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SUMMARY

SUMOylation, the covalent attachment of a member of the SUMO (small ubiquitin-like modifier)
family of proteins to lysines in target substrates, is an essential post-translational modification in
eukaryotes. Microbial manipulation of SUMQylation recently emerged as a key virulence strategy
for viruses and facultative intracellular bacteria, the latter of which only have been shown to
deploy effectors that negatively regulate SUMOylation. Here, we demonstrate that the obligate
intracellular bacterium, Anaplasma phagocytophilum, utilizes an effector, AmpA (A.
phagocytophilum post-translationally modified protein A) that becomes SUMOylated in host cells
and this is important for the pathogen’s survival. We previously discovered that AmpA (formerly
APH1387) localizes to the A. phagocytophilum-occupied vacuolar membrane (AVM).
Algorithmic prediction analyses denoted AmpA as a candidate for SUMOylation. We verified this
phenomenon using a SUMO-affinity matrix to precipitate both native AmpA and ectopically
expressed green fluorescent protein (GFP)-tagged AmpA. SUMOylation of AmpA was lysine-
dependent, as SUMO-affinity beads failed to precipitate a GFP-AmpA protein when its lysine
residues were substituted with arginine. Ectopically expressed and endogenous AmpA were poly-
SUMOylated, which was consistent with the observation that AmpA colocalizes with SUMO2/3 at
the AVM. Only late during the infection cycle did AmpA colocalize with SUMOL, which
terminally caps poly-SUMO2/3 chains. AmpA was also detected in the cytosol of infected host
cells, further supporting its secretion and likely participation in interactions that aid pathogen
survival. Indeed, whereas siRNA-mediated knockdown of Ubc9 — a necessary enzyme for
SUMOylation — slightly bolstered A. phagocytophilum infection, pharmacologically inhibiting
SUMOylation in infected cells significantly reduced the bacterial load. Ectopically expressed
GFP-AmpA served as a competitive agonist against native AmpA in infected cells, while lysine-
deficient GFP-AmpA was less effective, implying that modification of AmpA lysines is important
for infection. Collectively, these data show that AmpA becomes directly SUMOylated during
infection, representing a novel tactic for A. phagocytophilum survival.
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INTRODUCTION

Obligate intracellular bacterial pathogens are master cell biologists that utilize effector
proteins to commandeer host cell pathways and reprogram the host cell environment to one
that favors pathogen persistence and replication. Functionally characterizing such effectors
is critical as it can lead to a better understanding of how these organisms facilitate their
intracellular survival. Anaplasma phagocytophilum, a member of the family
Anaplasmataceae, is a tick-transmitted obligate intracellular gram-negative bacterium that
causes human granulocytic anaplasmosis (HGA), an emerging infection in the United States,
Europe, and Asia. HGA presents as a febrile disease that can be accompanied by leukopenia,
thrombocytopenia, elevated levels of serum transaminases, and raised susceptibility to
potentially fatal secondary infections (Truchan et al., 2013). In vivo, the bacterium displays
an unusual tropism for neutrophils, but in cell culture, promyelocytic and endothelial cell
lines are useful models for studying the cell biology of A. phagocytophilum infection
(Carlyon, 2012).

Following invasion, A. phagocytophilum resides within a host cell-derived vacuole that it
actively remodels into a permissive niche (Truchan et al., 2013). Of the few identified
bacterial effectors that localize to the A. phagocytophilum-occupied vacuolar membrane
(AVM), only two — Ats1 (Anaplasma translocated substrate 1) and AptA (A.
phagocytophilum toxin A) — have been ascribed functions (Huang et al., 2010b, Huang et
al., 2010c, Sukumaran et al., 2011, Niu et al., 2010, Niu et al., 2012). We previously
identified APH1387 as a 61.4-kDa effector that is induced within the initial hours of A.
phagocytophilum infection and is strongly expressed during the bacterium’s intracellular
replication phase. It has been detected on the AVM in neutrophils recovered from A.
phagocytophilum infected mice as well as infected myeloid, endothelial, and tick cell lines
(Huang et al., 2010c). Collectively, these phenomena imply the importance of the effector to
A. phagocytophilum survival within diverse eukaryotic host cell types and warrant its further
investigation. APH1387 carries three tandemly arranged direct repeats in its C-terminal
portion at amino acids 180 to 272, 304 to 425, and 428 to 557 that together comprise 58% of
the protein (Huang et al., 2010c). APH1387 has been referred to as P100 because when A.
phagocytophilum infected whole cell lysates are resolved by SDS-PAGE, it migrates
predominantly as a band having an apparent molecular weight of approximately 100 to 115
kDa along with less abundant, lower molecular weight bands that range from approximately
90 to 61 kDa (Storey et al., 1998, Huang et al., 2010c). Its aberrant electrophoretic
migration pattern has been attributed to its acidic pl of 3.67. Other acidic proteins, such as
the tandem repeat-containing proteins (TRPs) of the closely related Anaplasmataceae
pathogen, Ehrlichia chaffeensis, have been shown to poorly bind SDS and, consequently,
migrate with apparent molecular weights that are considerably higher than their actual
molecular weights (Wakeel et al., 2010). Notably, however, recombinant APH1387
expressed in Escherichia coli migrates only as a single band (Huang et al., 2010c). The
observed discrepancy that multiple isoforms are detected in lysates of A. phagocytophilum
infected cells, but not in lysates of E. coli expressing recombinant APH1387 suggests that A.
phagocytophilum-derived APH1387 may be post-translationally modified by the host cell
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during infection. Whether this occurs and, if so, the nature of the modification and its overall
significance to the pathogen are unknown.

SUMOylation, the covalent attachment of a member of the SUMO (small ubiquitin-like
modifier) family of proteins to lysine residues in targeted proteins, is an essential post-
translational protein modification for all eukaryotic cells (Wilkinson et al., 2010).
SUMOylation is a reversible process that is enzymatically analogous to, but functionally
distinct from, the ubiquitination pathway. Over the past several years, this pathway has
emerged as a major regulatory system of protein function that targets hundreds to thousands
of substrates through direct SUMOylation and protein-protein interactions mediated by
SUMOylation (Wilson, 2012). The wide range of cellular processes that SUMQylation
modulates includes RNA processing, chromatin remodeling, genome maintenance,
transcriptional regulation, mitosis, meiosis, differentiation, apoptosis, nucleocytoplasmic
transport, regulation of ion channel activity, metabolic pathways, endocytic trafficking of
receptors, and resistance to pathogens (Wilson, 2012, Wilkinson et al., 2010).

A SUMOylation consensus motif, WKxD/E, has been described where W is a large
hydrophobic residue and x represents any amino acid (Wilkinson et al., 2010). However,
SUMOylation has been reported to occur outside of this consensus, and not all lysines found
within such a motif are SUMO modified (Wilkinson et al., 2010). SUMO2/3 forms
polymers on internal lysine residues of substrates both in vitro and in vivo (Tatham et al.,
2001). While SUMOL1 can directly conjugate proteins in vitro (Yang et al., 2006), in vivo it
has only been observed to terminate SUMO2/3 polymers (Matic et al., 2008). The specific
functional consequences of SUMOylation of individual substrates continue to be discovered
and are difficult to predict. In general, SUMO modification of a target protein can result in
one of three possible, even congruent, outcomes; the covalently attached SUMO moiety may
function as an interface to recruit new interacting proteins to the substrate; it may prevent
protein-protein interactions by occluding the binding site of a protein that would otherwise
interact with the substrate; or it may cause a conformational change in the target protein that
directly regulates its function (Wilkinson et al., 2010).

Given the pleiotropic effects of SUMOylation on eukaryotic cellular processes and the huge
number of proteins that it regulates, it is not surprising that the manipulation of
SUMOylation by microbial pathogens as a means for converting their host cells into
replication-permissive niches has emerged as a key virulence strategy. It is established that
viruses target host enzymes or encode their own enzymes to modulate the SUMOylation
status of and thereby dysregulate host proteins involved in growth or pathogen resistance
(Wilson, 2012). Also, viral proteins can be directly SUMOylated (Bekes et al., 2012,
Wimmer et al., 2012). However, comparatively few examples exist of bacteria targeting
SUMOylation.

Given their limited genetic repertoires, co-opting SUMOylation would be an especially
advantageous strategy for obligate intracellular bacteria, as it could allow for maximal use of
single effectors to commandeer batteries of host cell processes. A bacterial effector that is
directly SUMOylated during infection has yet to be identified. In this study, we demonstrate
that APH1387 is SUMOylated during infection, thereby revealing a novel method by which
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A. phagocytophilum exploits the host cell. We hereafter refer to APH1387 as AmpA (A.
phagocytophilum post-translationally modified protein A).

RESULTS

In silico analysis predicts multiple AmpA SUMOylation sites

Based on our previous characterization of AmpA as a secreted effector and constituent of
the AVM (Huang et al., 2010c), we examined the AmpA sequence for motifs that may
implicate interactions with host cell factors. A striking feature was the abundance of lysine
residues within the 578 amino acid length of AmpA: six lie within the non-repeat N-terminal
region, and 13 within the tandem repeat-containing C-terminus for a total of 19 (Fig. 1). As
lysines are frequent targets of SUMO post-translational modification, we examined AmpA
using three SUMO prediction algorithms. Eight to 10 lysine residues were repeatedly
predicted to be SUMOylated (Table 1) based on similarity to the WKxD/E consensus motif
and to other residues known to flank SUMOylation sites (Ren et al., 2009, Teng et al .,
2012). Of those predicted SUMOylation sites for AmpA, one lysine lies within the N-
terminal non-repeat portion (K135) and two within the intervening spaces between and/or
after tandem repeats (K427, K568). The remaining predicted SUMOylated lysines (K265,
K304, K312, K389, K419, K513, and K543) are those that occur repetitively as part of the
C-terminal tandem direct repeats. Because there had never been a published report of a
bacterial protein being directly SUMOylated during infection, we set out to functionally
verify whether AmpA is a SUMOylated effector.

Ectopically expressed AmpA is SUMOylated on at least two lysine residues

We next employed a SUMOylation pulldown system that uses SUMO interaction motifs
(SIMs) coupled to beads to affinity purify mono- and poly-SUMOylated proteins from cell
extracts. GFP-tagged full length AmpA (GFP-AmpA) or GFP alone was ectopically
expressed in HeLa cells, which were employed for this purpose because they are much more
amenable to transfection than the HL-60 and RF/6A cell lines that are commonly used to
cultivate A. phagocytophilum. The host cells were lysed, incubated with the SIM-affinity
beads, and captured SUMOylated proteins were screened by Western blot with GFP
antibody. GFP-AmpA, but not GFP alone was precipitated despite the greater abundance of
GFP alone relative to GFP-AmpA in input lysates (Fig. 2). To confirm that the nature of the
AmpA pulldown was SUMO-specific, we also performed the assay using GFP-AmpA K*R
in which all 19 of the AmpA lysines were substituted with arginine, which is structurally
similar to lysine, but is SUMO intolerant. The SIM-affinity beads were unable to precipitate
GFP-AmpA K*R (Fig. 2), thereby confirming both that the pulldown of AmpA was lysine
dependent and that AmpA is SUMOylated.

In silico analyses predicted that up to 10 lysines within AmpA are potentially SUMOylated,
with the vast majority of them occurring within the tandem repeat-containing C-terminal
region (Table 1). In an attempt to narrow down which portion of ectopically expressed
AmpA is SUMOylated, we created two AmpA truncations that were N-terminally fused to
GFP. GFP-AmpA1_1gp included the protein’s first 180 amino acids and contained six lysine
residues, of which K135 was predicted as a SUMOylation site (Fig. 1B). GFP-AmpA15g.57s,

Cell Microbiol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyer et al.

Page 5

which comprised the three C-terminal tandem repeats, harbored 13 lysine residues. Both
truncations were ectopically expressed in HelLa cells; the cells were lysed and the lysates
were incubated with the SIM-affinity beads. The SIM-affinity beads precipitated both GFP-
AmMpA1.1g0 and GFP-AmpAssg.57g (Fig. 2). Thus, both the N- and C-terminal portions of
AmpA become SUMOylated when ectopically expressed in eukaryaotic cells and therefore at
least two lysines within the whole of AmpA are SUMOylated. Even though GFP-AmpA,
GFP-AmpA .10, and GFP-AmpA15g.57g in the input samples all migrated as multiple
bands, the SIM-affinity beads primarily recovered the protein form exhibiting the highest
apparent molecular weight for each. Thus, only a small portion of the total amount of
ectopically expressed GFP-AmpA becomes SUMOylated.

Endogenous AmpA is SUMOylated during Anaplasma phagocytophilum infection of
mammalian host cells

To determine if native AmpA is SUMOylated, we used AmpA antiserum to screen Western-
blotted SUMOylated proteins that had been precipitated from lysates of uninfected and A.
phagocytophilum-infected HL-60 cells. Consistent with previous reports (Storey et al., 1998,
Huang et al., 2010c), multiple AmpA bands ranging in apparent molecular weight were
detected in the infected sample input (Fig. 3). SIM-affinity beads recovered SUMOylated
AmpA as a minor portion of the total AmpA protein content, migrating primarily as a single
band with an apparent mobility of approximately 150 kDa. The E2 ligase of SUMOQylation,
Ubc9, is itself a target of SUMO modification (Wilkinson et al., 2010), and therefore served
as a positive control. The A. phagocytophilum major surface protein P44 (Truchan et al.,
2013), which is predicted to not be SUMOylated (data not shown), was used as a negative
control. Ubc9 was detected in all input and pulldown samples, while P44 was only detected
in the input from infected cells. These data demonstrate that, consistent with ectopically
expressed GFP-AmpA, a small portion of the total AmpA protein content expressed by A.
phagocytophilum during infection of human host cells is SUMOylated.

Both ectopically expressed- and native AmpA are poly-SUMOylated

SUMO maodification has several variations that can affect the function of its protein
substrate. A protein can be mono-SUMOylated (one SUMO attached to a lysine residue),
multiply mono-SUMOylated (several single SUMO moieties attached to individual lysines),
poly-SUMOylated with a chain of SUMO2/3 moieties (Tatham et al., 2001), or a
combination of two or more of these possibilities. Therefore, we next examined if AmpA is
mono- or poly-SUMOylated using a poly-SUMO affinity matrix that is specific for
SUMO2/3 chains and discriminates against free SUMO moieties and mono-SUMO-
conjugates. Lysates of HEK-293 cells ectopically expressing GFP-AmpA, GFP-AmpA
K*R, or GFP alone were incubated with the multi-SIM matrix. Following removal of
unbound proteins by washing, bound poly-SUMOylated proteins were eluted, resolved by
SDS-PAGE, Western blotted, and screened with GFP antibody. GFP-AmpA, but neither
GFP-AmpA K*R nor GFP alone, was pulled down (Fig. 4A). Thus, the ability of GFP-
AmpA to be precipitated in a poly-SUMOylation-dependent manner required the presence
of lysine residues in the AmpA portion. HEK-293 cells were used in this assay to
demonstrate that ectopically expressed AmpA becomes SUMOylated in another human cell
type besides HeLa cells. Native AmpA from A. phagocytophilum infected HL-60 cells was
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also pulled down (Fig. 4B), emphasizing that AmpA is poly-SUMOylated during the course
of infection.

AmpA is detected on the pathogen-occupied vacuole and in the cytosol of infected cells,
and colocalizes with SUMO

With the knowledge that AmpA both localizes to the AVM (Huang et al., 2010c) and
acquires SUMO moieties during A. phagocytophilum infection, it stands to reason that the
AVM might become decorated with SUMO moieties over the course of infection. To
investigate this possibility, RF/6A cells were synchronously infected with A.
phagocytophilum and the infection was allowed to proceed for 28 h, a period that would
allow for the completion of a full infection cycle (Troese et al., 2009). RF/6A cells were
used for the infection time course analysis because they are both permissive to A.
phagocytophilum infection and are large and flat, which makes them ideal for imaging the A.
phagocytophilum-occupied vacuole (ApV) (Munderloh et al., 2004, Sukumaran et al.,
2011). The cells were examined by laser-scanning confocal microscopy (LSCM) for AmpA
localization and for SUMO1 and SUMO2/3 recruitment to the ApV. As previously observed
(Huang et al., 2010c), AmpA staining was detected on intravacuolar A. phagocytophilum
organisms and the AVM beginning at 12 h, the time point at which the ApV was first easily
discernible by immunofluorescence (Fig. 5A and Fig. 6A). At 12 and 16 h, aggregative
SUMO2/3 staining was observed surrounding AmpA-positive ApVs (Fig. 6A). Beginning at
20 h and continuing throughout the remainder of the time course, aggregative SUMO2/3
signal colocalized with AmpA on the AVM (Fig. 6A). In contrast, SUMOL1 signal
colocalized with AmpA associated with the AVM beginning only at 24 h (Fig. 5A). Neither
SUMOL1 nor SUMO?2/3 yielded aggregative staining patterns in uninfected RF/6A cells (Fig.
5B and Fig. 6B). Compared to SUMO2/3, the degree of SUMO1 labeling of the AVM was
modest and not as discretely localized to the AVM. SUMO1 and SUMOQZ2/3 staining
remained on the cytosolic face of the AVM throughout infection and were not detected
within the ApV lumen (Fig. 5A and Fig. 6A). Thus, SUMOylation only occurs at the host-
pathogen interface of the AVM and SUMO moieties do not traffic inside the vacuole.
Beginning at 20 h, AmpA signal was detected in the host cell cytosol and continually
increased over the duration of infection (Fig. 5A and 6A), which suggests that, in addition to
localizing to the AVM (Huang et al., 2010c), AmpA is also translocated into the cytosol.
Recruitment of SUMO2/3, but not SUMO1, to the ApV was also observed in RF/6A cells
infected with lower multiplicities of infection (Fig. 6C and 5C). Examination of A.
phagocytophilum infected HL-60 cells at 24 h revealed that SUMOZ2/3 pronouncedly
localized to the peripheries of ApVs and SUMO1 localization to ApVs was modest, at best,
thereby validating that these phenomena occur during infection of both endothelial and
myeloid host cells (Fig. 5D and 6D).

Pharmacologic inhibition of SUMOylation reduces the A. phagocytophilum load

Because AmpA co-opts SUMOylation and the AVM accumulates SUMO moieties
throughout infection, we next examined if pharmacologic inhibition of SUMOylation is
detrimental to A. phagocytophilum intracellular survival. Anacardic acid is a small molecule
inhibitor of SUMOylation that prevents formation of the E1-SUMO intermediate (Fukuda et
al., 2009). Anacardic acid has been reported to exert antimicrobial activity against gram-
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positive bacteria, but to be ineffective against gram-negative organisms (Hemshekhar et al.,
2011). Thus, any detrimental effect that anacardic acid might have on A. phagocytophilum
would presumably result from its disruption of SUMOylation, rather than an antimicrobial
effect on the bacterium. HL-60 or HEK-293 cells were pretreated with anacardic acid, after
which they were infected with A. phagocytophilum organisms and subsequently maintained
for 96 h. Media containing anacardic acid was replenished every 24 h. At the end of the time
course, the anacardic acid and vehicle control treated infected cells were subjected to
quantitative PCR (gPCR) and Western blot analyses. Anacardic acid had a dose-dependent
inhibitory effect on A. phagocytophilum intracellular replication, as indicated by decreases
in the A. phagocytophilum 16SrDNA-host cell f~actin ratio, and AmpA and P44 protein
levels (Fig. 7). This inhibitory effect was more dramatic in HEK-293 cells as compared to
HL-60 cells (Fig 7, A and C). Host cell p-actin levels were comparable among all samples
and host cell viability was unaffected by anacardic acid treatment, as indicated by a lack of
trypan blue uptake (data not shown).

Ubc9 expression is not altered by A. phagocytophilum infection, but knockdown of Ubc9
results in a modest increase in infection

To further assess the role of SUMOylation in A. phagocytophilum infection, we focused on
the SUMOylation E2 ligase, Ubc9. Because other intracellular bacterial pathogens mediate
reduction of Ubc9 protein levels upon infection (Ribet et al., 2010, Kim et al., 2013, Kim et
al., 2008), we assessed if this phenomenon occurs in A. phagocytophilum infected cells.
Western blot and densitometry analysis of uninfected versus infected HL-60 cell lysates
showed no difference in Ubc9 expression (Fig. 8, A and B). Next, we determined if SiRNA-
mediated knockdown of Ubc9 alters A. phagocytophilum infection. This experiment
required host cells that would both support A. phagocytophilum intracellular growth and in
which a high efficiency of transfection could be achieved. HeLa cells are highly amenable to
transfection, but are not susceptible to A. phagocytophilum infection (data not shown).
Therefore, we utilized HEK-293 cells because (1) we were able to routinely achieve
transfection efficiencies of =75% using these cells versus less than 20% using RF/6A or
HL-60 cells (data not shown); and (2) they are susceptible to A. phagocytophilum infection
and support development of AmpA-positive ApVs (Fig. 8C). HEK-293 cells also support
infection and intracellular replication of the closely related Anaplasmataceae family
member, E. chaffeensis (Miura et al., 2011). HEK-293 cells were treated for 72 h with
SiRNA targeting Ubc9 or GAPDH, non-targeting siRNA, or transfection agent alone.
Knockdown of protein expression was verified by Western blot (Fig. 8D). Treated cells were
infected with A. phagocytophilum for 48 h, after which infection was assessed by gPCR.
There was no significant difference in the A. phagocytophilum DNA load between Ubc9
knockdown and mock treated cells, but there was a significant, albeit modest, increase in the
bacterial DNA load in Ubc9 siRNA treated cells relative to GAPDH and non-targeting
SiRNA treated cells (Fig. 8E). The percentages of infected cells and ApVs per cell were also
enumerated using immunofluorescence microscopy (Fig. 8F and G). Whereas the
percentages of infected cells in which Ubc9 or GAPDH had been knocked down were
slightly higher than those for non-targeting siRNA-treated or mock-transfected cells (Fig.
8F), Ubc9 knockdown resulted in a significant increase in the number of ApVs per cell than
all control treatments (Fig. 8G). Taken together, these results indicate that, unlike other
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intracellular bacteria, A. phagocytophilum does not manipulate Ubc9 expression and that
Ubc9 knockdown results in a minor increase in A. phagocytophilum infection.

Ectopically expressed AmpA limits A. phagocytophilum growth in a lysine-dependent

manner

Given that AmpA is found at the AVM, in the host cytosol, and interfaces with host cell
SUMOylation pathways, we rationalized that ectopically expressed AmpA would compete
against bacterial-derived AmpA for access to host factors and thereby inhibit A.
phagocytophilum intracellular development. Precedent for this approach is provided by the
fact that ectopically expressed chlamydial effectors inhibit the growth of chlamdyiae within
host cells (Cortes et al., 2007, Rockey et al., 1997). Furthermore, if lysine modification of
AmpA by SUMOylation or another post-translational modification plays a role in AmpA
interactions with host factors, then ectopically expressed AmpA K*R would be expected to
exhibit a lesser inhibitory effect. To test our hypotheses, HEK-293 cells were transected to
express GFP-AmpA, GFP-AmpA K*R, or GFP alone. Flow cytometric analyses confirmed
that comparable transfection efficiencies for these constructs were achieved (data not
shown). The transfected cells were infected with A. phagocytophilum and total DNA
isolated from these cells at 24 h post infection was subjected to gPCR analysis for evaluation
of bacterial load relative to host cell f-actin levels. As shown in Figure 9, overexpression of
GFP-AmpA reduced infection levels by half when compared to GFP alone. GFP-AmpA
K*R was unable to compete with native AmpA as efficiently as GFP-AmpA, implying the
importance of the protein’s lysine residues in co-opting host cell factors to promote optimal
A. phagocytophilum intracellular growth.

DISCUSSION

Numerous examples exist of pathogens targeting SUMOylation, many of which attempt to
subdue SUMO maodification in host cells. However, few intracellular bacteria are known to
share this phenomenon. Xanthomonas campestris pathovar vesicatoria, the causative agent
of bacterial spot of tomatoes and peppers, negatively regulates SUMOylation by decreasing
overall host cell SUMOQylation levels (Kim et al., 2013, Hotson et al., 2003, Kim et al.,
2008, Roden et al., 2004). Listeria monocytogenes LLO (listeriolysin O), Clostridium
perfringes PFO (perfringiolysin O), and Sreptococcus pneumoniae PLY (pneumonlysin)
impede global SUMO conjugation by inducing specific degradation of Ubc9 (Ribet et al.,
2010). In contrast, A. phagocytophilum exploits host SUMO modification to decorate AmpA
and does so without altering host Ubc9 levels. Although other means of pathogen
SUMOylation modulation likely remain to be uncovered, A. phagocytophilum is the first
intracellular bacterial pathogen demonstrated to exploit SUMOylation during infection of
mammalian host cells as part of its intracellular survival strategy. Although a recombinant
form of the E. chaffeensis effector, TRP120 was shown to be SUMOylated in an in vitro
assay, and ectopically expressed TRP120 was SUMOylated (Dunphy et al., 2014), it has yet
to be demonstrated whether native TRP120 is SUMOylated in E. chaffeensis infected host
cells.
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In addition to localizing to the AVM, AmpA is also secreted into the host cell cytosol, where
it accumulates and is SUMOylated throughout the infection cycle. We hypothesize that
SUMOylated AmpA could function to recruit interacting proteins to the ApV and/or may
remain in the cytosol to modulate host cell processes that are critical for A. phagocytophilum
survival. Both native and ectopically expressed AmpA are SUMOZ2/3-modified, as implied
by the poly-SUMOylation assay results, but SUMO1 modification has not yet been excluded
as a possibility. Most eukaryotic substrates can be conjugated by both SUMO1 and
SUMO2/3 (Vertegaal et al., 2006), though the functional differences of SUMO1 versus
SUMO2/3 have not been defined (Wilkinson et al., 2010). Regardless, SUMO1 and
SUMO2/3 differ in both their conjugation dynamics and exhibit discrete patterns of
localization in eukaryotic cells, indicating differential regulation of the SUMO paralogs
(Wilkinson et al., 2010). Similarly, both AVM-localized and cytosolic AmpA colocalize
with SUMO2/3 throughout the infection cycle, but only colocalize with SUMOL1 at 24-28 h,
around the time that A. phagocytophilum organisms transition from the replicative to
infectious phase, egress from the host cell, and initiate the next round of infection (Troese et
al., 2009). Thus, AmpA may be sequentially modified by SUMO2/3 and then SUMOL, a
pattern that would be consistent with the fact that SUMO1 caps SUMO2/3 polymers on
eukaryotic substrates in vivo (Matic et al., 2008). Although the functional roles of these
SUMO variations is not always clear, evidence suggests that poly-SUMOylation can
increase protein-protein interactions of targets with SIM-containing substrates, help
maintain structural integrity of protein complexes, and even serve as ubiquitylation signals
to promote proteasomal degradation of targets (Ulrich, 2008). Moreover, as there is a huge
reserve of unconjugated SUMO2/3 but very little unconjugated SUMOL1 in host cells (Saitoh
et al., 2000), AmpA apparently taps into the available SUMO pool. SUMO2/3 modification
of AmpA throughout the infection cycle is likely critical for bacterial intracellular survival,
while terminal SUMOL1 conjugation of AmpA may promote a late-stage infection cycle
event. Though we observed AmpA colocalization with SUMO2/3 at the AVM, we cannot
rule out the possibility that other SUMOylated bacterial and/or host proteins localize or are
in close proximity to AmpA and the AVM.

Results from our pulldown assays and confocal studies evidence that only a small portion of
the available AmpA pool, whether bacterial-derived or ectopically expressed, is actually
SUMOylated at any given time. The “SUMO enigma” refers to the phenomenon observed in
eukaryotic cells that only a small proportion of an available substrate protein need be
SUMOylated to achieve maximal effect (Hay, 2005). For example, SUMO conjugation of
the glutamate receptor subunit 6 (GIuR6) results in its endocytosis from the plasma
membrane. Even though only a small portion of SUMOylated GIuR6 can be detected at any
one time, a large proportion of GIuR6 undergoes SUMO-induced endocytosis. Moreover,
the spatial consequence of SUMOylation persists, as even after GIuR6 has been
deSUMOylated, it remains at the subcellular locale to where it trafficked, distinct from
unmodified GIuR6 (Martin et al., 2007, Wilkinson et al., 2010). The present study extends
the “SUMO enigma” to a bacterial effector and underscores the ability of A.
phagocytophilum to efficiently exploit SUMOylation.
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The observed dose-dependent response of A. phagocytophilum infection to anacardic acid
suggests that, despite potential off-target effects, pathogen load is decreased with increasing
amounts of SUMOQylation-inhibitory drug. Specific knockdown of the SUMO conjugating
E2 enzyme, Ubc9, leads to a modest increase in infection and number of ApVs per cell.
Thus, a balance appears to exist between the relevance of SUMOylation to A.
phagocytophilum survival and the host cell anti-intracellular microbe response. In all
likelihood neither the pharmacologic or siRNA-mediated treatment completely abolished
SUMOylation in the cell. Indeed, a small amount of Ubc9 was still expressed after
knockdown and the stability of anacardic acid over longer periods of time in cell culture is
not known, which may have lead to cycling of SUMOylation inhibition and release with
replacement of the drug every 24 h. Here, the “SUMO enigma” may also be playing a role,
in that a small amount of SUMOylation is sufficient for A. phagocytophilum replication to
persist. Complete inhibition of SUMOylation would likely have lethal effects on the host
cell and, correspondingly, on the pathogen. Support for this premise is provided by the facts
that deletion of Ubc9 in chicken DT40 lymphocytes ultimately leads to apoptosis (Hayashi
et al., 2002) and Ubc9-deficient mouse embryos die early in development (Nacerddine et al.,
2005). We complimented the anacardic acid and ubc9 knockdown approaches using
ectopically expressed AmpA as a competitive agonist against A. phagocytophilum
intracellular growth. As shown in other studies, ectopic expression of an effector in infected
cells can either boost infection, as demonstrated for A. phagocytophilum Ats-1 (Niu et al .,
2012), or hinder pathogen growth, as shown for Chlamydia caviae IncA and C. pneumoniae
Cpn0585 (Cortes et al., 2007, Rockey et al., 1997). Ectopically expressed GFP-AmpA was
an effective agonist that reduced the A. phagocytophilum load, presumably by sequestering
host interacting partners away from native AmpA. Notably, ectopically expressed GFP-
AmpA K*R was a less effective competitor, equating the loss of lysines with a likely loss in
binding potential to host ligands. Although SUMOylation is not the only modification
specific for lysines and the A. phagocytophilum AVM has been previously been shown to be
decorated with monoubiquitin (Huang et al., 2012), the GFP-AmpA K*R data underscore
the importance of AmpA lysine residues in its interaction with yet-to-be identified
eukaryotic host factors.

Thematic homologies clearly exist between A. phagocytophilum AmpA and similar effectors
of its fellow Anaplasmataceae family member, E. chaffeensis. Although lacking in sequence
homology, AmpA and ehrlichial TRPs share the occurrence of repetitive sequences, localize
to the pathogen-occupied vacuolar membrane, and are secreted into the host cytosol (Zhu et
al., 2009, Huang et al., 2010c, Zhu et al., 2011, Luo et al., 2012). Yeast two hybrid analyses
have revealed the great capacity of ehrlichial TRPs to interact with multiple host proteins
with various functions, including transcriptional regulation, signal transduction, intracellular
vesicular trafficking, translation, proteomic-mediated degradation, iron metabolism, and
cytoskeletal organization. Many of these ligands localized to the E. chaffeensis-occupied
vacuole (Luo et al., 2011, Wakeel et al., 2009, Zhu et al., 2011). In light of these prior
reports and our data, the question is raised: how does one effector mediate interactions with
so many different eukaryotic binding partners? Modifications such as SUMQylation may
allow the effector to diversify its ligand repertoire. It is fathomable that different SUMO-
modification patterns of an effector over the course of infection alter the pathogen’s
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interactome profile to facilitate events critical for each stage of infection. Such a use of
SUMOylation would give obligate intracellular pathogens like A. phagocytophilum, which
has a smaller genome and fewer annotated effectors than extracellular or facultative
intracellular bacterial pathogens, the advantage of expanding its limited effector force to
participate in a broader network of host modulatory activities. It is therefore imperative to
map the modified lysine residues in AmpA and determine its binding partners in order to
further our understanding of how this effector contributes to A. phagocytophilum
intracellular survival.

EXPERIMENTAL PROCEDURES

In silico analyses

The AmpA sequence (APH1387; YP_505886.1) was analyzed for predicted SUMOQylation
sites using GPS-SUMO SumoSp Prediction of SUMOQylation Sites (http://
sumosp.biocuckoo.org/) (Ren et al., 2009); SUMOplot Analysis Program (http://
www.abgent.com/sumoplot); and sequence-based evaluation of SUMOylation sites
(seeSUMO)(http://bioinfo.ggc.org/seesumo/) (Teng et al., 2012).

Cell lines and cultivation of A. phagocytophilum

HL-60 cells were maintained and A. phagocytophilum strain NCH-1 was cultured in HL-60
cells as described (Huang et al., 2012). RF/6A monkey choroidal endothelial cells
(CRL-1780; American Type Culture Collection [ATCC], Manassas, VA) were cultured and
infected with A. phagocytophilum strain NCH-1 as described (Huang et al., 2012). HelLa 229
epithelial cells (CCL-1.2; ATCC) were grown in RPMI 1640 (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (FBS; Gemini Bio-Products, Sacramento, CA) at
37°C with 5% CO,. HEK-293 cells were cultured in Dulbecco’s Modified Eagle’s Medium
with L-Glutamine, 4.5 g/L D-Glucose, and 100 mg/L sodium pyruvate (DMEM; Invitrogen)
supplemented with 10% FBS, 1X MEM Non-Essential Amino Acids (Invitrogen), and 15
mM HEPES (Affymetrix, Cleveland, OH) at 37°C with 5% CO,. HEK-293 cells were
infected with A. phagocytophilum organisms that had been naturally released from infected
RF/6A cells into the culture media as follows. HEK-293 cells to be infected were seeded in a
25-cm? flask and overlaid with 3 ml of media. Next, 2 ml of A. phagocytophilum laden
media from heavily infected RF/6A cells was added for a final volume of 5 ml and the
infected HEK-293 culture was incubated at 37°C with 5% CO, for 48 h or longer.

Plasmid constructs

AmpA, AmpA1.1g0, and AmpA1sg.57g coding regions were amplified using primers listed in
Table 2 and Platinum Pfx DNA polymerase (Invitrogen). Amplicons were purified using
QIAquick PCR purification columns (QIAGEN, Valencia, CA) and cloned into
PENTR/TEV/D-Topo (Invitrogen) as described previously (Huang et al., 2010c) to yield
PENTR entry plasmids containing the DNA fragment of interest. DNA sequencing was used
to verify insert integrity. Recombination of the insert sequence downstream of and in frame
with the gene GFP in the pDest-53 plasmid (Invitrogen) was achieved using LR Clonase
(Invitrogen) as described (Huang et al., 2010c). GFP-AmpA K*R was generated by gene
synthesis of AmpA with the codons for all 19 lysine residues substituted with codons
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encoding arginine and flanked with EcoRI and Sall restriction sites (Biomatik, Ontario,
Canada). AmpA K*R DNA was restriction cloned into the eGFP-C1 plasmid (Clontech,
Palo Alto, CA) via the EcoRI/Sall sites and sequenced to verify insert fidelity.

Western blot analyses

Protein samples for Western blot analysis were resolved by SDS-PAGE, transferred to
nitrocellulose or PVDF membrane, blocked in TBS containing 5% (vol/vol) non-fat dry
milk, and probed as described (Carlyon et al., 2002). Primary antibodies were rabbit anti-
AmpA (Huang et al., 2010c) used at a 1:5,000 dilution; mouse anti-f-actin (Santa Cruz
Biotechnology, Dallas, TX) used at a 1:2,500 dilution; rabbit anti-GFP (Invitrogen) used at a
1:1,000 dilution; rabbit anti-Ubc9 (Santa Cruz) used at a 1:200 dilution; mouse anti-GAPDH
(Sigma Aldrich, St. Louis, MO) used at a 1:10,000 dilution, and rabbit anti-P44 (Troese et
al., 2011) used at a 1:5,000 dilution. Secondary antibodies were horseradish peroxidase
(HRP)-linked goat anti-rabbit 1gG and goat anti-mouse 1gG, both of which were purchased
from Cell Signaling Technology (Beverly, MA) and were used at a 1:10,000 dilution.
Densitometry was performed using ImageJ (http://rsb.info.nih.gov/ij/).

In vivo SUMOylation assays

HelLa or HEK-293 cells were seeded in 6 well plates and transfected with 4.0 to 8.0 g of
endotoxin-free purified plasmid DNA (Maxi kit, QIAGEN) using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s directions. Transfected HeLa or HEK-293 cells
and A. phagocytophilum infected HL-60 cells were lysed in 50mM Tris-HCI, pH 7.5,
150mM NaCl, and 200mM iodoacetamide (Sigma) with protease inhibitor cocktail (Roche
Diagnostics GmBH, Mannheim, Germany). Lysates (100 ug) were subjected to SUMO-
Qapture-T pulldowns (Enzo Life Sciences, Farmingdale, NY) following the manufacturer’s
protocol and analyzed by Western blotting. PolySUMOylated proteins were isolated and
enriched from infected and transfected cells using the PolySUMO-Qapture kit (Enzo Life
Sciences). Cells were lysed in 50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5%
deoxycholate, and 200 mM iodoacetamide with protease inhibitor cocktail and processed
according to the manufacturer’s directions using 200 pg of lysate. Eluates were analyzed by
Western blotting.

LSCM analysis of AmpA colocalization with SUMO1 and SUMO2/3 in A. phagocytophilum
infected cells

Coverslips of A. phagocytophilum infected RF/6A cells were processed at 12, 16, 20, 24,
and 28 h post infection for LSCM as described (Huang et al., 2010c). Primary antibodies
used were rabbit anti-SUMO1 (AbCam, Cambridge, MA) at a 1:250 dilution, and rabbit
anti-SUMO2/3 (AbCam) at a 1:100 dilution, mouse anti-AmpA at a 1:200 dilution. To
generate mouse polyclonal anti-AmpA serum, C3H/HeJ mice were immunized against
glutahtione-S-transferase-tagged AmpA as previously described (Troese et al., 2011). Alexa
Fluor 594-conjugated goat anti-rabbit IgG and Alexa Fluor 488-conjugated goat anti-mouse
1gG (both from Invitrogen) were used as secondary antibodies prior to mounting with
Prolong gold antifade plus 4/,6-diamidino-2-phenylindole (DAPI) (Invitrogen) and imaged
with a Zeiss LSM 700 laser-scanning confocal microscope.
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Assessment of the effect of ectopically expressed GFP-AmpA on A. phagocytophilum
bacterial load

HEK-293 cells were transfected to express GFP, GFP-AmpA, or GFP-AmpA K*R. At 24 h,
the transfected cells were incubated with host cell-free A. phagocytophilum organisms that
had been naturally released from infected RF/6A cells as described above. The infection was
allowed to proceed for 48 h, at which time total DNA was isolated from each culture using
the DNeasy Blood and Tissue kit (QIAGEN). gPCR was performed on triplicate samples
consisting of 100 ng genomic DNA, SsoFast Evagreen Supermix (Bio-Rad), and primers
targeting genes encoding A. phagocytophilum 16SrDNA (APH_1000) and human B-actin
(Table 2). Quantitative PCR assays were performed using the CFX96 real-time PCR
detection system (Bio-Rad). Relative infection load levels were normalized to the DNA
levels of the host cell Factin gene using the 272ACT (Livak) method (Livak et al., 2001) and
the Prism 5.0 software package (Graphpad, San Diego, CA).

Pharmacologic inhibition of SUMOylation

Anacardic acid (EMD Millipore, Billerica, MA) dissolved in DMSO was used to pre-treat 3
x 108 HL-60 cells or 2 x 10° HEK-293 cells for 4 h at final concentrations of 10, 25, or 50
UM in primary growth media. HL-60 cells were synchronously infected with A.
phagocytophilum (Troese et al., 2009) for one h, while HEK-293 cells were asynchronously
infected with host cell-free A. phagocytophilum organisms that had been naturally released
from infected RF/6A cells. All cells were subsequently maintained for 96 hours post
infection with the anacardic acid/primary growth media replaced every 24 h. Cells were
collected, washed with phosphate buffered saline, and processed for total DNA isolation for
gPCR as above or whole lysis with RIPA buffer as described previously (Troese et al.,
2011).

siRNA knockdown of ubc9 in A. phagocytophilum infected HEK-293 cells

To assess the role of SUMOylation on A. phagocytophilum infection, siRNA was used to
knockdown expression of the SUMOylation E2 ligase, ubc9, in HEK-293 cells. 4 x 104
HEK-293 cells were seeded per well in 24 well plates or 2 x 10° cells per well of a 6-well
plate. Cells were transfected 24 h later with ON-TARGETplus SMART pool siRNA
(Thermo Fisher Scientific, Pittsburgh, PA) targeting human gapdh or ubc9 mRNA, or with a
non-targeting siRNA using DharmaFECT 1 (Thermo Fisher Scientific). No siRNA
(transfection agent only) served as a negative control. Seventy-two h post transfection,
HEK-293 cells were transfected with a second round of siRNA and infected with A.
phagocytophilum organisms that had been naturally released from infected RF/6A cell
cultures as described above, and incubated an additional 48 h prior to processing. HEK-293
cells were suspended in culture media and re-seeded onto 12 mm coverslips for
immunofluorescent staining with P44 antibody (Huang et al., 2010a) at a dilution of 1:500,
collected for whole cell lysis in RIPA buffer and Western blotting analysis as described
(Carlyon et al., 2002), or processed for gPCR as noted above. Coverslips were analyzed via
spinning disk confocal microscopy using Slidebook software (Huang et al., 2010a) to denote
A. phagocytophilum infected cells, which possessed one or more P44-positive ApVs, or
uninfected cells, which did not. To determine the percentage of infected cells, the total
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number of infected host cells was divided by the total number of 400 cells counted per
condition and multiplied by a factor of 100. Prism software was used to generate graphical
data.

Statistical analyses

One-way analysis of variance (ANOVA) with Dunnett’s post test was performed using the
Prism 5.0 software package to assess statistical significance (set at P < 0.05). For
densitometry data, a one sample t test was used.
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Fig. 1.

Sc%ematic diagrams of full-length A. phagocytophilum AmpA and truncated recombinant
AmpA proteins used in these studies. A. Diagram of full-length AmpA. AmpA comprises an
amino (N)-terminal region (amino acids 1 to 179), a tandem repeat region (amino acids 180
to 549), and a short carboxy (C)-terminal region (amino acids 550 to 578). The repeat region
consists of 3 tandemly-arranged direct repeats (indicated by the colored arrows) consisting
of 93 (red), 122 (blue), and 130 amino acids (green). The scale indicates 50 amino acid
intervals. B. Diagrams of AmpA truncations. The AmpA C-terminal truncation AmpAj.1g0
(top) lacks the tandem repeat region and contains 6 lysine (K) residues within its 180 amino
acid length. The AmpA N-terminal truncation AmpA1sg.57g (bottom) has the non-repeat
region removed and contains 13 lysines within its 421 amino acid length. Each AmpA
truncation was fused to GFP (not shown) on its N-terminus. Arrows above the diagram
denote lysine (K) residues and their amino acid position within AmpA. Colored lysine
positions coordinate to their locations within their respective tandem repeat regions (red,
blue, and green arrows).
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Fig. 2.

E(?topically expressed AmpA is SUMOylated. SUMOylation pulldowns with ectopically
expressed GFP-AmpA, GFP-AmpAj.189, GFP-Ampisg.578, GFP-AmpA K*R, and GFP in
HelL a cells. Western blots of protein input (top) and pulldown eluates (bottom) were
screened with GFP antibody. Arrows denote the expected apparent molecular weights for
each GFP-AmpA protein and the expected size for GFP. Blots are representative of 2—4
pulldowns performed for each GFP-AmpA protein.
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Fig. 3.

Ngtive AmpA is SUMOylated in A. phagocytophilum infected HL-60 cells. Upper panel
shows uninfected (U) and infected (I) HL-60 lysate input and pulldown lanes probed by
Western blot analysis with AmpA antibody. Middle and lower panels show Western blotting
of samples with antibodies against A. phagocytophilum P44 and Ubc9 as negative and
positive controls for SUMOQylation, respectively. Arrows denote the multiple isoforms of
native AmpA and the expected sizes for P44 and Ubc9. Data presented are representative of
four experiments with similar results.
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Fig. 4.

E(?topically expressed and native AmpA are poly-SUMOylated. A. Input (left panel) and
pulldowns (right panel) of HEK-293 cells transfected to express GFP-AmpA, GFP-AmpA
K*R, or GFP alone. Western blots were probed with GFP antibody. Arrows denote the
expected apparent molecular weights for GFP-AmpA, GFP-AmpA K*R, and GFP. B. Input
(left panel) and pulldowns (right panel) of uninfected and A. phagocytophilum infected
HL-60 cells. Western blots were probed with AmpA antibody. Arrow denotes the expected
apparent molecular weight for native AmpA protein. Data shown are representative of two
experiments with similar results.
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Fig. 5.

Lc?calization of SUMO1 and AmpA in A. phagocytophilum infected mammalian host cells.
A. Representative images of infected RF/6A cells at 12, 16, 20, 24, and 28 h post infection.
Time points are marked at the left of each row. Cells were immunofluorescently stained to
detect AmpA (green), SUMOL1 (red), and DNA (DAPI, blue). Merged images are shown in
the third column. Areas demarcated by white hatched boxes in the merged column are
magnified five-fold in the fourth column. White arrows indicate representative areas where
AmpA and SUMOL signals colocalize. Scale bars, 20 um. B. SUMOL1 (red) and DNA
(DAPI, blue) staining in an uninfected RF/6A cell. C and D. Merged confocal images of
RF/6A cells infected with a low MOI of A. phagocytophilum (C) and A. phagocytophilum
infected HL-60 cells (D) stained for AmpA (green), SUMOL1 (red), and DNA (DAPI, blue)
at 24 h post infection.
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Fig. 6.
Localization of SUMO2/3 and AmpA in A. phagocytophilum infected mammalian host cells.

A. Representative images of infected RF/6A cells at 12, 16, 20, 24, and 28 h post infection.
Time points are marked at the left of each row. Cells were immunofluorescently stained to
detect AmpA (green), SUMO2/3 (red), and DNA (DAPI, blue). Merged images are shown
in the third column. Areas demarcated by white hatched boxes in the merged column are
magnified five-fold in the fourth column. B. SUMOZ2/3 (red) and DNA (DAPI, blue)
staining in an uninfected RF/6A cell. C and D. Merged confocal images of RF/6A cells
infected with a low MOI of A. phagocytophilum (C) and A. phagocytophilum infected
HL-60 cells (D) stained for AmpA (green), SUMO2/3 (red), and DNA (DAPI, blue) at 24 h
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post infection. White arrows indicate representative areas where AmpA and SUMO2/3
signals colocalize and/or SUMO2/3 accumulates on the AVM. Scale bars, 20 um.

Cell Microbiol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Beyer et al.

>

Relative bacterial load

1.5+ HL-60

-
o
L

(16s rDNA to B-actin)
o
13
1

0.0
0uM 10 uM 25 uM
Anacardic acid

Q

¥ D

&
- -
we:aAmpA | IR B

WB: o P44 | eump amm s

O
=3
&
(]

-
o
'l

0.54

Relative bacterial load
(16s rDNA to B-actin)

0.0

50 uM

O

:|AmpA
WB: o AmpA

WB: o P44
<+ P44
WB: o B-actin
< B-actin

WB: o f-actin | «lh e e e

Fig. 7.

HEK-293

*%

Page 24

*kk

0 uM 10 uM 25 uM 50 uM
Anacardic acid

<+ AmpA

<P44

< B-actin

Pharmacologic inhibition of SUMOylation reduces the A. phagocytophilum load. HL-60 (A
and B) and HEK-293 (C and D) cells were treated with 0, 10, 25, or 50 uM anacardic acid
for 4 h prior to infection by A. phagocytophilum. The infected cells were maintained for 96
h, with anacardic acid-containing growth media being replenished every 24 h. Cells were
collected for gPCR (A and C) and Western blot analyses (B and D). For gPCR, relative
DNA loads of A. phagocytophilum 16s rRNA gene were normalized to DNA loads of the
human f-actin gene using the 272ACT (Livak) method. Results shown are the means + SD of
triplicate samples and are representative of three independent experiments in HL-60 cells
and two independent experiments in HEK-293 cells, with similar results. Statistically
significant (*P < 0.05; **P < 0.005; ***P < 0.001) values relative to the 0 uM control are
indicated. In B and D, 15 pg or 5 pg of whole cell lysate, respectively, was loaded per lane.
Blots were probed with AmpA and P44 antibodies to examine pathogen burden, in
comparison to the -actin loading control. Data shown are representative of two independent
sets of Western assays performed for each cell type.
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Fig. 8.

Ut?c9 expression is not altered by A. phagocytophilum infection, but knockdown of Ubc9
results in a significantly increased bacterial load. A and B. A. phagocytophilum infection
does not alter Ubc9 expression. A. Western-blotted whole cell lysates of uninfected and A.
phagocytophilum infected cells were screened with $-actin and Ubc9 antibodies. B. Three
pairs of infected and uninfected HL-60 lysates were examined in duplicate by Western
blotting and the ratio of Ubc9 to -actin analyzed by densitometry. “ns”, not significant. C.
HEK-293 cells support A. phagocytophilum infection. HEK-293 cells that had been
incubated with A. phagocytophilum were stained with DAPI (blue) to denote host cell nuclei
(N) and bacteria (*). Cells were also stained with anti-AmpA (red) prior to visualization
using LSCM. Scale bar, 10 pm. D-G. Effect of ubc9 knockdown on the A. phagocytophilum
load in infected HEK-293 cells. HEK-293 cells were transfected with siRNA targeting ubc9
or gapdh, non-targeting siRNA, or transfection agent only (mock). At 72 h post transfection,
the cells were boosted with a second siRNA transfection and infected with A.
phagocytophilum. At 48 h post infection, the cells were resuspended and seeded on
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coverslips for immunofluorescent staining or collected for whole cell lysis and Western
blotting analysis. D. Western blots demonstrating siRNA knockdown of Ubc9. Whole cell
lysates from mock-, non-targeting siRNA-, gapdh siRNA-, and ubc9 siRNA-transfected
cells were screened with antibodies targeting Ubc9 and GAPDH to confirm knockdown, and
[B-actin as a loading control. Blots are representative of more than four independent siRNA
knockdown assays. E-G. The A. phagocytophilum load is modestly higher in host cells in
which ubc9 has been knocked down. siRNA-treated and control host cells that had been
infected with A. phagocytophilum were collected and processed for gPCR (E) or
immunofluorescence microscopy (F and G). E. Relative loads of A. phagocytophilum 16S
rRNA gene were normalized to human f-actin using the 228CT (Livak) method. Results
shown are the means + SD of triplicate samples and are representative of two independent
experiments with similar results. Statistically significant (*P < 0.05) values relative to the
ubc9 knockdown are indicated. F and G. Coverslips containing siRNA knockdown cells
were processed for immunofluorescence and screened with anti-P44 to denote ApVs inside
host cells. The mean + standard deviations of percentages of infected HL-60 cells (F) and
Ap vacuolar inclusions per HL-60 cell (G) were determined using immunofluorescence
microscopy. Data presented are representative of two independent experiments. Statistically
significant (*P < 0.05; **P < 0.005) values are indicated.
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GFP GFP-AmpA GFP-AmpA K*R

Ectopically expressed AmpA limits A. phagocytophilum growth in a lysine-dependent
manner. Transfected HEK-293 cells expressing GFP-AmpA, GFP-Amp K*R, or GFP were
infected with A. phagocytophilum. Genomic DNA was isolated and subjected to gPCR.
Relative DNA loads of the A. phagocytophilum 16s rRNA gene were normalized to DNA
loads of the human factin gene using the 2722CT (Livak) method. Results shown are the
means + SD of triplicate samples and are representative of two independent experiments
with similar results. Statistically significant (*P < 0.05; **P < 0.005) values relative to the
GFP or GFP-AmpA are indicated. GFP vector alone was set as the control, equal to 1.0.
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Table 1

Predicted SUMOylation sites in AmpA

K position® SUMOSp2.0P SUMOplot  seeSUMO

33

44

83

128

135 e H yd
138

2278

265 H H Y
279

304 H H

312 M H

351

389 H H

419 L L

427 L

475

513 H H

543 L L

568 H

a " . . T .
K position refers to the amino acid position in AmpA where each lysine (K) occurs.

bSUMOSpZ.O, SUMOplot, and seeSUMO denote the three SUMOylation prediction algorithms used to analyze AmpA.

CH, high probability; M, medium probability; L, low probability, as scored by SUMOSp2.0 and SUMOplot.

dY, yes for SUMOylation; N, no for SUMOylation, as scored by seeSUMO.

Page 28

e . . ) . . -
Red, blue, and green colored lysine positions correspond to the first, second, and third tandem repeats, respectively, of AmpA as shown in Figure
1.
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Table 2
Oligonucleotides used in this study
Designation Forward Primer (5-3) Reverse Primer (5-3)
PENTR-APH1387 CACCAATGTATGGTATAGATATAGAGCTAAG CTAATAACTTAGAACATCTTCATCG
PENTR- CACCTATGGTATAGATATAGA CTAGTCTCAACTTCTTCAATT
APH13871-180 GCTAAGTGATTACAGAATTGG GCTGGTGCTTC

PENTR- APH1387158-578 CACCTCGGGTGTAGATACGCAAGAAGAACAAG

CTAATAACTTAGAACATCTTCATCGTCAGGATCCTTTAACG

f-actin AGAGGGAAATCGTGCGTGAC

CAATAGTGATGACCTGGCCGT

Ap 16S TGTAGGCGGTTCGGTAAGTTAAAG

GCACTCATCGTTTACAGCGTG

a . . .
Underlined nucleotides correspond to a Gateway entry vector-compatible sequence.
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