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Ehrlichia chaffeensis Exploits Host SUMOylation Pathways To Mediate
Effector-Host Interactions and Promote Intracellular Survival
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Ehrlichia chaffeensis is an obligately intracellular Gram-negative bacterium that selectively infects mononuclear phagocytes. We
recently reported that E. chaffeensis utilizes a type 1 secretion (T1S) system to export tandem repeat protein (TRP) effectors and
demonstrated that these effectors interact with a functionally diverse array of host proteins. By way of these interactions, TRP
effectors modulate host cell functions; however, the molecular basis of these interactions and their roles in ehrlichial pathobiol-
ogy are not well defined. In this study, we describe the first bacterial protein posttranslational modification (PTM) by the small
ubiquitin-like modifier (SUMO). The E. chaffeensis T1S effector TRP120 is conjugated to SUMO at a carboxy-terminal canonical
consensus SUMO conjugation motif in vitro and in human cells. In human cells, TRP120 was selectively conjugated with
SUMO2/3 isoforms. Disruption of TRP120 SUMOylation perturbed interactions with known host proteins, through predicted
SUMO interaction motif-dependent and -independent mechanisms. E. chaffeensis infection did not result in dramatic changes
in the global host SUMOylated protein profile, but a robust colocalization of predominately SUMO1 with ehrlichial inclusions
was observed. Inhibiting the SUMO pathway with a small-molecule inhibitor had a significant impact on E. chaffeensis replica-
tion and recruitment of the TRP120-interacting protein polycomb group ring finger protein 5 (PCGF5) to the inclusion, indicat-
ing that the SUMO pathway is critical for intracellular survival. This study reveals the novel exploitation of the SUMO pathway

by Ehrlichia, which facilitates effector-eukaryote interactions necessary to usurp the host and create a permissive intracellular

niche.

hrlichia chaffeensis, the etiologic agent of the life-threatening

tick-borne zoonosis human monocytotropic ehrlichiosis
(HME), is an obligately intracellular Gram-negative bacterium
that selectively infects mononuclear phagocytes and replicates in
cytoplasmic vacuoles resembling endosomes (1-3). The mecha-
nisms through which E. chaffeensis directs internalization, estab-
lishes intracellular infection, and avoids innate and adaptive host
defenses are not well understood. However, we identified a group
of type 1 secretion (T1S) system ehrlichial tandem repeat protein
(TRP) effectors, similar to the repeats-in-toxin family of exopro-
teins, that are involved in novel molecular interactions with a large
group of functionally diverse host cell proteins and host cell DNA
(4-9).

E. chaffeensis TRP120 is a major immunoreactive protein that
is found on the surfaces of infectious dense-cored ehrlichiae and is
expressed in both arthropod and mammalian cells (10, 11). A
single major linear epitope (22 amino acids) in the tandem repeat
region of TRP120 has been identified that elicits protective anti-
bodies (12). Following T1S, TRP120 crosses the ehrlichial vacuole
membrane through an unknown mechanism, similar to the Chla-
mydia trachomatis protein effector CPAF (13), and is present in
the host cell cytosol, where it is involved in numerous interactions
with functionally important eukaryotic proteins, some of which
exhibit multifunctional (moonlighting) capabilities (7, 14). A
small proportion of TRP120 is translocated to the host cell nu-
cleus, where it directly binds host cell DNA and targets genes as-
sociated with transcriptional regulation, apoptosis, and vesicle
trafficking (4). In addition, TRP120 interacts with several host
proteins involved in posttranslational modification, including en-
zymes required for ligation and conjugation of ubiquitin (Ub) and
ubiquitin-like modifiers (7). Many TRP120-interacting proteins
contain predicted small ubiquitin-like modifier (SUMO) interac-
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tion motifs (SIMs), which are protein motifs characterized as
short hydrophobic stretches flanked by acidic residues involved in
SUMO-mediated protein-protein interactions (15). The high fre-
quency of interactions with predicted SIM-containing proteins
suggests that SUMOylation may contribute to the underlying mo-
lecular basis of TRP120’s host-pathogen molecular interactions.
SUMO shares structural homology and a similar three-step
conjugation pathway with ubiquitin, but it engenders unique
properties and functions for its targets (16). SUMOylation is a
reversible regulatory modification that potentiates changes in
protein conformation and stability, protein-protein interactions,
and protein localization and translocation. More than 90% of the
human proteome is thought to be targeted by the ubiquitin path-
way, while significantly fewer proteins have been identified as sub-
strates of the SUMO pathway (17-20). Identification of SUMO
substrates has largely been hindered by the fact that only a small
proportion of the available target protein is modified and the co-
valent modification is dynamic and quickly turned over, prevent-
ing capture of natively modified proteins (21-25). However, this
small proportion of conjugated target protein renders significant
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structural and functional consequences, an observation coined
the “SUMO enigma,” and suggests that this eukaryotic posttrans-
lational modification (PTM) pathway is tightly regulated (16, 26).

The machinery required for SUMOylation and ubiquitination
is unique to eukaryotes; however, pathogens, particularly those
that survive in intracellular niches, exploit this pathway in various
ways in order to modulate the host cell (27-29). Viruses and bac-
teria are known to modulate host cellular functions by mimicking,
inhibiting, or serving as substrates of the SUMO pathway (30, 31).
Some type 3 and type 4 secreted bacterial effectors modulate
global host cell SUMOylation. Listeria monocytogenes-secreted
LLO toxin mediates proteasome-independent degradation of the
host SUMO E2 ligase (Ubc9) (32, 33), and Xanthomonas campes-
tris secretes XopD, which mimics the activity of host SUMO-spe-
cific isopeptidases (SENPs) (34). These bacterial effectors disrupt
and decrease global cellular SUMO conjugation, respectively, but
have not been identified as substrates of the SUMO pathway. To
date, descriptions of SUMO-conjugated pathogen proteins are
limited to viruses, for which protein SUMOylation facilitates viral
entry, nuclear translocation, changes in gene expression, and ve-
sicular trafficking (35).

Here we report the first SUMOylated bacterial protein and
demonstrate that the SUMO pathway plays an important role in
intracellular survival of E. chaffeensis. The E. chaffeensis T1S
TRP120 effector is conjugated with SUMO at a canonical consen-
sus motif that enhances interactions with defined host protein
targets and recruitment of host proteins to the ehrlichial vacu-
ole. The importance of the host SUMO pathway in E. chaffeen-
sis effector-host interactions and survival reveals a novel mech-
anism through which Ehrlichia, and potentially other intracellular
bacteria, exploits host pathways to promote survival.

MATERIALS AND METHODS

Cell culture and cultivation of E. chaffeensis. Human cervical epithelial
adenocarcinoma cells (HeLa; ATCC, Manassas, VA) were cultured in
minimum essential medium (MEM; Invitrogen, Carlsbad, CA) supple-
mented with 10% fetal bovine serum (FBS; HyClone, Logan, UT). Human
monocytic leukemia cells (THP-1; ATCC) were grown in RPMI 1640
medium with L-glutamine, 1 mM sodium pyruvate (Sigma, St. Louis,
MO), 25 mM HEPES (Invitrogen), 2.5 g/liter b-(+)-glucose (Sigma), and
10% FBS (HyClone). E. chaffeensis (Arkansas strain) was cultivated in
THP-1 cells as previously described (11).

Antibodies. Polyclonal rabbit and mouse anti-TRP120 antibodies
were generated against a peptide (SKVEQEETNPEVLIKDLQDVAS) and
were previously described (36). Other antibodies used in this study were
anti-pan-SUMO (Abgent, San Diego, CA), anti-SUMO1 (Enzo Life Sci-
ences), anti-SUMO2/3 (Enzo Life Sciences), anti-Aequorea coerulescens
green fluorescent protein (anti-GFP; Clontech, Mountain View, CA), an-
ti-hemagglutinin (anti-HA; Thermo Scientific, West Palm Beach, FL),
anti-Golgi-associated gamma adaptin ear-containing ARF binding pro-
tein 1 (anti-GGA1; Thermo Scientific, West Palm Beach, FL), anti-actin
gamma 1 (anti-ACTG1; Santa Cruz Biotechnology, Santa Cruz, CA), anti-
myosin-X (anti-MyoX; Millipore, Billerica, MA), anti-polycomb group
ring finger 5 (anti-PCGF5; Abcam, Cambridge, MA), anti-ubiquitin-like
modifier activating enzyme 2 (anti-Uba2; Santa Cruz Biotechnology), and
anti-ubiquitin conjugating enzyme (anti-Ubc9; Santa Cruz Biotechnol-
ogy).

Immunofluorescence microscopy. Uninfected or E. chaffeensis-in-
fected THP-1 cells were cytocentrifuged onto glass slides, fixed with ice-
cold acetone for 10 min, incubated with E. chaffeensis-infected dog serum
(1:1,000), mouse anti-TRP120 (1:1,000), rabbit anti-pan-SUMO (1:100),
or rabbit anti-SUMO1 or anti-SUMO2/3 (1:100) for 1 h, washed, and
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stained with fluorescein isothiocyanate (FITC)-conjugated or Alexa Fluor
568-1gG(H+L) and Alexa Fluor 488-IgG(H+L) secondary antibodies (1:
100; Molecular Probes) for 30 min. HeLa cells were collected 24 h follow-
ing transfection (Lipofectamine 2000; Invitrogen), fixed with 3% parafor-
maldehyde in phosphate-buffered saline (PBS) for 20 min, permeabilized,
and blocked with 0.3% Triton X-100 and 2% bovine serum albumin in
PBS for 2 h. Cells were then incubated with anti-TRP120 (1:20,000) and
anti-GGAL1, anti-ACTG1, or anti-Myo10 (1:100) primary antibodies for 1
h, washed, and treated with Alexa Fluor 568-IgG(H+L) and Alexa Fluor
488-IgG(H+L) secondary antibodies (1:100; Molecular Probes) for 30
min. All slides were washed and mounted with ProLong Gold antifade
reagent with DAPI (4',6-diamidino-2-phenylindole) (Invitrogen). Im-
ages were obtained using an Olympus BX61 epifluorescence microscope
and were analyzed using Slidebook software (version 5.0; Intelligent Im-
aging Innovations, Denver, CO).

2DE. Two-dimensional electrophoresis (2DE) was performed by Ken-
drick Labs, Inc. (Madison, WI), as previously reported (37, 38). Briefly,
THP-1 cells were collected and lysed (uninfected or at 72 h postinfection
[p.i.]) in 50 mM N-ethylmaleimide (NEM; Sigma). Using the carrier am-
pholyte method, isoelectric focusing was carried out using 2% Servalyt pH
4-8 mix (Serva, Heidelberg, Germany) for 20,000 V-h, followed by SDS
slab gel electrophoresis (7% acrylamide gel) for 5 h at 25 mA/gel. After slab
gel electrophoresis, gels were transblotted onto polyvinylidene difluoride
(PVDF) membranes for immunoblotting with anti-TRP120 or anti-pan-
SUMO antibody.

Expression constructs and site-directed mutagenesis. As previously
described (4), the full coding sequence of TRP120 (GenBank accession
number U49426) was cloned into pAcGFP1-C (Clontech), which encodes
an N-terminal Aequorea coerulescens green fluorescent protein fusion.
Generation of the TRP120 bacterial expression construct (pBAD/Thio-
TRP120) was described previously (4). TRP120 point mutants were gen-
erated with pAcGFP1 and pBAD/Thio constructs by using QuikChange II
site-directed mutagenesis (Agilent, Santa Clara, CA) with sense and anti-
sense primers (TRP120 K432R sense primer, 5'-AAATGTTTGCACCTT
CATTTAATCCAATCGTTATACGGGAGGAAGATAAAGTTTG-3'; TRP120
K432R antisense primer, 5'-CAAACTTTATCTTCCTCCCGTATAACG
ATTGGATTAAATGAAGGTGCAAACATTT-3'; TRP120 E434A sense
primer, 5'-TAATCCAATCGTTATAAAGGAGGCAGATAAAGTTTGT
GAAACTTGCG-3';and TRP120 E434A antisense primer, 5'-CGCAAGT
TTCACAAACTTTATCTGCCTCCTTTATAACGATTGGATTA-3'). HA-
tagged SUMO constructs were acquired from Addgene (pcDNA3-HA-
SUMOL1 [plasmid 21154] [39], SRa-HA-SUMO?2 [plasmid 17360] [40],
and pcDNA3-HA-SUMO3 [plasmid 17361] [40]). ProLabel-tagged ex-
pression constructs were generated for selected host proteins known to
interact with TRP120, identified in previous yeast two-hybrid (Y2H)
studies (4). Briefly, these host genes were amplified from pGADT7-prey
constructs (Matchmaker Gold yeast two-hybrid system; Clontech) and
cloned in frame downstream of the ProLabel tag (6-kDa fragment of 3-ga-
lactosidase) in the pProLabel-C vector (Clontech).

Expression and purification of recombinant TRP120. The pBAD/
TOPO-Thio. TRP120 bacterial expression vector was transformed into
Escherichia coli TOP10 (Invitrogen). Overnight cultures were diluted 1:20
in LB plus ampicillin (Amp) and grown for 2 h with agitation at 37°C, and
protein expression was induced with 0.5% arabinose for 3 h at 37°C. For
purification, cells were lysed by sonication in PBS (Sigma) with protease
inhibitors (Complete mini, EDTA-free; Roche) and then centrifuged at
4°Cand 12,000 X g (Eppendorf 5430R centrifuge with model FA 45-30-11
rotor) for 30 min, and the supernatant was transferred to washed Ni-
nitrilotriacetic acid (Ni-NTA) agarose (Qiagen). Following 2 h of incuba-
tion at 4°C, resin was washed twice in PBS with 10 mM imidazole and
twice in PBS with 20 mM imidazole prior to 15 min of incubation in PBS
with 250 mM imidazole elution buffer. Imidazole was removed by over-
night dialysis in PBS. TRP120 expression and purification were confirmed
with Coomassie-stained SDS-PAGE gels.
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FIG 1 SUMOylated proteins colocalize with E. chaffeensis inclusions. THP-1 cells were fixed (72 h p.i.), probed with polyclonal anti-E. chaffeensis antibody
(green), anti-pan-SUMO (A; red), anti-SUMO1 (B; red), or anti-SUMO2/3 (C; red), and DAPI (DNA; blue), and then visualized by immunofluorescence
microscopy (magnification, X40). SUMO protein colocalization with ehrlichial inclusions (yellow), specifically the SUMO1 isotype, was observed compared to
uninfected THP-1 cells probed with pan-SUMO (D), SUMOL1 (E), or SUMO?2/3 (F) antibody. Bars, 10 pwm.

In vitro SUMOylation assay. TRP120 SUMOylation was performed
with recombinant TRP120 and an in vitro SUMOylation kit (Enzo Life
Sciences, Farmingdale, NY). Briefly, TRP120 (200 nM) was added to
SUMO buffer, SUMO protein (isoform 1, 2, or 3), E1 ligase, and E2 ligase,
with or without Mg-ATP. Reaction mixtures were incubated at 30°C for 1
h and then boiled with 1X lithium dodecyl sulfate (LDS) sample buffer
and beta-mercaptoethanol. Samples were analyzed by SDS-PAGE and
Western blotting with rabbit anti-TRP120 (1:5,000) or anti-pan-SUMO
(1:1,000) primary antibody and alkaline phosphatase-conjugated anti-
rabbit secondary antibody (1:10,000; Kirkegaard & Perry Laboratories,
Gaithersburg, MD). Bound antibodies were visualized after incubation
with 5-bromo-4-chloro-3-indoylphosphate and nitroblue tetrazolium
(BCIP/NBT) substrate (Kirkegaard & Perry Laboratories).

Cotransfection and HA immunoprecipitation. HeLa cells were
cotransfected with pAcGFP1-C or pAcGFP1-TRP120 and HA-SUMO
constructs by use of Lipofectamine 2000 (Invitrogen). Cells were collected
and lysed in 20 mM Tris, pH 7.5, 150 mM NaCl, I mM EDTA, 20 mM
NEM (covalent isopeptidase inhibitor; Sigma), 20 mM iodoacetamide
(isopeptidase inhibitor; Sigma), 1% Triton X-100, and protease inhibitors
(Complete mini, EDTA-free; Roche) at 24 h posttransfection. Lysates
were then centrifuged at 4°C and 16,000 X g (Eppendorf 5430R centrifuge
with model FA 45-30-11 rotor) for 20 min, and the supernatants were
transferred to washed anti-HA agarose (Thermo Scientific). Following
overnight incubation at 4°C, resin was washed with lysis buffer, boiled in
LDS buffer, and analyzed by SDS-PAGE and Western blotting.

Cotransfection of mammalian cells and coimmunoprecipitation.
HeLa cells were cotransfected with pAcGFP1-C or pAcGFP1-TRP120 and
pProLabel constructs by use of Lipofectamine 2000 (Invitrogen). GFP
expression was confirmed 24 h after transfection by using an inverted
fluorescence microscope (IX71; Olympus). Interacting proteins were co-
immunoprecipitated using a Matchmaker chemiluminescence coimmu-
noprecipitation assay kit (Clontech), and ProLabel activity (in relative
light units) was measured at 15-min intervals following addition of sub-
strate, using a Veritas microplate luminometer (Turner Biosystems,
Sunnyvale, CA).
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Small-molecule dose-response assay and real-time qPCR. THP-1
cells were pretreated with dimethyl sulfoxide (DMSO; 1% final concen-
tration) or different concentrations of anacardic acid (AA; Enzo Life Sci-
ences) for 4 h and then infected with E. chaffeensis. Samples were collected
at 24-h intervals following infection, for up to 72 h. Diff-Quik-stained
slides were prepared and morula counts per cell determined for 30 cells
per treatment condition. Bright-field images of these slides were collected
with an Olympus BX61 epifluorescence microscope using a color camera.
The remainder of the time point samples were pelleted, lysed in SideStep
lysis and stabilization buffer (Agilent) for 30 min at room temperature,
and analyzed for bacterial load by real-time quantitative PCR (qPCR).
Amplification of the integral ehrlichial gene dsb was performed using
Brilliant II SybrGreen master mix (Agilent), 200 nM forward primer
(5"-GCTGCTCCACCAATAAATGTATCCCT-3'), and 200 nM reverse
primer (5'-GTTTCATTAGCCAAGAATTCCGACACT-3'). The dsb copy
number was quantitated using a standard curve and normalized to qPCR-
detected levels of the host genomic glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) gene. Statistical differences between control and exper-
imental groups were assessed with two-tailed Student’s ¢ test. Significance
is indicated for P values of <0.05. The qPCR thermal cycling protocol
(denaturation at 95°C for 10 min and then 40 cycles of 95°C for 30s, 58°C
for 1 min, and 72°C for 1 min) was performed on a Mastercycler EP
Realplex’ S machine (Eppendorf) and was optimized to ensure specific
dsb amplicon formation.

RESULTS

Colocalization of host SUMO proteins with E. chaffeensis vacu-
ole without changes in global SUMOylation levels. By use of im-
munofluorescence microscopy, SUMOylated proteins were ob-
served to colocalize with E. chaffeensis at 72 h p.i. in a cell line
derived from acute human monocytic leukemia (THP-1) cells
(Fig. 1). Using a pan-SUMO antibody, we observed colocalization
of SUMOylated proteins with ehrlichial inclusions, in contrast to
the largely punctate cytosolic and nuclear localization in unin-
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FIG 2 SUMO2/3 and Ubc9 (E2), but not Uba2 (E1), colocalize with TRP120 at ehrlichial inclusions during E. chaffeensis infection. (A) THP-1 cells were probed
(72 h p.i.) with anti-TRP120 (green), anti-SUMO2/3 (red), and DAPI (DNA; blue). (B) Increased fluorescence exposure (2.5X; magnification, X 100) reveals that
SUMO?2/3 (red) colocalizes with TRP120 at the periphery of ehrlichial inclusions (highlighted by white arrows). Uba2 (red) does not colocalize with TRP120
(green; C), while Ubc9 (red) redistributes to ehrlichial inclusions (E) compared to the case in uninfected THP-1 cells probed with Uba2 (red; D) or Ubc9 (red;

F) antibody. Bars, 10 pm.

fected THP-1 cells (Fig. 1A and D). In vertebrates, four SUMO
isoforms have been identified (41). SUMOLI is typically associated
with facilitating nuclear translocation and, in cells, is largely con-
stitutively substrate conjugated (42). SUMO?2 and -3 share 97%
sequence identity (yet only 50% identity with SUMOL1) and are
often referred to as SUMO2/3 because they are indistinguishable
by antibody identification. The SUMO2/3 proteins are often con-
jugated to proteins in response to a signaling or stress stimulus
(17, 43). SUMO4 was recently identified, and polymorphisms of
this isoform have been linked to several disease states (44, 45);
however, it remains ambiguous whether SUMOA4 is a direct pro-
tein modifier or a pseudogene (46, 47).

Isotype-specific antibodies demonstrated that the SUMO pro-
tein colocalization observed at ehrlichial vacuoles was dominated
by SUMOILI proteins (Fig. 1B and E), while the most intense
SUMO?2/3 signals were observed at nuclear puncta (Fig. 1ICand F).
Interestingly, closer analysis of infected THP-1 cells, using an in-
creased magnification (X100) and fluorescence exposure (in-
creased 2.5X from Fig. 2A to Fig. 2B), showed low-abundance
cytosolic SUMO2/3 proteins surrounding the ehrlichial vacuole,
giving a ring-like appearance at the periphery and colocalizing
with the ehrlichial effector TRP120 (Fig. 2A). Collectively, these
immunofluorescence microscopic studies demonstrated that host
SUMO proteins, regardless of isotype, colocalize with the vacuole
during E. chaffeensis infection; however, while SUMO1 accounts
for the greatest colocalization, SUMO2/3 proteins are also ob-
served in low abundance at the periphery of the ehrlichial vacuole.
These differences in colocalization may be mediated by isoform-
selective recruitment of SUMOylated host proteins, host-medi-
ated SUMO conjugation of ehrlichial effectors, or both.

Surprisingly, SUMO protein colocalization with E. chaffeensis
inclusions did not coincide with global changes in host cell
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SUMOylation patterns (see Fig. S1 in the supplemental material),
as occurs with other intracellular bacterial infections known to
modulate host SUMO pathways (32). SUMO isoform-specific im-
munoblot analysis of THP-1 whole-cell lysates at 72 h p.i. did not
detect changes in SUMOL1 (see Fig. S1A) or SUMO?2/3 (see Fig.
S1B) conjugation levels in E. chaffeensis-infected cell lysates.
Colocalization of SUMO with ehrlichial inclusions without
changes in global SUMOylation levels suggested that SUMO-
modified host proteins are recruited to the vacuole during infec-
tion or selectively modified at the vacuole at levels not detected in
global SUMOylation immunoblot analysis. In the latter case, the
host SUMOylation machinery would be expected to colocalize
with ehrlichial vacuoles. Immunofluorescence microscopy of
THP-1 cells at 72 h p.i. demonstrated that the E1 heterodimer
(visualized with anti-Uba2) did not redistribute from nuclear
puncta observed in uninfected cells (Fig. 2C and D) but that the E2
ligase (visualized with anti-Ubc9) did colocalize with TRP120 at
ehrlichial inclusions (Fig. 2E and F). Overall protein levels of the
SUMO machinery were unchanged in THP-1 whole-cell lysates
with or without E. chaffeensis (see Fig. S1C and D in the supple-
mental material). Uba2 is itself a target of SUMOylation and other
PTMs, resulting in Uba2 proteins of laddered molecular weights
(48) (see Fig. S1C). Recently, Truong et al. reported that in normal
cells, a proportion of Uba2 is auto-SUMOylated at lysine 236
(K236) (49). This modification inhibits interaction with E2 ligase
(Ubc9) and results in cellular pools of inactive E1. During periods
of cell stress, these pools are mobilized by de-SUMOylation at
K236, resulting in Uba2-Ubc9 interaction and subsequent PTM
and activation of Uba2 (49). Immunoblot analysis of E. chaffeen-
sis-infected whole-cell lysate revealed an absence of the lowest-
molecular-weight Uba2 protein band (see Fig. S1C), predicted to
be mono-SUMOylated. This suggested that despite the absence of
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Uba2 redistribution during infection, inactive pools of this enzyme
may be activated to dynamically modulate host SUMOylation. Pro-
tein levels of Ubc9 were unchanged with or without E. chaffeensis
infection (see Fig. S1D), suggesting that E2 ligase is recruited to
inclusions rather than upregulated.

Ubc9 colocalization with ehrlichial vacuoles suggested that se-
lect proteins may be SUMO modified at the vacuole. We were
interested in determining whether ehrlichial effectors, including
TRP120, are substrates of host SUMOylation and are modified at
low levels not detected by one-dimensional SDS-PAGE. To assess
this possibility, two-dimensional gel electrophoresis (2DE) and
immunoblot analyses were performed using pan-SUMO and
TRP120 antibodies (see Fig. S1E). The majority of SUMOylated
proteins in both uninfected and infected lysates were observed to
be large (>75 kDa), with a neutral to basic pl. However, immu-
noblot analysis revealed several unique SUMO proteins, including
those with acidic or slightly acidic pls, present only in E. chaffeen-
sis-infected lysates compared to uninfected THP-1 cell lysates,
suggesting the presence of additional novel SUMOylated proteins
during infection.

Unmodified TRP120 is acidic (pI 4.1) due to the serine-rich
tandem repeats and has an observed molecular mass of ~95 kDa.
SUMO modification of TRP120 was predicted to result in a 15-
kDa increase in molecular mass, with only a minimal impact on pI
(predicted modified pI = 4.2). 2DE immunoblot analysis per-
formed with anti-TRP120 detected acidic proteins (pI 5 to 7) (see
Fig. S1E in the supplemental material), suggesting that this effec-
tor is a target of PTMs that significantly shift pI. In addition, faint
detection of TRP120 was also observed at pI 4.1 to 4.2 and a mo-
lecular mass of ~110kDa (see Fig. S1E), suggesting that TRP120 is
a target of a PTM that increases molecular mass without greatly
affecting pl. A series of distinct spots were also uniquely present in
this region of the anti-SUMO E. chaffeensis immunoblot (see Fig.
S1E). Differences in patterns observed between these immuno-
blots may be a function of antibody sensitivity. Cumulatively, the
data support TRP120 as a target of SUMOylation during E.
chaffeensis infection. However, levels of SUMOylated TRP120
were not sufficient for mass spectrometry identification or capture
via immunoprecipitation. As this is a common issue reported by
others, in vitro and ectopic overexpression methods, previously
employed to characterize novel SUMOylation targets (21, 22),
were utilized to demonstrate that TRP120 is a target of host
SUMOylation.

The E. chaffeensis effector TRP120 is conjugated with
SUMO2/3 at a carboxy-terminal canonical consensus SUMO
motif. Protein substrates of SUMO pathways often encompass the
canonical consensus motif yKxD/E (where ¢ is a hydrophobic
residue and “x” is any residue), through which the Ubc9 E2 ligase
directly interacts with and covalently transfers SUMO to the lysine
residue in the motif (50, 51). The E. chaffeensis TRP120 protein
sequence was analyzed for consensus SUMO conjugation motifs
by use of SUMOsp 2.0 (52, 53). A single consensus motif, IKEE
(TRP120 amino acids 431 to 434), was identified downstream of
the tandem repeats in the carboxy-terminal region of the protein,
suggesting that lysine 432 is a target of SUMOylation (Fig. 3A).

The potential for TRP120 to serve as a substrate of host cell
SUMO pathways was first assessed in vitro. SUMOylation path-
ways are unique to eukaryotes; therefore, unmodified recombi-
nant 6XHis.thioredoxin-tagged TRP120 (observed molecular
mass, 105 kDa) was expressed and purified from E. coli. The in
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vitro SUMOylation assay (Enzo Life Sciences) comprises the pu-
rified E1 heterodimer (Ubal-Uba2), E2 ligase (Ubc9), and indi-
vidual SUMO isoforms 1, 2, and 3. In the presence of ATP, the E1
heterodimer covalently binds SUMO and transfers the modifier to
Ubc9, facilitating SUMO conjugation of target proteins. Immu-
noblot analysis of assay products with anti-TRP120 demonstrated
multiple higher-molecular-mass species of TRP120 in the pres-
ence of ATP and each of the SUMO isoforms, whereas these bands
were not detected in the absence of ATP. Incremental higher-
molecular-mass band shifts of 14 to 18 kDa are consistent with
covalent SUMO conjugation of the target protein (Fig. 3B). These
in vitro results demonstrated SUMOylation of recombinant
TRP120 by all three SUMO isoforms in the presence of ATP, with
equal loading of each individual recombinant SUMO isoform
maintained with or without ATP (Fig. 3C). The presence of lad-
dered, higher-molecular-mass bands suggested either multiple
mono-SUMOylation events (multi-SUMOylation), in which
TRP120 may be SUMOylated at more than one lysine residue, or
poly-SUMOylation, in which SUMO proteins self-conjugate to
form poly-SUMO chains emanating from a single target protein
lysine residue. In vitro and in cells, SUMO2/3 proteins self-conju-
gate, allowing for poly-SUMO modifications with functionally
distinct properties compared to those of mono-SUMOylation.
Poly-SUMOI1 conjugates, which are readily observed in vitro, are
rarely observed in cells (54). RanGAP1, the first substrate identi-
fied for the SUMO pathway (55, 56), was used as a positive control
in these experiments and was mono-SUMOylated as previously
reported (Fig. 3D).

To assess TRP120 lysine 432 in the consensus SUMO motif as
the target for modification, a conservative point mutation of
lysine 432 to arginine (K432R) was performed. The in vitro
SUMOylation assay was performed using purified recombinant
6XHis.thioredoxin-tagged TRP120 K432R. Western immuno-
blot analysis (57) of in vitro samples with anti-TRP120 revealed a
substantial decrease in higher-molecular-weight protein bands
for TRP120 K432R in the presence of ATP compared to the case
with wild-type (WT) TRP120, demonstrating that mutation of
K432 diminishes SUMOylation and that this lysine is therefore the
primary target for TRP120 modification in vitro (Fig. 3B). Lysine
residues in the TR domain are predicted to be noncanonical sites
for SUMOylation (52) and are ubiquitinated during ectopic ex-
pression (58). SUMO modification at these alternate residues may
contribute to the low levels of protein laddering observed in vitro
for TRP120 K432R.

Confirmation that TRP120 is a substrate of host SUMOylation
pathways was performed in human cells. GFP-tagged WT TRP120
and TRP120 K432R were transiently coexpressed in HeLa cells
with HA-tagged SUMO isoform 1, 2, or 3. At 24 h posttransfec-
tion, these cells were lysed in the presence of isopeptidase inhibi-
tors (N-ethylmaleimide and iodoacetamide), and anti-HA immu-
noprecipitation was performed. Immunoprecipitated samples
were analyzed by immunoblotting with anti-TRP120. GFP-tagged
TRP120 coimmunoprecipitated with HA-SUMO2 and HA-
SUMO3, but not HA-SUMOI, and exhibited a single protein
band ~15 kDa higher than that of unmodified WT GFP-TRP120,
consistent with a single SUMOylation modification (Fig. 3E). Mu-
tation of K432 entirely abolished TRP120 SUMOylation in cells,
demonstrating that this lysine residue within the consensus motif
is the sole target for TRP120 SUMO conjugation in cells. Unmod-
ified GFP-TRP120, either the WT or the K432R mutant, coimmu-
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protein in cells (*), while TRP120 K432R and TRP120 E434A were not modified. Representative data are shown (n = 6). Unmodified TRP120 (black arrowhead)
coimmunoprecipitated with HA-SUMO?2 and HA-SUMO3, suggesting a noncovalent interaction with SUMO or SUMO-modified proteins.

tidases (sentrin/SUMO-specific cleavage [SENP]), influence
TRP120 modification in cells. SUMO conjugation of TRP120 in
vitro and in human cells demonstrates that this effector is a sub-

noprecipitated with HA-SUMO isoforms, suggesting that this ef-
fector interacts noncovalently with SUMO or SUMO-modified
host proteins. Pan-SUMO and RanGAP1 immunoblot analyses

were also performed to confirm HA immunoprecipitation of
SUMO2/3 monomers and SUMOL1 (conjugated to RanGAP1), re-
spectively (Fig. 3E).

In contrast to in vitro SUMOylation by the three isoforms, WT
TRP120 in cells was mono-conjugated with HA-SUMO?2 and HA-
SUMO3 but not HA-SUMOLI. The discrepancy in SUMO isoform
selectivity between in vitro and cellular studies is consistent with
results for other SUMOylated proteins, such as RanGAP1, which
is SUMOylated by all three isoforms in vitro but selectively conju-
gated with SUMOL in cells (59). This suggests that cellular regu-
latory mechanisms, such as E3 ligases or de-SUMOylating isopep-
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strate of this host PTM pathway. TRP120 SUMOylation in the
absence of the whole bacterium demonstrates that inherent prop-
erties of this effector, including the presence of a canonical con-
sensus SUMO motif, facilitate this PTM.

In addition to SUMOylation, lysine residues are also the site of
other PTMs, including ubiquitination and acetylation. To con-
firm that K432 is the target for SUMOylation and that mutation of
K432 specifically disrupts this modification, the consensus SUMO
motif was mutated to selectively prevent interaction with E2 ligase
(Ubc9). Glutamate residue 434 was mutated to alanine (E434A),
ablating the TRP120 consensus SUMO motif (IKEE to IKEA).
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TRP120 E434A was screened for SUMOylation in vitro (data not
shown) and in HeLa cells by anti-HA immunoprecipitation (Fig.
3E). Consistent with results for TRP120 K432R, mutation of the
consensus SUMO motif abolished SUMOylation of GFP-tagged
TRP120 E434A ectopically expressed in human cells. The SUMO-
null mutant TRP120 E434A was subsequently used in cellular
studies to determine the functional implications of TRP120
SUMOylation.

TRP120 SUMOylation enhances interactions with host pro-
teins. In mammalian cells, target proteins are SUMO modified in
an isoform-selective manner that elicits distinct functional conse-
quences, including differences in protein interaction, often medi-
ated through noncovalent interactions with SIMs (60-63). This
has also been reported for a pathogen protein, cytomegalovirus
IE1, for which host protein interactions were found to vary for
SUMOylated versus unmodified forms of the effector (35, 64).
SUMOylation can also render changes in target protein confor-
mation that may indirectly influence function and subsequent
protein interactions (65). Functionally, SUMO2/3 conjugation of
TRP120 may facilitate recruitment of host proteins via direct non-
covalent interactions with host protein SIMs or through indirect
interactions mediated by conformational changes that occur in
SUMOylated TRP120.

Recently, we used a yeast two-hybrid (Y2H) approach to dem-
onstrate that ehrlichial TRP120 interacts with a diverse array of
host proteins (7); however, the molecular basis for these diverse
host-effector interactions was not determined. Protein sequence
analysis using GPS-SBM 1.0 and GPS-SUMO (53) predicted a
common motif, the SIM, in a subset of these host proteins, includ-
ing components of the cytoskeleton—y-actin and myosin-X (un-
conventional myosin; also known as Myo10)—as well as a protein
involved in regulating recruitment and endosomal trafficking of
select cargo proteins—GGA1 (Golgi-localizing, y-adaptin ear do-
main homology, Arf-binding protein). In Myo10 and GGAL, the
predicted SIM is encompassed in the carboxy-terminal host pro-
tein domain that interacts with TRP120, whereas in vy-actin, the
predicted SIM is adjacent to the interacting domain (illustrated in
Fig. S2 in the supplemental material).

The role of SUMOylation in mediating TRP120 interactions
with Myo10, GGA1, and y-actin was assessed in transfected HeLa
cells by coimmunoprecipitation with WT TRP120 and TRP120
E434A constructs. Measurements of coimmunoprecipitated
Myo10 and GGA1 were higher in samples with WT TRP120 than
in those with the TRP120 E434A mutant (Fig. 4A and B, respec-
tively). These differences in interaction were confirmed by immu-
nofluorescence microscopy, by which we compared WT TRP120
and TRP120 E434A colocalization with endogenous Myo10 and
GGAL (see Fig. S3A and B in the supplemental material). In these
microscopic studies, greater colocalization with endogenous host
proteins was observed for WT TRP120 than for TRP120 E434A. In
fact, host proteins appeared to redistribute and colocalize with
WT TRP120 to a greater extent than that with the E434A con-
struct.

SUMOylation enhances TRP120 molecular interaction with
Myo10and GGAL, possibly through predicted SIMs encompassed
in these host proteins. However, y-actin also showed an enhanced
interaction with WT TRP120 compared to TRP120 E434A (Fig.
4C). The y-actin construct used in coimmunoprecipitation stud-
ies was composed of the carboxy terminus, the domain identified
in Y2H studies to interact with TRP120. This construct did not
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contain a predicted SIM in the primary amino acid sequence, ac-
cording to GPS-SBM 1.0 and GPS-SUMO (53). Therefore, differ-
ences in molecular interactions with WT TRP120 versus TRP120
E434A suggest that SUMOylation indirectly enhances interactions
with host proteins, possibly through as yet uncharacterized con-
formational changes. SUMO-mediated conformational changes
in the target protein are known to indirectly affect protein inter-
actions (65). Immunofluorescence micrographs support the role
of SUMOylation in enhancing TRP120 interaction with vy-actin,
demonstrating an increased redistribution and colocalization of
native y-actin with WT TRP120 compared to those with TRP120
E434A (see Fig. S3C in the supplemental material).

Evidence that TRP120 SUMOylation indirectly enhances host
protein interactions in the absence of a predicted SIM led us to
determine the role of SUMOylation in mediating interactions
with a protein lacking a predicted SIM in the primary amino acid
sequence. PCGF5, a component of the polycomb repressive com-
plex (PRC1) that mediates epigenetic modification of histones to
regulate gene expression, robustly interacts with TRP120 (7). Pre-
diction analysis of PCGF5 by GPS-SBM 1.0 and GPS-SUMO did
not identify a SIM in the primary amino acid sequence (53). In
HeLa cells transiently coexpressing truncated PCGF5 and TRP120
constructs, PCGF5 did not coimmunoprecipitate with TRP120
E434A compared to the WT (Fig. 4C). This ablation in interaction
was not explained by differences in TRP120 construct immuno-
precipitation efficiency (Fig. 4E). Immunofluorescence micros-
copy supported these data, demonstrating a redistribution of na-
tive PCGF5 to colocalize with a pool of WT TRP120, whereas
colocalization was not observed with TRP120 E434A (Fig. 4F).
These studies suggest that TRP120 SUMOylation mediates inter-
action with PCGF5 and that ablation of TRP120 SUMOylation
impairs this interaction, despite the absence of a predicted SIM in
the PCGF5 protein sequence.

In addition to enhancing or mediating protein interactions,
SUMOylation is often associated with regulating target protein
subcellular localization, specifically to the nucleus (57) or the
plasma membrane (66). Immunofluorescence microscopy did
not reveal differences in subcellular localization for ectopically
expressed WT TRP120 and TRP120 E434A (Fig. 4F and G, respec-
tively). However, as only a small proportion of WT TRP120 is
modified relative to total TRP120, even when ectopically coex-
pressed with SUMO (Fig. 3E), changes in subcellular localization
may not be detected via gross whole-cell microscopy.

These studies demonstrate that TRP120 SUMO conjugation
significantly enhances, and in some cases entirely mediates, select
host protein interactions via domains encompassing predicted
SIMs (Myol0 and GGA1), as well as domains devoid of a pre-
dicted SIM in the primary protein sequence (y-actin and PCGF5).
In the latter situation, SUMOylation may indirectly affect interac-
tions with host proteins through conformational effects on
TRP120 that are as yet undefined.

SUMOylation mediates host protein recruitment to the ehr-
lichial vacuole. In vitro and ectopic analyses of TRP120 demon-
strated that this effector is a direct target of the host SUMO path-
way and that this modification facilitates interactions with select
host proteins. It was important to demonstrate that this PTM is
functionally important during E. chaffeensis infection. However,
given technical limitations in the ability to genetically modify this
bacterium, we utilized a small-molecule inhibitor to briefly block
host SUMOylation and to assess changes in TRP120 protein in-
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FIG 5 SUMOylation facilitates host protein recruitment to the ehrlichial vacuole. (A) Immunofluorescence microscopy visualization shows that PCGF5
recruitment to the ehrlichial vacuole decreased with a short (4 h) treatment with the SUMO pathway inhibitor anacardic acid (AA; 25 pM) compared with vehicle
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(Student’s ¢ test; P << 0.0001). (C) Immunoblot analysis with pan-SUMO antibody demonstrates decreased global SUMOylation levels following AA treatment
(4 h; 25 uM). Representative data are shown (n = 3). (D) Coimmunoprecipitation of TRP120 with PCGF5 is significantly decreased following AA treatment.

teractions. Anacardic acid (AA; 15:0), a cell-permeating analog of
salicylic acid, reversibly inhibits the E1 heterodimer (Ubal-Uba2)
(67,68). THP-1 cells at 72 h p.i. were treated with vehicle (DMSO)
or 25 pM AA for 4 h, fixed, and observed using immunofluores-
cence microscopy with TRP120 and PCGF5 antibodies. Com-
pared to vehicle-treated cells, in which PCGF5 robustly colocal-
ized with TRP120 at ehrlichial inclusions, AA-treated cells showed
significantly less PCGF5 colocalization (Fig. 5A and B). Immuno-
blot analysis demonstrated that 4 h of treatment with 25 pM AA
decreased global SUMO levels in THP-1 whole-cell lysates at 72 h
p.i. (Fig. 5C). Similarly, a brief (4 h) treatment with viomellein, a
newly described small-molecule inhibitor of Ubc9 (E2 ligase)
(69), also resulted in decreased colocalization of PCGF5 with
TRP120 at the ehrlichial vacuole (see Fig. S4A and B in the sup-
plemental material). Recruitment of PCGF5 to ehrlichial inclu-
sions was diminished but not ablated following inhibitor treat-
ment, likely due to continued interactions between PCGF5 and
other ehrlichial effectors. We previously reported Y2H studies in
which PCGF5 was identified as an interacting protein for TRP47
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(5), a T1S ehrlichial effector present at ehrlichial inclusions that
does not encompass a canonical consensus SUMO motif. To con-
firm that decreased colocalization was due to disruption of
TRP120-PCGF5 interaction, we measured TRP120 that coimmu-
noprecipitated with PCGF5 following inhibitor treatment (Fig.
5D). Following AA treatment, there was decreased TRP120 coim-
munoprecipitation with PCGF5 compared to the case with vehi-
cle. These studies demonstrate that during E. chaffeensis infection,
SUMOylation is important for PCGF5 interaction with TRP120
and for recruitment to ehrlichial inclusions.

Modulation of host SUMOylation decreases E. chaffeensis
infection. We have demonstrated that TRP120 is a target of host
SUMOylation pathways and that this modification mediates in-
teractions with and recruitment of select host proteins to the eh-
rlichial inclusion during E. chaffeensis infection. Therefore, dis-
ruption of global host SUMOylation resulting in diminished
effector-host interactions likely affects overall E. chaffeensis infec-
tion and survival. To determine the impact of diminished host
SUMOylation on E. chaffeensis infection, cells were exposed to
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FIG 6 Small-molecule inhibition of host cell SUMOylation decreases E. chaffeensis survival. (A) THP-1 cells were treated with DMSO (vehicle) or AA, a SUMO
E1 ligase inhibitor, for 4 h and then infected with E. chaffeensis. Bacterial loads were determined by qPCR analysis of the dsb gene normalized to the GAPDH gene
and compared to those in vehicle-treated infected cells (24 h, 48 h, or 72 h p.i.) (Student’s ¢ test; P < 0.05; n = 3). (B) Immunoblot analysis was performed with

pan-SUMO antibody (or histone 3 antibody for a loading control) and THP-1

whole-cell lysate, with or without 25 WM AA, at 24-h time intervals up to 72 h

posttreatment (n = 4). Pixel intensities (determined using Image] software) were normalized to the loading control (histone 3) and graphed as a percentage of
the vehicle-treated level. Wilcoxon signed-rank statistical analysis was performed to determine differences from vehicle-treated cells (100%). *, P < 0.05; **, P <
0.005. (C) Bright-field images (magnification, X40) of Diff-Quik-stained samples collected at 72 h p.i. demonstrate a decreased number of ehrlichial inclusions

per cell following treatment with increasing concentrations of AA.

prolonged treatment with AA. THP-1 cells were pretreated with
AA for 4 h prior to infection with E. chaffeensis and cultured in the
presence of AA for the duration of infection. Samples were col-
lected at 24-h intervals for up to 72 h p.i. for analysis. AA did not
affect bacterial entry, as there was no difference in bacterial loads
at24 h p.i. for vehicle (DMSO) and 25 uM AA treatment (Fig. 6A).
However, at 48 h p.i. and 72 h p.i., significant concentration-
dependent decreases in bacterial load, as measured by real-time
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qPCR analysis of the dsb copy number normalized to the host
GAPDH gene, were observed in AA-treated cells relative to vehi-
cle-treated cells (Fig. 6A). From these data, we observed >50%
inhibition and >90% inhibition of bacterial loads with prolonged
treatment with 10 uM AA and 25 pM AA, respectively. The 50%
inhibitory concentration (IC;,) for AA inhibition of ehrlichial
loads was <10 uM at 72 h p.i., which is in the range demonstrated
to inhibit the SUMO El ligase (IC5, = 2.2 uM) (67). Despite the
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low ICs, for El ligase inhibition published for AA, immunoblot
analysis of global host SUMOylation demonstrated decreases with
25 M AA but no ablation of SUMOylation levels compared to the
case with vehicle-treated cells over the 72-h time course (Fig. 6B).
This suggests that a portion of the host SUMOylated protein pop-
ulation is not quickly turned over.

At 72 h p.., significantly fewer ehrlichial inclusions per cell
were observed for AA-treated cells than for vehicle-treated cells
(see Fig. S4C in the supplemental material). Diff-Quik-stained
images of E. chaffeensis-infected THP-1 cells show this concentra-
tion-dependent decrease in ehrlichial inclusions (Fig. 6C, black
arrows). Decreased ehrlichial inclusions and bacterial loads were
not a function of AA toxicity to the host cell, as cell viability
measured by trypan blue was not affected by prolonged AA
treatment (see Fig. S4D). This is consistent with previous stud-
ies in which knockdown of the E1 heterodimer by RNA inter-
ference (RNAi) demonstrated sustained cell viability despite
diminished SUMOylation (70). This was an important consider-
ation, as prolonged treatment with the E2 inhibitor viomellein
resulted in significant host cell death (data not shown). In total,
these studies demonstrate that AA inhibits ehrlichial replication at
a concentration consistent with a mechanism involving inhibition
of the host SUMOylation pathway.

Another important consideration is that AA and similar plant-
based derivatives are known antimicrobials with reported activity
against Gram-positive bacteria (reviewed in reference 68). How-
ever, inhibitory activity specific for the parent compound (AA;
15:0) used in the present study was not observed for Gram-nega-
tive bacteria, including Helicobacter pylori and Escherichia coli
(68). To confirm that AA inhibits ehrlichial replication through
disruption of host SUMOylation rather than through direct anti-
microbial mechanisms, targeted small interfering RNAs (siRNAs)
were used to knock down expression levels of host SUMO path-
way components. Prior to infection (24 h), THP-1 cells were
transfected with siRNA targeting SUMO2/3 or Ubc9. Diff-Quik
staining (at 72 h p.i.) demonstrated significantly decreased num-
bers of ehrlichial inclusions in THP-1 cells transfected with
SUMO?2/3- or Ubc9-targeting siRNA compared to those trans-
fected with a nontargeting scrambled siRNA (see Fig. S5A in the
supplemental material). Knockdown efficiency, assessed at 96 h
posttransfection (72 h p.i.), showed decreased expression levels of
SUMO2/3 and Ubc9 compared to the case with the scrambled
siRNA control (see Fig. S5B). To confirm that host cell death did
not account for decreased ehrlichial inclusions, differences in cell
viability were assessed at 96 h posttransfection (72 h p.i.) (see Fig.
S5C). Knockdown of SUMO2/3 significantly increased host cell
viability compared to that with the nontargeting siRNA control, as
would be expected in cells with a decreased bacterial load. Ubc9
knockdown did not yield a significant difference in host cell via-
bility relative to that with the siRNA control, despite a significantly
decreased bacterial load. This suggests that prolonged knockdown
of Ubc9 is deleterious to the host cell, which is consistent with our
observation that prolonged treatment with viomellein (a Ubc9
inhibitor) resulted in host cell cytotoxicity. Global modulation of
the host SUMOylation pathway unquestionably affects host cell
processes beyond TRP120-host interactions; however, collec-
tively, the studies herein support the significance of this pathway
in TRP120 effector function and E. chaffeensis infection.
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DISCUSSION

There is an increasing appreciation for the role of host PTM path-
ways in bacterial effector function and turnover (27, 30, 71-73).
While bacterial effectors have previously been reported to be sub-
strates of the host Ub pathways, targeting by the SUMO pathway
has not been demonstrated. More than 90% of mammalian proteins
are targeted by Ub PTM (74), but a significantly smaller number of
proteins have been identified as substrates of SUMOylation. This
striking difference attests to the highly specific, regulated, and dy-
namic nature of this PTM. Herein we have demonstrated the first
bacterial effector protein modified by the host SUMO pathway.
TRP120 modification occurs at a consensus SUMO motif in the
carboxy terminus and, in cells, is modified selectively by SU-
MO2/3. TRP120 is a multifunctional protein that is critical for
ehrlichial entry (10) and which we previously reported to interact
with a network of 98 functionally diverse host proteins and host
DNA (4, 7). Herein we have demonstrated that SUMOylation
enhances effector interactions with select host proteins and func-
tions to recruit host proteins to the ehrlichial inclusion during E.
chaffeensis infection.

During E. chaffeensis infection (72 h p.i.), intense SUMOL1 flu-
orescence was observed at ehrlichial inclusions (Fig. 1B); however,
global patterns of SUMO1 modification were unchanged (see Fig.
S1A in the supplemental material), suggesting that redistribution
of SUMO1-modified proteins from nuclear puncta (Fig. 1E) is the
predominant mechanism for this observed localization. Low lev-
els of SUMO2/3 at the periphery of the ehrlichial inclusions (Fig.
2B) may also involve a limited redistribution of SUMO2/3-mod-
ified proteins or may reflect low levels of protein modification not
detected in global SUMOylation patterns (see Fig. S1B). TRP120
colocalizes with Ubc9 (E2 ligase) and with SUMO2/3 at the inclu-
sion periphery. These data, in conjunction with pan-SUMO and
TRP120 2DE immunoblots (see Fig. S1E), suggest that low levels
of this effector are modified at the inclusion. Steady-state levels of
modified effector are likely low during E. chaffeensis infection, as
we were only able to indirectly demonstrate SUMOylation of na-
tive TRP120. Ectopically, the proportion of TRP120 that is
SUMOylated is small relative to total TRP120 (Fig. 3E). This phe-
nomenon is referred to as the SUMO enigma (26), where only a
small proportion of the total target protein is modified at a given
time, resulting in significant functional consequences. The small
population of target protein that is modified suggests that this
pathway is dynamic and is highly regulated by substrate-specific
E3 SUMO ligases and quickly turned over by SENP isopeptidases.
In the case of TRP120, E3 SUMO ligases may regulate the specific
SUMO2/3 modification that is observed in cellular studies, in con-
trast to the case of the reconstituted assay, in which purified E3
ligase is not included. A limited number of SUMO E3 ligases have
been identified. None of the 98 interacting host proteins identified
in the TRP120 yeast two-hybrid screen are known to function as
E3 SUMO ligases. However, because of the technical challenges in
identifying transient substrates of the SUMO pathway and the
frequent dual functioning of such enzymes, increasing numbers of
E3 SUMO ligases are continually being identified.

Functionally, TRP120 SUMOylation serves to modulate host
protein interactions. SUMO modification enhances or entirely fa-
cilitates TRP120 interaction with selected host proteins, chosen
for evaluation herein based on robust interactions reported in
Y2H studies (7). TRP120 interacts with GGA1 (7), which is in-
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volved in recognition of cargo protein sorting and clathrin-depen-
dent vesicle formation for trans-Golgi network (TGN)-to-endo-
some trafficking (75). TRP120 interaction occurs with the GGA1
v-adaptin ear domain, which encompasses a predicted SIM. WT
TRP120 exhibited increased interaction with GGAL at this do-
main relative to that with the SUMO-null mutant (Fig. 4B). In the
cellular context, enhanced TRP120-GGA1 interaction may alter
cargo protein sorting or clathrin vesicle formation to modulate
TGN-endosome trafficking. TRP120 SUMOylation may serve as a
means of regulating effector interaction with these protein traf-
ficking processes to benefit E. chaffeensis.

TRP120 interacts with the cytoskeletal proteins Myol0 and
y-actin, which are host proteins involved in microtubule cargo
trafficking and filopodium formation, respectively. TRP120 inter-
acts with the carboxy terminus of Myo10, which encompasses a
predicted SIM (76-78). WT TRP120 showed an increased inter-
action with this domain relative to that of the SUMO-null mutant
(Fig. 4A). In the cellular context, enhanced interaction with
Myo10 may affect cytoskeletal reorganization or facilitate TRP120
trafficking along microtubules. WT TRP120 also yielded an en-
hanced interaction with y-actin compared to that of the SUMO-
null mutant (Fig. 4C). SUMOylated actin binding proteins have
been reported, including drebrin and a-actinin 4 (79), both of
which mediate changes in actin remodeling and filament organi-
zation. SUMOylated actin binding proteins, including TRP120,
may modulate actin rearrangement and filopodium filament for-
mation, which have been reported late in E. chaffeensis infection
and may serve as a bacterial escape mechanism (80).

We have demonstrated that E. chaffeensis T1S effectors TRP47
and TRP120 robustly interact with PCGF5 (5, 7), a component of
the PRC1 E3 Ub ligase complex, which regulates histone modifi-
cation for epigenetic control of gene transcription. TRP interac-
tions occur at the PCGF5 RING domain, which does not encom-
pass a predicted SIM. The striking difference observed in PCGF5
interaction with WT TRP120 versus the SUMO-null mutant sug-
gests that PCGF5 may recognize only the SUMOylated TRP120
conformation. Previous studies demonstrated that TRP120-
PCGF5 interaction occurs through the TRP120 TR domain (7). In
fact, expression and coimmunoprecipitation of a truncated
TRP120 construct composed entirely of the TR region demon-
strated robust interaction with PCGF5, while amino- and car-
boxy-terminal constructs did not interact (7). Collectively, our
studies suggest that TRP120 SUMOylation may result in confor-
mational changes that expose the TR domain for robust interac-
tion with PCGF5 and that, in the absence of this modification, the
TR domain may not be accessible.

SUMOylation also regulates PCGF5 recruitment to the ehrli-
chial vacuole. Brief inhibition of the host SUMO pathway signif-
icantly decreases levels of PCGF5 colocalizing with ehrlichial in-
clusions. Coimmunoprecipitation data demonstrate that SUMO
inhibition disrupts PCGFS5 interaction with TRP120. Ectopic ex-
pression data obtained using SUMO-null mutants suggest that
this is due to the necessity of TRP120 SUMO modification for
PCGFS5 interaction. The polycomb group protein paralog PCGF4
shares sequence homology with PCGF5 and was recently found to
be a target of mammalian SUMOylation (81). However, PCGF5
does not encompass a lysine residue in the region that is modified
in PCGF4; therefore, it is unlikely that PCGF5 is a direct target of
the SUMO pathway. Instead, we posit that the decreased redistri-
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bution observed in the presence of AA is due to decreased inter-
action with TRP120 in the absence of effector modification.

Late in E. chaffeensis infection (72 h), significant colocalization
of SUMO proteins at the ehrlichial vacuole was observed.
SUMOgylation, including TRP120 modification, facilitated re-
cruitment of host proteins to ehrlichial inclusions. Therefore, it
was not surprising that inhibition of host SUMOylation with the
small molecule AA significantly decreased E. chaffeensis infection
and survival. A natural derivative of salicylic acid, AA was previ-
ously described as an antimicrobial molecule at low micromolar
concentrations (82, 83). At higher concentrations (>20 uM), AA
is also a histone acetyltransferase inhibitor (84, 85), and it is cyto-
toxic to cancer cell lines at 40 to 100 wM (86). In the studies
described here, the AA IC,, for bacterial load at 72 h p.i. was <10
M, suggesting that the inhibitory effect on E. chaffeensis replica-
tion occurs through inhibition of host SUMOylation. siRNA
knockdown of the host SUMOylation machinery confirmed that
inhibition of this pathway decreases ehrlichial replication. Mech-
anistic characterization of the relevance of this PTM to effector
function, combined with small-molecule and siRNA studies, sug-
gests that this pathway is integral for E. chaffeensis infection and
replication and may be a novel target for antiehrlichial therapeu-
tics.

These studies represent the first report of a bacterial effector
protein modified by the host SUMOylation pathway, which we
demonstrate is the underlying molecular basis for interactions
with select host proteins, and this PTM has a significant impact on
ehrlichial survival. Acute changes in global protein SUMOylation
were observed in 2DE and immunoblot analyses of infected
whole-cell lysates. Preliminary proteomic examination of these
proteins suggests that other bacterial effectors may also be targets
of this host PTM (J. W. McBride and P. S. Dunphy, unpublished
data). In addition, other ehrlichial TRPs encompass consensus
SUMO motifs; hence, TRP120 is likely not the only example of a
bacterial substrate of this pathway. The TRP120 ortholog in Eh-
rlichia canis (TRP140) contains consensus SUMO motifs in the
TR region that may also serve as a substrate of this host PTM
pathway. However, differences in motif position suggest that
should these sites be targets of this PTM, the functional conse-
quences may differ from those associated with SUMOylated
TRP120. Thus, further studies will reveal the role of SUMOylation
in various effector interactions with host proteins and its role in
promoting replication and survival of Ehrlichia and other intra-
cellular pathogens.
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