG-tagged protein (C). Precipitation of GST-SKP1 was confirmed, but is not shown, for each sample in panels A and B. The arrows indicate the expected
sizes of the prey proteins. All the blots are aligned at the 50-kDa marker, as indicated on the leftmost blot in each row. The data presented are representative of
two to five experiments with similar results.
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0.05% trypsin-EDTA. The cells were pelleted at 300 � g for 5 min and
subsequently lysed in 300 �l of lysis buffer (20 �M Tris, pH 7.4, 0.5 M
NaCl, 0.7% Tween 20, with EDTA-free protease inhibitor [Roche Diag-
nostics GmBH, Mannheim, Germany]) for 40 min on ice. The insoluble
material was pelleted at 10,000 � g for 10 min at 4°C and discarded.
Glutathione-Sepharose (GE Healthcare) or anti-FLAG affinity agarose
resin (Sigma-Aldrich) was incubated with the cell lysate supernatants
overnight at 4°C with rotation to precipitate glutathione S-transferase
(GST)- or FLAG-tagged proteins, respectively. The resin was washed three
or four times in lysis buffer prior to elution of proteins with 30 �l 2� SDS
sample buffer. Samples were resolved by SDS-PAGE and transferred to
nitrocellulose as previously described (23). The resulting blots were
screened with antibodies specific for GST (1:10,000; Santa Cruz Biotech-
nology, Dallas, TX), FLAG (1:1,000; Sigma-Aldrich), GFP (1:1,000; Invit-
rogen), SKP1 (1:500; Cell Signaling, Beverly, MA), RBX1 (ROC1; 1:250;
AbCam, Cambridge, MA), CUL1 (1:5,000; AbCam), O. tsutsugamushi
strain Ikeda Ank9 (1:1,000), or O. tsutsugamushi OmpA (1:1,000). Horse-
radish peroxidase-conjugated secondary antibodies to mouse, rat, or rab-
bit IgG were used (1:10,000; Cell Signaling), followed by addition of Dura
or Femto chemiluminescent substrate (Thermo Scientific, Rockford, IL)
and imaging using standard blue film or the ChemiDoc Touch Imaging
System with Image Lab 5.2 software (Bio-Rad, Hercules, CA).

Ectopic expression and confocal microscopic analysis of O. tsutsug-
amushi Ank9 with SKP1 in mammalian host cells. HeLa cells were
seeded onto 12-mm glass coverslips in a 24-well plate with 400 �l of
RPMI medium containing 10% (vol/vol) FBS per well. After 24 h, the
medium was removed and the cells were washed once with PBS prior to
addition of 500 �l RPMI medium to serum starve the cells for 24 h. The
resulting synchronized cells were serum released by the addition of 400
�l RPMI containing 10% FBS. At 1 h after serum release, the cells were
cotransfected with 0.4 �g of plasmid encoding GFP-Ank9, GFP-
Ank9�FBox, GFP-Ank4_01, GFP-Ank4_01�F-box, or GFP and 0.13
�g of plasmid GST-SKP1 using Lipofectamine 2000. The cells were
fixed in 4% (vol/vol) paraformaldehyde (PFA) (Electron Microscopy
Science, Hatfield, PA) in PBS at 10 h posttransfection. Coverslips were
blocked for 1 h at room temperature in 5% (vol/vol) bovine serum

albumin (BSA) in PBS. The coverslips were then stained with chicken
GFP-IgY antibody (Invitrogen) and rabbit GST antibody (Invitrogen)
at a 1:500 dilution in 1% BSA-PBS for 1 h. The wells were washed three
times in PBS prior to addition of Alexa Fluor 488-conjugated goat
anti-chicken IgG antibody (1:1,000; Invitrogen) and Alexa Fluor 594-
conjugated goat anti-rabbit IgG antibody (1:1,000; Invitrogen) in 1%
BSA-PBS for 1 h. The coverslips were washed three times with PBS
prior to mounting on slides using Prolong Gold Antifade plus 4=,6-
diamidino-2-phenylindole (DAPI) (Molecular Probes, Life Technolo-
gies, Grand Island, NY). Samples were imaged using a Zeiss LSM 700
laser scanning confocal microscope. ImageJ (40) was used for image
profiling analysis with the RGB_Profiler plug-in (http://rsb.info.nih
.gov/ij/plugins/rgb-profiler.html).

F-box sequence alignments. The 42- to 44-amino-acid segment com-
prising the putative F-box region of each Ank was globally aligned with
canonical poxviral and eukaryotic F-box sequences using Geneious R6
v.6.1.8 software. Residues were considered similar if they fell within the
following groups: K and R; D and E; A, V, L, I, and M; P and G; F, Y, and
W (39). The sequence logo was generated with WebLogo version 2.8.2
(41; http://weblogo.berkeley.edu/logo.cgi). NCBI BLAST was used to
compare O. tsutsugamushi strain Ikeda and Boryong Ank amino acid
sequences.

RESULTS
O. tsutsugamushi Anks with F-box motifs interact with SKP1.
FBPs recruit the SCF1 ubiquitin ligase complex via interaction
between the F-box motif and SKP1 (28). SMART analysis deter-
mined that 10 of the 20 selected O. tsutsugamushi strain Ikeda
Anks (Ank1_02, Ank2, Ank5_01, Ank6_02, Ank8, Ank9,
Ank10_01, Ank12_01, Ank13, and Ank20) possess sequences
that share similarity with pox protein repeats of ankyrin C-ter-
minal (PRANC) domains (Fig. 1), which are domains that in-
clude an F-box and are commonly found within the C termini
of poxviral Anks (39, 42). Additionally, manual sequence anal-
ysis in which Ikeda Ank residues were compared with those of

FIG 3 Ank-SKP1 interactions are F-box dependent. (A and B) Schematics of wild-type Ank4_01 and Ank9 proteins and corresponding Anks with their
F-box-containing C termini deleted (Ank4_01�F-box and Ank9�F-box). Ankyrin repeats are depicted as arrows, with the PRANCs and F-boxes (FB) indicated.
The length of each protein is marked with amino acid numbers at its N and C termini, and residues comprising the F-boxes are denoted above. (C and D)
GST-SKP1 and interacting proteins precipitated from lysates of HeLa cells coexpressing GST-SKP1 and FLAG-tagged Ank4_01 or Ank9, Ank4_01�F-box or
Ank9�F-box, or the BAP negative control were Western blotted and screened with FLAG antibody to determine which FLAG-tagged proteins coprecipitated with
GST-SKP1. GST-SKP1 pulldown was confirmed by probing the stripped blots with GST antibody. The input lanes represent 3% of the total protein input. The
data are representative of two or three experiments with similar results.
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canonical eukaryotic (43) and poxviral (39, 42) F-boxes re-
vealed that Ank3_08, Ank4_01, Ank14, Ank15, Ank16, and
Ank17 carried F-boxes that were not detected by the SMART
algorithm. Ank18 carries no ankyrin repeats but is annotated as
an Ank because it is homologous to the non-ankyrin repeat
portion of the O. tsutsugamushi strain Boryong Ank1u7, which
has an ankyrin repeat domain (44). Because it lacks both
ankyrin repeats and an F-box (Fig. 1), we excluded Ank18 from
further study.

With 16 O. tsutsugamushi Anks bearing putative F-boxes, we
tested the abilities of recombinant forms of these proteins to in-
teract with human SKP1. HeLa cells were transfected to coexpress
GST-SKP1, together with Ank proteins N-terminally fused to
FLAG or GFP (23). GST-SKP1 and protein binding partners were
coprecipitated with glutathione-Sepharose, eluted, and Western
blotted. The blots were probed with FLAG or GFP antibody to
detect Anks that coprecipitated with GST-SKP1. SKP2, a mamma-
lian FBP and a known binding partner of SKP1 (43, 45), was a
positive control, while FLAG-BAP and GFP were negative con-
trols. As shown in Fig. 2, all of the tagged Anks were expressed in
the transfected HeLa cells (input lanes). GST-SKP1 coprecipitated
all 16 F-box-containing Anks but failed to pull down F-box-defi-
cient Ank7_02, Ank11, and Ank19 (Fig. 1 and 2A). In most in-
stances, the F-box-containing Anks robustly precipitated with
GST-SKP1. However, FLAG-tagged Ank3_08, Ank15, and Ank17
precipitated poorly with GST-SKP1 relative to the amount of
FLAG-Ank protein expressed (Fig. 2A), suggesting that these Anks
facilitate tenuous F-box–SKP1 interactions. GFP-tagged Ank10
and Ank14 were evaluated for SKP1 interactions because FLAG-
tagged versions of these proteins expressed poorly. GFP-Ank9 was
included as a positive control. GFP-tagged Ank9, Ank10, and

Ank14 were each coprecipitated by GST-SKP1 (Fig. 2B). Thus,
recombinant Ank proteins are capable of binding SKP1 regardless
of their fusion tags. As a complementary approach, a reciprocal
pulldown was performed in which FLAG-binding resin was used
to precipitate FLAG-Ank9 and thereby coprecipitate GST-SKP1
(Fig. 2C). FLAG-BAP failed to coprecipitate GST-SKP1. Overall,
these results demonstrate that all 16 O. tsutsugamushi Ikeda F-
box-containing Anks interact with SKP1 and the 3 that lack F-
boxes do not.

Ank-SKP1 interactions are F-box dependent. To confirm that
the Ank-SKP1 interactions are F-box dependent, additional GST-
SKP1 pulldowns were performed with FLAG-tagged Anks that
had their F-box motifs deleted. Ank4_01 and Ank9, containing a
manually predicted and a SMART algorithm-predicted F-box,
respectively, were chosen as representative Anks to have their
F-boxes deleted via C-terminal truncations (Fig. 3A and B).
Removal of the last 77 residues from FLAG-Ank4_01 (FLAG-
Ank4_01�F-box) was sufficient to ablate interaction with
GST-SKP1 (Fig. 3C). Similarly, removing the C-terminal 39
amino acids of FLAG-Ank9 containing the F-box, but leaving
the remainder of the PRANC domain intact (FLAG-Ank9�F-
box), was sufficient to prevent interaction with GST-SKP1 (Fig.
3D). These results confirm that interactions of O. tsutsugamushi
Anks with SKP1 are indeed dependent upon residues within their
F-box motifs.

F-box-containing Anks interact with both ectopically ex-
pressed and endogenous SCF1 components. Because F-box-con-
taining Anks interact with SKP1, we investigated if they are also
capable of recruiting CUL1 or RBX1. GST pulldown assays were
performed on lysates of HeLa cells coexpressing FLAG-tagged
Ank4_01 or Ank9 together with GST-tagged SKP1 (positive con-

FIG 4 FLAG-tagged Ank4_01 and Ank9 interact with ectopically expressed and endogenous SCF1 ubiquitin ligase complex components. (A) GST-tagged
SCF1 ubiquitin ligase components coprecipitate FLAG-Ank4_01 and FLAG-Ank9. FLAG-tagged Ank4_01, Ank9, and BAP (negative control) were each
coexpressed in HeLa cells with GST-tagged SKP1, CUL1, or RBX1. (Top row) GST pulldowns were performed, and the resulting Western blots were
probed with FLAG antibody to detect coprecipitated FLAG proteins. (Middle rows) Precipitation of GST-SKP1, GST-CUL1, and GST-RBX1 was
confirmed by stripping and reprobing the blots with GST antibody. The asterisk denotes a nonspecific background band that was detected by GST
antibody. (Bottom row) FLAG-tagged-protein expression was confirmed using FLAG antibody to screen input samples. (B) FLAG-tagged Ank4_01 and
Ank9 coprecipitate endogenous SCF1 components. FLAG-tagged Ank4_01, Ank9, and BAP were precipitated from lysates of transfected HeLa cells using
FLAG affinity resin. Native SCF1 ubiquitin ligase components that coprecipitated with FLAG-tagged proteins were detected with SKP1, CUL1, and RBX1
antibodies. Expression and precipitation of FLAG-tagged proteins was confirmed using FLAG antibody. The specificity of Ank9 antiserum was verified by
probing the FLAG pulldown blots to detect FLAG-Ank9 but neither FLAG-Ank4_01 nor FLAG-BAP. The data presented are representative of at least two
experiments with similar results.
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trol), CUL1, or RBX1. As expected, GST-SKP1 coprecipitated
FLAG-tagged Ank4_01 and Ank9 (Fig. 4A). GST-RBX1 and, to a
lesser degree, GST-CUL1 each coprecipitated FLAG-Ank4_01.
Conversely, GST-CUL1, but not GST-RBX1, coprecipitated
FLAG-Ank9. GST-tagged SKP1, CUL1, and RBX1 each failed to
coprecipitate the negative control, FLAG-BAP. Additional pull-
downs were performed to determine if FLAG-tagged Ank4_01
and Ank9 interact with native SKP1, CUL1, and RBX1. FLAG-
Ank4_01 precipitated endogenous SKP1 and RBX1, while FLAG-
Ank9 precipitated endogenous SKP1 and CUL1 (Fig. 4B).
FLAG-BAP failed to pull down any SCF1 component. These data
imply that O. tsutsugamushi F-box-containing Anks are capable of

recruiting multiple components of the host cell SCF1 ubiquitin
ligase complex.

Colocalization of GFP-tagged Anks with GST-SKP1 in host
cells is F-box dependent. The ability of F-box-containing Anks to
precipitate with SKP1 in an F-box-dependent manner suggests
that they recruit SKP1 in an F-box-dependent fashion to their sites
of accumulation in host cells. To investigate this phenomenon,
HeLa cells expressing GFP-tagged Ank4_01, Ank4_01�F-box,
Ank9, Ank9�F-box, or GFP together with GST-SKP1 were exam-
ined for GFP and GST signal colocalization using laser scanning
confocal microscopy (LSCM) and post-data-acquisition image
profiling. For the latter method, a line was drawn through a con-

FIG 5 Colocalization of GFP-tagged Anks with GST-SKP1 is F-box dependent. HeLa cells expressing GST-SKP1 together with GFP (A), GFP-Ank4_01 or
GFP-Ank4_01�F-box (B), or GFP-Ank9 or GFP-Ank9�F-box (C) were screened with GFP and GST antibodies, stained with DAPI, and examined using LSCM.
Scale bars, 20 �m. The areas demarcated by dotted boxes in the “Merge � DAPI” column are magnified 3-fold in the right column. The graphs represent the levels
of green and red pixels at each point along the dashed line (moving left to right) in each image in the right column. The arrowheads in the inset images point to
a region of interest that correlates with the color peaks denoted by arrows on each respective graph. The images are representative of multiple cells imaged over
two to four experiments with similar results.
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focal micrograph, and the pixel intensities for each signal were
graphed for all points along the line. Ank4_01 and Ank9, and their
respective F-box deletions, were chosen for this experiment be-
cause when ectopically expressed as GFP fusions, they localize to
easily discernible vesicular aggregates (23). In cells expressing
GST-SKP1 and GFP, both proteins exhibited diffuse, uniform cy-
tosolic distribution (Fig. 5A). However, upon coexpression with
either GFP-Ank4_01 (Fig. 5B) or GFP-Ank9 (Fig. 5C), GST-SKP1
localized to sites of GFP-Ank accumulation. Though GFP-tagged
Ank4_01�F-box and Ank9�F-box retained the aggregative pat-
terns exhibited by their full-length counterparts, GST-SKP1 did
not localize with either (Fig. 5B and C). Thus, the ability of
Ank4_01 and Ank9 to recruit SKP1 in host cells is F-box depen-
dent.

GST-SKP1 precipitates Ank9 expressed by O. tsutsugamushi
during infection of mammalian host cells. Because the studies
reported here had thus far examined interactions of ectopically
expressed Anks with SKP1, we next examined if an O. tsutsuga-
mushi-derived Ank interacts with SKP1 during infection. First,
antiserum against a peptide corresponding to Ank9 amino acids
12 to 28 was generated. Screening Western-blotted lysates of HeLa
cells expressing FLAG-Ank4_01, FLAG-Ank9, and FLAG-BAP
with the antiserum verified its specificity for Ank9 (Fig. 4B). Next,
the Ank9 antiserum was evaluated for the ability to detect native
Ank9 in lysates of O. tsutsugamushi-infected HeLa cells. Infection
was confirmed using serum against O. tsutsugamushi OmpA (Fig.
6A). Unfortunately, Ank9 antiserum detected a host cell protein
with an apparent molecular weight that was similar to that of
Ank9 and consequently obscured its detection. Accordingly, GST-
SKP1 was ectopically expressed in and subsequently precipitated
from O. tsutsugamushi-infected HeLa cells to enrich for Ank9
bound to GST-SKP1 in the absence of the host cell background
protein. Ank9 antiserum detected a single protein of the expected
size for Ank9 in eluates of GST-SKP1-coprecipitated proteins
from infected but not uninfected cells (Fig. 6B). Thus, Ank9 ex-
pressed by O. tsutsugamushi during infection of host cells interacts
with SKP1.

Residues that are highly conserved among poxviral and eu-
karyotic F-boxes are conserved among O. tsutsugamushi Ikeda
Ank F-boxes. Canonical poxviral and eukaryotic F-boxes share
several residues, which implies their importance in mediating in-
teractions with SKP1 (39, 42, 43). To determine if such residues
are conserved among O. tsutsugamushi Anks, the F-box sequences
of the 16 representative Ikeda F-box-containing Anks were
aligned with canonical poxviral (39, 42) and eukaryotic (43) F-box
sequences (Fig. 7A). Residues were considered similar if they fell
within the following groups: A, V, L, I, and M; D and E; K and R;
P and G; or F, Y, and W (39). Branched side chain amino acids (L,
I, and V) at positions 1 and 9 in the alignment and acidic residues
(D/E) at position 17 were conserved among all 16 O. tsutsuga-
mushi F-box motifs and the canonical sequences (Fig. 7A and B).
Branched side chain residues at positions 10, 13, and 18 were
conserved among 83.3 to 94.4% of the aligned F-boxes, while res-
idues at positions 2, 4, 5, and 21 were conserved among 72.2 to
77.8% of the sequences. Position 21 was shared between the ca-
nonical eukaryotic F-box and 12 of the O. tsutsugamushi Ank F-
boxes but not the canonical poxviral F-box sequence. The F/W at
position �3 and the Q at position 22 were present in 10 of the
Orientia Anks but were absent in both canonical F-box motifs.
Ank3, Ank15, and Ank17, each of which inefficiently coprecipi-

tated with GST-SKP1 relative to other F-box-containing Anks
(Fig. 2A), maintained conservation of positions 1, 9, and 17 but
uniformly lacked conservation at position 2 and, additionally,
lacked conservation at positions 4, 5, 10, and/or 21 (Fig. 7A
and B).

To further infer the functional importance of O. tsutsugamushi
Ank F-box residues, alignments were performed with two Anks
from O. tsutsugamushi strain Boryong that are known not to in-
teract with SKP1 (46). These Anks have homologs in the Ikeda
genome that were demonstrated in this study to have functional
F-boxes. The F-box of Boryong Ank1D1, which is homologous to
Ikeda Ank4_01 (27, 44), lacks the L/I at position 1, the L/I/V/A at
position 5, and the L/I/V at position 18 (Fig. 7C). An alignment of
the F-boxes of Boryong Ank1C14, its Ikeda homolog, Ank3_11
(which was not studied here but has an F-box identical to that of
Ank3_08) (27, 44), and Ank3_08 and the poxviral canonical F-
box showed that Ank1C14 lacks the highly conserved I/L/V at
position 9, as well as conservation at residues 4, 5, 10, and 13.
Taken together, these data indirectly suggest that varying combi-
nations of the 9 residues that exhibit high conservation among O.
tsutsugamushi Ank and canonical eukaryotic and canonical pox-
viral F-boxes, especially those at positions 1, 9, and 17, have addi-
tive effects that likely contribute to SKP1 binding. Based on F-box
sequence conservation among the O. tsutsugamushi strain Ikeda
Ank paralogs (Table 1), we can extend our findings of the 16
functionally validated F-box-containing Anks to include 13 iden-
tical or nearly identical paralogs to arrive at a total of 29 F-box-
containing Anks.

Identification of residues essential for the O. tsutsugamushi
F-box motif to interact with SKP1. It was next verified whether
the conserved residues at positions 1, 9, and 17 of the O. tsutsug-
amushi Ank proteins’ consensus F-box motif are indeed necessary
for interacting with SKP1. Ank9 amino acids L384, I392, and
E400, which correspond to the three F-box consensus residues of

FIG 6 GST-SKP1 precipitates O. tsutsugamushi-derived Ank9. HeLa cells ex-
pressing GST-SKP1 were infected with O. tsutsugamushi for 48 h prior to lysis
and GST pulldown analysis. Uninfected HeLa cells served as a negative control.
(A) Ank9 antiserum recognizes a host cell background protein with an appar-
ent molecular mass similar to that of Ank9. To confirm infection, lysates (In-
put) were subjected to Western blotting with O. tsutsugamushi OmpA anti-
body. Probing the lysates with Ank9 antiserum detected a background band in
both uninfected and infected cell lysates that was the same size as that expected
for Ank9 (	47 kDa). (B) Ank9 antiserum detects O. tsutsugamushi-derived
Ank9 coprecipitated by GST-SKP1. To verify that O. tsutsugamushi expresses
Ank9 during infection and that it is capable of interacting with SKP1, Western
blots of proteins coprecipitated by GST affinity resin were probed with Ank9
antiserum. Screening with GST antibody confirmed expression and precipita-
tion of GST-SKP1. Protein sizes are indicated on the left. The arrowheads
point to bands of interest in each blot. The data are representative of at least
two experiments with similar results.
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interest, were each replaced with alanine (LIE-AAA) (Fig. 8A). To
determine if the side chain charge of consensus residue 17 con-
tributes to SKP1 binding, a second Ank9 mutant protein was gen-
erated in which E400 was replaced with asparagine and L384 and
I392 were each replaced with alanine (LIE-AAN). GST-SKP1 was
coexpressed in HeLa cells with GFP-tagged Ank9, Ank9�F-box
(negative control), Ank9 LIE-AAA, or Ank9 LIE-AAN. GST-SKP1
coprecipitated GFP-Ank9 but failed to precipitate GFP-Ank9�F-

box, GFP-Ank9 LIE-AAA, or GFP-Ank9 LIE-AAN (Fig. 8B).
These data demonstrate that L384, I392, and E400 of the Ank9
F-box, and presumably the corresponding residues of all O. tsut-
sugamushi Ank F-boxes, are essential for binding SKP1.

DISCUSSION

Although numerous eukaryotic F-box proteins have been identi-
fied, FBPs have only recently been reported in microbes, including

FIG 7 Identification of highly conserved O. tsutsugamushi strain Ikeda Ank F-box residues. (A) Alignment of F-boxes from the 16 O. tsutsugamushi strain Ikeda
Anks that bind SKP1 with canonical poxviral and eukaryotic F-box sequences. Regions containing each Ank protein’s F-box domain were aligned to canonical
poxviral and eukaryotic F-box sequences using Geneious software. The shaded residues indicate amino acid similarity, with black highlighting residues that are
similar among 100% of the aligned sequences, dark gray highlighting residues that are similar among 83.3 to 94.4% of the aligned sequences, and light gray
highlighting residues that are similar among 72.2 to 77.8% of the aligned sequences. Residues were considered similar if they fell within the following groups: A,
V, L, I, and M; D and E; K and R; P and G; or F, Y, and W (39). The three Anks marked with asterisks contain a predicted F-box sequence but interacted weakly
with SKP1 in pulldown assays compared to the other 13 Anks, as shown in Fig. 2. The numbers at the N and C termini of each sequence indicate the amino acid
positions of the F-box motif within the full-length Ank. (B) Sequence logo representation corresponding to the alignment in panel A, showing Ank amino acid
conservation at each position. The letter size indicates the relative frequency of a given residue at its respective position in the alignment. (C) Alignment of the
Ikeda Ank4_01 F-box sequence with that of its Boryong homolog, Ank1D1. (D) Alignment of the sequence of the Ikeda Ank3_08 F-box, which was shown to bind
weakly to SKP1 in this study (Fig. 2), with that of its Ikeda paralog, Ank3_11, and its homolog, Boryong Ank1C14. The numbers above (A, C, and D) and below
(B) the alignment serve as references for amino acid positions. The number 1 denotes the first position of the canonical poxviral F-box residue.
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numerous viruses (particularly poxviruses) (39, 42, 47–59); vari-
ous plant bacterial pathogens (22, 60, 61); and several intracellular
bacteria that infect mammals, such as Legionella pneumophila
(20–22, 31, 34, 35), Coxiella burnetii (22, 32, 37), Salmonella en-
terica serovar Typhimurium (36), and Chlamydia spp. (22, 32,
33). C. burnetii encodes three F-box-containing proteins, one of
which, CpeC, is secreted into host cells and colocalizes with ubiq-
uitin-rich structures (37), though its specific function is not yet
known. L. pneumophila encodes and secretes at least five F-box
proteins, the best-characterized of which is AnkB, which exploits
polyubiquitination to target proteins for proteasomal degrada-
tion, yielding amino acids that are essential for bacterial growth
(20, 21, 34). The S. Typhimurium F-box effector, GogB, interacts
with SKP1 to disrupt ubiquitin regulation of NF-
B, thereby
blocking activation of the proinflammatory response (36). Poxvi-
ral PRANC proteins, which possess both ankyrin repeats and
PRANC/F-box domains, are proposed to subvert the host SCF
ubiquitin ligase complex for degradation of antiviral host factors
(39, 42, 53, 62). Thus, the use of F-box proteins is a conserved
strategy among diverse microbes for hijacking host ubiquitination
pathways to benefit pathogen survival.

Of the bacterial F-box proteins described thus far, most have
their F-boxes N-terminally located with additional protein-pro-
tein interaction domains downstream, similar to the arrangement
of eukaryotic F-box proteins (22, 32, 33). One exception is GogB,
which has a C-terminal F-box positioned downstream from a
non-ankyrin repeat domain (36). Regardless of whether they are
N- or C-terminally located, most bacterial and viral F-box motifs
are located in close proximity to another protein-protein interac-
tion motif, such as an ankyrin, WD40, or leucine-rich repeat,
which specifically binds the substrate that will become ubiquiti-
nated by the F-box-recruited SCF1 complex (28, 43). Unlike the
other reported intracellular bacterial F-box effectors, most O. tsut-

sugamushi Anks have the domain orientation found in poxviruses,
where the F-box lies downstream of the ankyrin repeats. The only
exceptions to this are Ikeda Ank3_08 and some of its paralogs,
which have the eukaryotic-like arrangement of an N-terminal
F-box.

Also like the poxviral F-boxes, the O. tsutsugamushi Ank F-box
motifs are short, comprising 	21 residues as opposed to longer
eukaryotic motifs (	45 residues). Thus, rather than forming three
alpha helices, as is found in eukaryotic F-box domains, the Orien-
tia Ank F-boxes likely resemble the truncated two-helix structure
modeled for many poxviral FBPs (63). Interestingly, the con-
served amino acids at positions 1 and 9 among O. tsutsugamushi
Ank F-boxes are also conserved in poxviral and eukaryotic se-
quences. These positions flank the edges of the first alpha-helical
structure (corresponding to residues 2 to 11) (39, 63). The con-
served acidic residue at Orientia Ank F-box position 17, which lies
within the interior of helix 2 (corresponding to residues 14 to 21),
however, varies among eukaryotic and poxviral sequences (39).
Lastly, though obviously part of the F-box protein family, O. tsut-
sugamushi Anks share some F-box sequence patterns that set them
apart from other characterized FBPs, such as the F/W and Q res-
idues at positions �3 and 22, respectively.

Until recently, the number of F-box proteins that O. tsutsuga-
mushi encodes has been underappreciated. A previous scan of 22
bacterial species for putative F-box proteins predicted that
only one O. tsutsugamushi strain Boryong candidate, Ank1U9
(OTBS_2178), possessed a C-terminal F-box downstream of its
ankyrin repeats (22). Further examination of Boryong Anks re-
vealed that Ank1U9 and at least six other Anks possessed F-boxes
and, when ectopically expressed in recombinant form, were capa-
ble of binding SCF1 components in pulldown assays (46), under-
scoring the necessity for manual sequence evaluation in searching
for putative F-box proteins. Here, 16 O. tsutsugamushi strain

TABLE 1 Validated O. tsutsugamushi F-box Anks and their paralogs

F-box Ank
Paralog(s) (% similarity to F-box of validated F-box-
containing Ank)a

Ank1_02 Ank1_01 (95)
Ank2 Single copy
Ank3_08b Ank3_01 (100); Ank3_04 (100); Ank3_05 (no F-box)c;

Ank3_06 (no F-box); Ank3_09 (no F-box);
Ank3_11 (100); Ank3_13 (100); Ank3_15 (86)

Ank4_01 Ank4_02 (100)
Ank5_01 Ank5_02 (100), Ank5_03 (100)
Ank6_02 Ank6_01 (100), Ank6_03 (100), Ank6_04 (100)
Ank8 Single copy
Ank9 Single copy
Ank10_01 Ank10_02 (100)
Ank12_01 Ank12_02 (100)
Ank13 Single copy
Ank14 Single copy
Ank15b Single copy
Ank16 Single copy
Ank17b Single copy
Ank20 Single copy
a Pseudogenes were excluded. Similarity is based on sequence comparison between the
paralog’s analogous F-box residues and the F-box of confirmed F-box-containing Anks,
as designated in Fig. 7 for reference residues 1 to 21.
b F-box-containing Ank that exhibited weak interaction with GST-SKP1 in
coprecipitation assays.
c Ank3 paralogs with the “no F-box” designation do not possess F-boxes.

FIG 8 Mutation of conserved F-box residues abolishes the ability of GFP-
Ank9 to interact with GST-SKP1. (A) Alignment of the F-box motifs of Ank9,
Ank9 LIE-AAA, and Ank9 LIE-AAN. The numbers above the alignment indi-
cate the relative positions of the O. tsutsugamushi Ank consensus F-box motif.
The boldface residues of Ank9 correspond to those that are mutated to alanine
or asparagine in Ank9 LIE-AAA and Ank9 LIE-AAN. (B) Lysates of transfected
HeLa cells expressing GST-SKP1 together with GFP-tagged Ank9, Ank9 LIE-
AAA, Ank9 LIE-AAN, or the negative-control Ank9�F-box were Western
blotted and screened with GFP antibody. Stripping and probing the blot with
GST antibody confirmed precipitation of GST-SKP1 in all samples. The results
are representative of three experiments with similar results.
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Ikeda Anks were identified and confirmed to serve as FBPs. Inclu-
sion of the Ikeda Ank paralogs, which have F-box sequences iden-
tical or nearly identical to their assayed counterparts, yields a total
of 29 Ikeda F-box-containing Anks. Though Neochlamydia and
Parachlamydia spp. boast upwards of 129 to 158 and 29 putative
F-box proteins (33), respectively, O. tsutsugamushi is among the
bacterial species encoding the largest FBP armamentariums. Con-
sequently, this study is the first of its kind to validate F-box activity
of such a sizable protein family in one organism and to show that
a bacterially encoded FBP-SKP1 interaction is detectable during
the course of infection in mammalian cells.

It is important to study bacterial virulence factor genotypic and
phenotypic diversity. The data presented here complement a re-
cent study by Min et al. that examined nine Anks from O. tsutsug-
amushi strain Boryong and identified F-boxes within Ank1A2,
Ank1F1, Ank1U5, Ank1U9, Ank1U4, and Ank1B1 (46). These
Boryong proteins share sequence identity (shown as percent iden-
tity) to Ikeda Ank10_01 (83%), Ank12_01 (91%), Ank2 (84%),
Ank20 (90%), Ank6_02 (66%), and Ank8 (93%), respectively,
which are reported to have F-boxes in this study. Boryong Ank1E2
was also noted as having an F-box (46), though its ORF is anno-
tated as a pseudogene and it does not have an Ikeda protein ho-
molog (44). Of note, Boryong Ank1D1 and Ank1C14 do not in-
teract with SKP1 (46), though their Ikeda homologs, Ank4_01
(63%) and Ank3_11 (74%), respectively, interacted with SKP1
and other SCF1 components in this study. Comparison of the
F-box motifs from these Anks revealed the loss of conserved resi-
dues at position 1 of the Ank1D1 F-box and position 9 of the
Ank1C14 F-box, with additional variations at less conserved po-
sitions. Ikeda Ank3_08, Ank15, and Ank17 also differ from the
other Ank F-boxes at less conserved positions but maintained
SKP1 binding, suggesting the importance of conservation at posi-
tions 1, 9, and 17 in SKP1 interactions. Together, the combined
Boryong and Ikeda F-box data support the idea that at least three
key residues are important in determining whether an Ank partic-
ipates in SKP1 interactions. Indeed, replacing these residues with
alanine and/or asparagine ablated the ability of GFP-Ank9 to in-
teract with GST-SKP1.

Aside from SCF1 components, the host cell proteins targeted
by O. tsutsugamushi strain Ikeda Anks, which may become ubiq-
uitinated and proteasomally degraded, are unknown. Several ec-
topically expressed Boryong F-box-containing Anks examined by
Min and colleagues were suggested to interact with and promote
ubiquitination and proteasomal destruction of eukaryotic elonga-
tion factor 1� (46). Despite numerous attempts, however, we were
unable to recapitulate these phenomena with any ectopically ex-
pressed Ikeda Ank, even when the proteasome was pharmacolog-
ically inhibited. O. tsutsugamushi possesses a huge capacity to ex-
ploit host ubiquitination and various cell functions with the
number of F-box Ank effectors that it encodes. Therefore, it is
imperative to elucidate F-box Ank binding partners and to deter-
mine if they become ubiquitinated/proteasomally degraded and
the functional benefit of these phenomena to Orientia in order to
understand the mechanisms by which this poorly understood
pathogen modulates host cell functions.
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