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ABSTRACT: Stenotrophomonas maltophilia is an emerging,
multidrug-resistant pathogen of increasing importance for the
immunocompromised, including cystic fibrosis patients.
Despite its significance as an emerging pathogen, relatively
little is known regarding the specific factors and mechanisms
that contribute to its pathogenicity. We identify and
characterize a putative ankyrin-repeat protein (Smlt3054)
unique to clinical S. maltophilia isolates that binds F-actin in
vitro and co-localizes with actin in transfected HEK293a cells.
Smlt3054 is endogenously expressed and secreted from clinical S. maltophilia isolates, but not an environmental isolate (R551-3).
The in vitro binding of Smlt3054 to F-actin resulted in a thickening of the filaments as observed by TEM. Ectopic expression of
Smlt3054−GFP exhibits strong co-localization with F-actin, with distinct, retrograde F-actin waves specifically associated with
Smlt3054 in individual cells as well as formation of dense, internal inclusions at the expense of retrograde F-actin waves.
Collectively, our results point to an interaction between Smlt3054 and F-actin. Furthermore, as a potentially secreted protein
unique to clinical S. maltophilia isolates, Smlt3054 may serve as a starting point for understanding the mechanisms by which S.
maltophilia has become an emergent pathogen.

KEYWORDS: Stenotrophomonas maltophilia, ankyrin-repeat protein, actin-binding protein

S tenotrophomonas maltophilia is a nonfermenting, Gram-
negative, multidrug-resistant bacilli that has gained

significant attention as an emerging, opportunistic pathogen
in immunocompromised patients.1,2 In particular, S. maltophilia
is among the most prevalent bacteria responsible for ventilator-
associated pneumonia, with longer treatment times and
associated treatment costs required for S. maltophilia versus
other prevalent pathogens.3 S. maltophilia is also increasingly
found as part of chronic, multispecies bacterial infections in
cystic fibrosis (CF) patients, with approximately 9% of CF
patients in recent studies having co-infection of Pseudomonas
aeruginosa and S. maltophilia.4 As a result, the attributed crude
mortality of S. maltophilia infection was recently estimated to
be as high as 37%, and S. maltophilia is among the 15 most
prevalent pathogens isolated from pediatric patients in North
America in the 2004 SENTRY Antimicrobial Surveillance
Program.2

Although the significance of S. maltophilia as a nosocomial
pathogen is clear, relatively few specific virulence factors that
act directly on host cells have been identified. S. maltophilia
clinical isolates test positive for extracellular protease and lipase
activity, and recent studies have indicated that loss of
extracellular protease activity associated with a type II secretion
system (T2SS) reduces virulence in lung epithelial cell (A549)

cultures.5−7 Several studies have focused on the role of biofilm
formation in S. maltophilia invasion and virulence, particularly
in clinical isolates from CF patients. Of particular note, biofilm
formation from both CF and non-CF isolates was associated
with increased adhesion to epithelial respiratory cells, and
clinical S. maltophilia isolates were observed to be capable of
internalizing in both A549 and IB3-1 bronchial cells with rates
ranging from 0.4 to 4.9%.8,9 Internalization provides one
mechanism by which bacteria evade host detection, and in the
case of S. maltophilia, the presence of internalized bacteria was
consistent with its increased ability to persist during chronic
lung infection.10 Interestingly, whereas adhesion to host cells
was observed to correlate with biofilm formation, the rate of
invasion was not correlated with biofilm formation. Thus, the
specific factors responsible for S. maltophilia invasion and
persistence, particularly in chronic lung infection, remain an
active area of research.
We describe the identification and characterization of a

putative ankyrin-repeat containing protein unique to clinical
isolates of S. maltophilia (Smlt3054, NCBI accession no.
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SMLT_RS14540) that is secreted from clinical isolates of S.
maltophilia, binds F-actin in vitro, and affects cellular F-actin
localization. Several bacterial pathogens, including Salmonella,
Shigella, Rickettsia, and Listeria, are known to secrete effectors
that disrupt F-actin structure and bundling in order to invade
host cells during infection, with a steadily growing list of
virulence factors that either act directly on actin or disrupt
actin-dependent signaling pathways.11,12 Furthermore, numer-
ous bacterial pathogens secrete ankyrin-repeat containing
proteins into their host to hijack various host functions.13 We
find that Smlt3054 is endogenously expressed and secreted
from S. maltophilia stains associated with infection and leads to
disruption of cellular F-actin structure and localization when
overexpressed in HEK293 cells. By tracking the fate of F-actin
in HEK293 cells overexpressing Smlt3054, we observe specific
Smlt3054 binding to retrograde F-actin waves appearing at the
leading edge of cells, which are regions of high membrane and
F-actin turnover involved in cell motility. Purified Smlt3054
binds F-actin in vitro and TEM images reveal thickened,
distorted F-actin fibers formed in the presence of added
Smlt3054. Collectively, our results indicate Smlt3054 is a
secreted protein from S. maltophilia clinical isolates that acts on
F-actin in a manner consistent with a role in host cell
cytoskeleton disruption, which may enhance invasion.

■ RESULTS

Expression and Purification of Smlt3054 Resulted in a
Soluble, Folded Protein. We originally identified Smlt3054
through a comparative analysis of published genomes from S.
maltophilia clinical isolates (K279a, Ab55555) versus environ-
mental isolates (R551-3, SKA14), where it was identified as a
hypothetical protein present exclusively in a subset of clinical
isolates.1,14 The Smlt3054 gene (NCBI GeneID 6391502) was
isolated from S. maltophilia K279a genomic DNA and
subcloned into pET28a(+). The primary amino acid sequence
of the resulting recombinant protein is presented in Figure 1,
including the N-terminal His6-tag added by pET28a(+) for
IMAC purification (shown in bold and underlined) and three
predicted ankyrin-repeat domains (ANKs) located near the C-
terminal of Smlt3054 (highlighted in purple, green, and blue).
The 33-residue ankyrin-repeat is one of the most common
amino acid motifs observed in nature and frequently appears in
tandem repeats which cooperatively fold into structures that
undergo protein−protein interactions, including interactions
between host and microbial proteins.13 In addition to
interacting with other target proteins, ankyrin-repeat containing
proteins are also known to interact with themselves to form
homomultimers.15−17 Recombinant Smlt3054 was expressed
and purified from Escherichia coli (Figure 2A,B). The predicted

Figure 1. Primary amino acid sequence of recombinant His6−Smlt3054. The primary amino acid sequence of His6−Smlt3054 contains 308 amino
acids, including the His6-tag added by pET28a(+) (highlighted in bold and underlined) used for IMAC purification and three predicted ANKs
(highlighted in purple, green, and blue). The secondary structure of recombinant His6−Smlt3054 is 44.5% α-helical, as shown by the residues
designated with a red “H”.19 The alignment of each ANK with the consensus sequence for ankyrin-repeats is also shown. Whereas overall sequence
identity of each ANK is <58%, the most frequently conserved amino acids in the 33-residue motif are conserved for each ANK in Smlt3054.37

Figure 2. Expression and purification of recombinant Smlt3054. (A) SDS-PAGE gel of IMAC-purified, His6-tagged Smlt3054 expressed
recombinantly from E. coli BL21 (DE3) cells. The molecular weight of Smlt3054 based on primary sequence plus the N-terminal His6-tag is 33.4
kDa. (B) Western blot using anti-His6 monoclonal antibody confirming the presence of His6-tagged Smlt3054 in purified protein sample. (C)
Circular dichroism spectra of purified Smlt3054 revealing an α-helical secondary structure, consistent with the predicted 44.5% α-helical structure for
Smlt3054 from Jpred4.19 (D) Tryptophan emission spectra for purified Smlt3054 blue-shifted relative to free tryptophan, consistent with burial of
tryptophan residues present in Smlt3054.
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molecular weight of His6-tagged Smlt3054 is 33.4 kDa,
consistent with the most prominent band in Figure 2A,B.18

However, higher molecular weight species were detected by the
anti-His6 antibody as well (Figure 2B), at approximately twice
the molecular weight of monomeric His6−Smlt3054. Thus, our
results imply that Smlt3054 forms SDS-PAGE resistant
multimers, consistent with other ankyrin-repeat containing
proteins.15−17

Prediction of secondary structure using JPred419 indicates
that Smlt3054 is 44.5% α-helical (Figure 1) and is therefore
consistent with the α-helical signal measured by circular
dichroism (Figure 2C). Likewise, tryptophan fluorescence
emission spectra show a blue-shift as compared to free
tryptophan (Figure 1D), indicative of partial burial of
tryptophan side chains. Thus, we conclude that Smlt3054 is
expressed and purified in a soluble form, with secondary and
tertiary structures consistent with those of a folded protein.
Smlt3054 Is Endogenously Expressed and Secreted in

S. maltophilia Clinical Isolates. Given that S. maltophilia is
noteworthy in terms of its genetic diversity,20 we were
interested in determining whether the Smlt3054 gene was
prevalent in clinical isolates and how well conserved the
primary amino acid sequence was between the various strains.
Of the 20 clinical strains tested, 10 screened positive for the
Smlt3054 gene. Sequencing of the Smlt3054 PCR products
from each positive clinical strain revealed seven unique primary
amino acid sequences, one of which was identical to Smlt3054
from S. maltophilia K279a and six that shared between 93 and
95% sequence identity with Smlt3054 from S. maltophilia
K279a (Figure S1). Each of the six divergent sequences
contained between 11 and 17 point mutations distributed
throughout the entirety of the protein (Figure S1). Our results
provide further evidence that S. maltophilia exhibits an
exceptional degree of genetic diversity even in strains isolated
from the same hospital.20

We were also interested in whether the Smlt3054 protein was
endogenously expressed from the clinical isolates. Using
purified Smlt3054 (Figure 2), a polyclonal antibody against
Smlt3054 was raised and tested against eight clinical S.
maltophilia strains that screened positive for the gene. An
anti-Smlt3054 Western blot revealed expression of Smlt3054
for two of eight strains under standard growth conditions as
well as the reference strain K279a that contains Smlt3054,

whereas no expressed protein was detected for the environ-
mental isolate R551-3, which lacks Smlt3054. A representative
Western blot using anti-Smlt3054 for one of the clinical isolates
(BB3) is provided in Figure 3A, illustrating positive
endogenous expression in strains K279a and BB3, both of
which contain the gene product for Smlt3054, but not in the
environmental strain R551-3. Furthermore, Smlt3054 was
detected by anti-Smlt3054 Western blotting in the perisplasm
and culture supernatant of BB3 cultures (Figure 3B).
Additionally, Smlt3054 was subcloned with a C-terminal HA
tag into plasmid pMMB207, which contains a tac expression
promoter and has been used previously for protein over-
expression in S. maltophilia as well as in demonstrating
secretion of actin-binding proteins from Vibrio parahemolyti-
cus.21,22 When transformed into the clinical strain BB1, we find
that Smlt3054 overexpressed from plasmid pMMB207 is
present in the periplasm as well as the culture supernatant as
detected by Western blotting with an anti-HA antibody,
whereas no expression is detected in the absence of
pMMB207−Smlt3054 (Figure 3C). Thus, we conclude that
Smlt3054 is endogenously expressed and secreted from S.
maltophilia clinical isolates grown under standard conditions.
It should be noted that on each anti-Smlt3054 Western blot

(Figure 3A,B) endogenously expressed Smlt3054 is detected at
a molecular weight of approximately twice that of the predicted
molecular weight of Smlt3054 (29.8 kDa). As stated previously,
purified recombinant Smlt3054 samples contained higher order
oligomers as observed by anti-His6 (Figure 2B) and anti-
Smlt3054 (Figure 3A,B) Western blots, and numerous ankyrin-
repeat containing proteins have been shown to form multi-
mers.15−17 Thus, our results are consistent with Smlt3054
existing as a dimer as well as higher order oligomer when
expressed endogenously as well as overexpressed recombi-
nantly.

Smlt3054 Is Associated with Actin in Mammalian
Cells. To determine a possible role for Smlt3054 as a host
effector, we overexpressed Smlt3054 with a C-terminal GFP
fusion in transfected HEK293 cells and compared its
intracellular distribution to that of actin, which was overex-
pressed with an N-terminal tdTomato fusion, via multichannel
confocal microscopy. Similar approaches have been used
previously in determining intracellular localization and function
for secreted ankyrin-repeat effectors from Coxiella (AnkJ) as

Figure 3. Smlt3054 is secreted from clinical S. maltophilia isolates. (A) Western blot using a rabbit polyclonal antibody raised against purified
Smlt3054 indicating expression of Smlt3054 in S. maltophilia clinical isolates K279a and BB3 but not environmental isolate R551-3. (B) Western blot
using anti-Smlt3054 antibody indicating the presence of Smlt3054 in the periplasmic space and culture supernatant of BB3 cultures. (WC, whole cell
extract; P, periplasmic space; S, culture supernatant.) (C) Western blot for HA-tagged Smlt3054 overexpressed in clinical strain BB1 indicating
Smlt3054 is expressed and present in culture supernatants. Note that the genotype for strain BB1 includes Smlt3054.
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well as for actin-specific effectors from Salmonella (SopB,
SopE).23,24 We observe essentially complete overlap (yellow)
between the Smlt3054 (green) and actin (red) channels
(Figure 4, left), with a nonuniform distribution of actin−
Smlt3054 overlap throughout the cell; in particular, internal
dense regions of locally higher actin−Smlt3054 concentration
and co-localization are observed throughout the transfected
cells. This same pattern is not observed in cells co-expressing
GFP alone with tdTomato−actin, with regions of high actin
(red) concentration observed within cells distinct from GFP,
and no significant overlap between the two proteins (Figure 4,
right). Thus, the nonuniform, co-localized regions of actin−
Smlt3054 are consistent with a specific actin-Smlt3054
interaction.
Using time-lapse confocal microscopy, we tracked the fate of

Smlt3054−GFP expressed within individual cells. Snapshots
from the time-lapse images (Figure 5) and videos based on
these images (Video S1) reveal the presence of Smlt3054−GFP
(white) at prominent, retrograde F-actin “waves” propagating
from the leading edges of individual cells (Figure 5 and Video
S1). Dense, intracellular inclusions consistent with the co-
localization images (Figure 4) are also observed in individual

cells overexpressing Smlt3054−GFP, and considerably dimin-
ished retrograde F-actin waves are observed in cells containing
internal inclusions (Video S2). Retrograde F-actin waves are
known to occur in the leading edges of lamellapodia and
fillipodia during cell movement, and F-actin-driven cell motility
is associated with a wide range of cell types and biological
processes.25 The distinctness of the observed retrograde F-actin
waves (Figure 5), as well as the accumulation of dense, internal
inclusions at the expense of these waves (Video S2), provides
further evidence in support of a specific Smlt3054−actin
interaction.

Smlt3054 Binds F-Actin in Vitro. To demonstrate a
specific interaction between F-actin and Smlt3054, we used a
centrifugal assay based on the density difference between G-
actin, F-actin, and Smlt3054. In this assay, purified Smlt3054
(Figure 2) is co-incubated with F-actin, and mixtures are
ultracentrifuged to sediment F-actin and associated proteins
from solution; proteins that do not associate with F-actin
remain in solution. As expected, F-actin filaments alone
sediment when centrifuged (Figure 6A, lane 1), whereas
Smlt3054 alone does not (Figure 6A, lane 2). However, when
Smlt3054 is pre-incubated with F-actin, Smlt3054 is observed

Figure 4. Ectopically expressed Smlt3054−GFP co-localizes with tdTomato−actin in transfected HEK293 cells. The left nine panels (A−I)
correspond to coexpression of pEGFP2−Smlt3054 and ptdTomato−Actin-7, whereas the right six panels (J−O) correspond to coexpression of
pEGFP2 and ptdTomato−Actin-7. The first row panels (A, D, G, J, M) are the green (Smlt3054−GFP or GFP) channel alone, the second row
panels (B, E, H, K, N) are the red (tdTomato−actin) channel alone, and the third row panels (C, F, I, L, O) are merged images. Note the lack of co-
localization between GFP and tdTomato−actin in the panels J−O as indicated by the lack of overlap (yellow) in panels L and O, whereas the panels
A−I exhibit strong co-localization between Smlt3054−eGFP and tdTomato−actin as indicated by the overlap (yellow) in panels C, F, and I.

Figure 5. Ectopically expressed Smlt3054−GFP associates with retrograde F-actin waves. Each panel indicates individual images from time-lapse
confocal microscopy images of HEK293 cells overexpressing Smlt3054−GFP taken 20 s apart for 4 min. The white signal indicates expression of
Smlt3054−GFP. Smlt3054 is associated with transient waves at the edge of individual cells as indicated by the white arrows. Videos S1 and S2
assembled from time-lapse confocal microscopy images are also provided to illustrate the retrograde F-actin waves observed in individual cells
overexpressing Smlt3054−GFP.
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to co-sediment with F-actin (Figure 6A, lane 3). Additionally,
we repeated this experiment with G-actin to test if Smlt3054
influenced the polymerization of G-actin into F-actin (Figure
6B). Briefly, Smlt3054 is pre-incubated with G-actin in a low-
salt buffer, and then actin polymerization is induced by
increasing the salt concentration and allowed to proceed for
precisely 30 min at room temperature. Mixtures are then
ultracentrifuged, and the resulting supernatant and pellet are
analyzed for protein content via SDS-PAGE. The ultra-
centrifugation causes F-actin to sediment; however, G-actin
will remain in solution. Therefore, if Smlt3054 either sequesters
G-actin, preventing it from polymerizing into F-actin, or
promotes the polymerization of G-actin into F-actin, the
relative amount of actin protein in the supernatant and pellet
lanes containing both actin and Smlt3054 will be significantly
different from the actin alone lanes. As shown in Figure 6B, the
majority of the actin-alone sample sediments (lane 4) and
Smlt3054-alone does not (lane 5). Whereas we did observe
Smlt3054 co-sedimentation with the F-actin (lane 6P), there is
no significant difference between the amount of F-actin that
sediments when pre-incubated with Smlt3054 (lane 6) and the
amount of F-actin that sediments in the absence of Smlt3054
(lane 4). Thus, our results indicate that Smlt3054 interacts
directly with F-actin in vitro and does not significantly influence
actin polymerization, providing evidence in favor of a specific,
direct Smlt3054 interaction with F-actin filaments.

To investigate further what specific effects bound Smlt3054
may have on F-actin, purified F-actin samples incubated with
Smlt3054 were imaged via TEM. Preparation of F-actin and
Smlt3054−F-actin was performed using previously described
techniques for TEM imaging of F-actin.26 As expected, F-actin
samples exhibit long, straight filaments consistent with previous
results for TEM imaging of F-actin.26 However, in the presence
of Smlt3054 distinct changes in F-actin filament structure are
observed. First, individual filaments are thicker in the presence
of Smlt3054 (Figure 7C,D) versus F-actin filaments alone

(Figure 7A,B), with darkened regions of increased electron
density observable throughout the Smlt3054-treated samples.
Second, at 100 nm scale, regions of increased local electron
density are observed on individual filaments in the presence of
Smlt3054 (Figure 7D), with rounded protrusions observable
along individual filaments (highlighted by arrows in Figure 7D).
Collectively, these results support the observations in cells and
in vitro indicating Smlt3054 binds F-actin and provide further
insight into the specific effects of Smlt3054 on F-actin bundle
structure.

■ DISCUSSION
Bacterial pathogens have evolved a wide range of effector types
and mechanisms to deliver them to host cells to manipulate
actin cytoskeletal structure. In the case of Smlt3054, we provide
evidence in favor of it being a specific actin-binding protein in
transfected cells (Figures 4 and 5) as well as in vitro (Figures 6
and 7). Bacterial actin-binding proteins have been identified in
a wide range of pathogens, where they contribute directly to

Figure 6. Purified Smlt3054 co-sediments with F-actin in vitro.
Association of purified Smlt3054 with F-actin (A) and the effect of
Smlt3054 on actin polymerization (B) in vitro was tested using a
centrifugal assay as described under Materials and Methods. (P, pellet
formed after centrifugation; S, supernatant after centrifugation.)
Purified Smlt3054 does not sediment at high centrifugal speeds
(lanes 2 and 5), remaining in the soluble fraction (lanes 2S and 5S),
whereas purified F-actin does sediment at high centrifugal speeds
(lanes 1 and 4), accumulating in the insoluble fraction (lanes 1P and
4P). (A) F-actin binding experiment. When F-actin is pre-incubated
with Smlt3054 (lane 3), Smlt3054 is observed in the insoluble fraction
(lane 3P), indicative of association with F-actin. (B) Polymerization
test. G-actin was incubated with Smlt3054 for 30 min before inducing
polymerization for 30 min. Any remaining G-actin will stay in the
supernatant, whereas polymerized F-actin will sediment upon
ultracentrifugation. Although Smlt3054 does co-sediment with F-
actin (lane 6P), there is no significant change in the amount of actin
that sediments when pre-incubated with Smlt3054 (lane 6) and the
amount of actin that sediments in the absence of Smlt3054 (lane 4),
indicating that Smlt3054 does not alter the rate of actin polymer-
ization. Figure 7. Smlt3054 causes thickening of F-actin filaments. F-actin

filaments were negatively stained and imaged using TEM as described
previously, comparing F-actin alone (panels A and B) to F-actin
treated with Smlt3054 (panels C and D).26 Regions of higher electron
density and thicker F-actin filaments are observed for Smlt3054-
treated F-actin filaments (panels C and D) versus F-actin alone (panels
A and B). Rounded protrusions with higher electron density are also
observed on individual, thickened filaments (highlighted by arrows in
panel D).
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bacterial internalization, cell movement, and intracellular
replication.11 Among the most well-studied of these is SipA
from Salmonella typhimurium, which decreases the critical
concentration of actin required for F-actin polymerization,
stabilizes F-actin filaments by preventing depolymerization, and
enhances F-actin bundling, thereby promoting extension of
membrane ruffles and filipodia to facilitate invasion.12,27,28 For
Smlt3054, we do not observe a reduction in the concentration
of G-actin required for F-actin polymerization (Figure 6B), but
when overexpressed in transfected mammalian cells, we observe
Smlt3054 co-localization with overexpressed actin (Figure 4)
and Smlt3054 bound specifically to retrograde F-actin waves
associated with lamellapodia and fillipodia (Figure 5). We also
observe significant, morphological changes in F-actin filaments
in the presence of Smlt3054: F-actin filaments are thicker and
contain rounded, dense protrusions from individual filaments
(Figure 7). In the case of SipA, addition of SipA to F-actin
filaments resulted in an increase in electron density around the
fibers when observed by TEM. This increase was interpreted as
SipA binding laterally to individual F-actin filaments, and the
resulting TEM images were used to build a 3D predictive
model of the SipA/F-actin structure.12,28 In the case of
Smlt3054, we observe a similar increase in electron density
around individual F-actin filaments, implying that Smlt3054
also binds laterally to F-actin, essentially “coating” the filament.
However, unlike SipA, we also observed nodules of electron
density protruding from individual filaments in Smlt3054-
treated F-actin filaments (Figure 7C,D, white arrows). A recent
study of T2SS in S. maltophilia K279a indicates significant
changes in A549 actin cytoskeletal structure for cells treated
with K279a culture supernatants, and these changes were
dependent on expression of specific proteins associated with
assembly of the identified T2SS.5 Another recent study
demonstrated two serine proteases (StmPr1 and StmPr2)
secreted by S. maltophilia via a T2SS contributed either directly
or indirectly to the actin rearrangement associated with the co-
culturing of S. maltophilia K279a with A549 cells, which
ultimately resulted in cell rounding, detachment, and death.29

In the current study, secretion of Smlt3054 from clinical S.
maltophilia isolates (Figure 3) occurred under the same growth
conditions as those used in identification of type II secreted
effectors from strain K279a. In the case of S. typhimurium,
several other effectors are secreted to independently affect
microtubule structure and other aspects of cytoskeletal
structure, and in the case of S. maltophilia, it will be interesting
to identify what, if any, other effectors work in concert with
Smlt3054 to modulate host cytoskeletal structure.24

Although Smlt3054 is a hypothetical protein, we demonstrate
that it is endogenously expressed and secreted from S.
maltophilia clinical isolates containing the gene product for
Smlt3054 versus reference strains lacking the gene product for
Smlt3054 (Figure 3) and exhibits a well-defined secondary and
tertiary structure (Figure 2), providing further evidence in favor
of its being a specific S. maltophilia actin-binding effector
protein. Using the sequence-specific domain prediction tool
PFAM, Smlt3054 is predicted to contain three C-terminal
ANKs (Figure 1).30 Interestingly, bacterial ANKs have
previously been identified in other intracellular bacterial
pathogens as host effectors, including Anaplasma phagocytophi-
lum, Ehrlichia chaffeensis, Legionella pneumophila, and Coxiella
burnetii, where in each case the ANK is secreted via a type II
secretion system (T2SS) to modulate host cell behavior,
facilitate bacterial internalization, and promote intracellular

replication during infection.13 For E. chaf feensis, the effector
AnkA has been shown to interfere with dissociation of the host
IκB/NF-κB complex necessary to activate host cytokine
production and pro-inflammatory response; specifically, it is
though the ANKs present in AnkA act as mimics of IκB,
thereby sequestering NF-κB and preventing its transcriptional
activation.31 For L. pneumophila, AnkX has been shown to
interfere with microtubule-dependent transport of vesicles from
the ER to the Golgi, whereas AnkB contains an additional F-
box domain that interacts with host ubiquitination machinery;
loss of AnkB severely reduced intracellular replication of L.
pneumophila in a mouse model of infection.32,33 Thus, our
results add to the growing list of specific, virulence-associated
functions attributable to ANKs as secreted effectors from
bacterial pathogens; to date, no bacterial ANKs have been
reported whose function is to disrupt host actin cytoskeletal
structure (Figures 4 and 5) and directly bind F-actin (Figures 6
and 7) as is observed for Smlt3054.13 Given that previous
studies of S. maltophilia virulence have indicated actin
rearrangement in A549 cells occurs in a T2SS-dependent
manner, it is interesting to speculate whether Smlt3054 is
secreted via a T2SS or instead via a type I or type IV system as
has been described for other secreted bacterial ankyrin-repeat
effectors.5,13,34

In summary, we provide evidence that the hypothetical
protein Smlt3054 is expressed and secreted in clinical S.
maltophilia isolates and acts directly on F-actin filaments to
disrupt cytoskeletal structure and bind retrograde F-actin
waves. Our work provides the first study of a specific, secreted
protein from S. maltophilia having function linked to actin
cytoskeletal disruption and suggests a role as a possible effector
involved in facilitating S. maltophilia internalization during
infection. Clinical S. maltophilia isolates from cystic fibrosis
patients with chronic, drug-resistant infections were capable of
internalization in cell culture studies using bronchial epithelial
cells, and internalization was thought to contribute to both drug
resistance and persistence. Thus, our work serves as a useful
starting point for understanding mechanisms that may
contribute to the multidrug resistance and persistence of this
important, emerging bacterial pathogen.2

■ MATERIALS AND METHODS
Bacterial Strains and Genomic DNA Preparation.

Stenotrophomonas maltophilia K279a (TAX ID 522373)14 was
kindly provided by Robert Ryan (University College Cork).
Clinical isolates of S. maltophilia were collected from patients as
part of an IRB-approved study with the Lehigh Valley Health
Network in Allentown, PA, USA. All bacterial strains were
cultured in 5 mL of LB broth at 37 °C for 16 h before
resuspension in 1 mL of LB broth containing 10% glycerol for
long-term storage at −80 °C. Genomic DNA was prepared
from each isolate via standard molecular biology techniques.35

Cell Lines. HEK293 (ATCC CRL-1573) cells were
cultivated in Dulbecco’s modified Eagle medium supplemented
with 4.5 g/L glucose and sodium pyruvate (Corning), 4 mM L-
glutamine (Lonza), 10% fetal bovine serum (BioWest), and 1×
antibiotic antimycotic solution (100 U/mL penicillin G, 100
μg/mL streptomycin, and 0.25 μg/mL amphotericin B)
(Hyclone). Medium lacking phenol red was used for live cell
imaging experiments.

Genomic DNA Screening and Plasmid Preparation.
Gene-specific oligonucleotide primers were designed on the
basis of the nucleotide sequences of Smlt3054 (NCBI GeneID
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6391502) with the necessary restriction enzymes added for
cloning. Genomic DNA prepared from S. maltophilia K279a
and the 20 clinical isolates of S. maltophilia were used as PCR
templates. Smlt3054 was cloned into pMMB207 (ATCC
37809) as EcoRI/HindIII insert with a C-terminal HA epitope
tag (YPYDVPDYA) for expression in S. maltophilia, pGFP2-N3
(BioSignal Packard) as a NheI/SacI insert with no stop codon
for ectopic expression in HEK293, and pET28a(+) as a
BamHI/XhoI insert with a stop codon for overexpression in E.
coli BL21(DE3) cells.
Expression of Smlt3054 in S. maltophilia and Cell

Fractionation. Either pMMB207−Smlt3054 or empty
pMMB207 was electroporated into electrically competent S.
maltophilia BB1 cells and plated on LB agar plates containing
10 μg/mL chloramphenicol. All media were supplemented with
10 μg/mL chloramphenicol. Individual colonies were grown in
5 mL of LB broth for 16 h at 37 °C and 200 rpm. The cultures
were then diluted to an A600 of 0.8 in 5 mL of brain−heart
infusion broth and grown at 37 °C and 200 rpm for 1 h. After 1
h, protein expression was induced by the addition of 1 mM
isopropyl 1-thio-β-D-galactopyranoside. Two 1 mL samples of
cultures were harvested 16 h post-induction by centrifugation at
17000g for 30 min at 4 °C. The medium supernatant was
collected and filtered through a 0.2 μm syringe filter. One of the
resulting pellets was resuspended in 200 μL of 4 M urea and
designated the whole cell lysate sample. The periplasmic
fraction of the second pellet was extracted as described
previously.36 The whole cell lysate, periplasmic fraction, and
medium supernatant were analyzed for the presence of HA-
tagged Smlt3054 via Western blotting as described below. For
endogenous expression of Smlt3054, cells were processed as
described above, and the medium supernatant was analyzed for
the presence of Smlt3054 via Western blotting as described
below.
Ectopic Expression in Mammalian Cells. HEK293 cells

were suspended in ice-cold HEPES-buffered saline at a cell
density of approximately 106 cells/mL, and 200 μL of the cell
suspension was mixed with vector DNA (15 μg per construct)
in a total volume of 350 μL. The mixture was transferred to
prechilled 2 mm electroporation cuvettes (USA Scientific) and
electroporated via a Bio-Rad Gene Pulse XCell system using
the preset HEK293 parameters. Immediately after electro-
poration, cells were transferred to 5 mL of medium and placed
in two 35 mm dishes containing gelatin-coated glass coverslips.
After 24−36 h, the cells were fixed with 3.7% (w/v)
paraformaldehyde in PBS. Coverslips were then washed twice
with PBS and once with ddH2O before mounting onto
microscope slides with fluoromount (Sigma-Aldrich).
Epifluorescence and Confocal Laser Scanning Micros-

copy. Slides containing HEK293 cells were imaged via
epifluorescence microscopy (Zeiss) at 20× and 40× magnifi-
cation and via confocal laser scanning microscopy (Zeiss) at
63× magnification with an excitation wavelength of 488 nm for
imaging GFP-fused proteins and 543 nm for imaging
tdTomato-fused proteins. For live cell imaging, HEK293 cells
transfected with pGFP2−N3−Smlt3054 were cultivated on
gelatin-coated 30 mm round glass coverslips and mounted into
a POCmini chamber heaters (PeCon GmbH, Erbach,
Germany) containing phenol-red free medium and maintained
at 37 °C via stage and objective heaters (PeCon GmbH).
Images were collected on the Zeiss LSM confocal microscope
every 20 s for 4 min.

Expression and Purification of Recombinant
Smlt3054 in E. coli. The pET28a(+)−Smlt3054 vector was
electroporated into E. coli BL21(DE3) cells and plated on LB
agar plates containing 50 μg/mL kanamycin. For expression, all
media were supplemented with 50 μg/mL kanamycin. An
individual colony was grown in 5 mL of LB broth for 16 h at 37
°C and 200 rpm. Then 2 mL of saturated culture was added to
200 mL of LB broth and incubated for an additional 16 h at 37
°C and 200 rpm. The culture was then diluted to an A600 of 0.8
in 800 mL of LB broth and grown for 1 h at 18 °C and 200
rpm. After 1 h, protein expression was induced by adding 1 mM
isopropyl 1-thio-β-D-galactopyranoside, and the culture was
incubated at 18 °C and 200 rpm for 20 h. Expression was
confirmed via SDS-PAGE and Western blotting as described
below.
For purification, cells were harvested at 8000g for 15 min at 4

°C, washed once in 20 mL of ice-cold PBS, resuspended in 20
mL of PBS, and sonicated at 15 W, 50% duty, for 30 min total
processing time. The insoluble fraction containing recombinant
His6-tagged Smlt3054 was isolated by centrifugation at 17000g
for 30 min at 4 °C and washed once in 20 mL of PBS to
remove any contaminating soluble proteins. Smlt3054 was
extracted by incubating the resulting pellet in buffer A (1× PBS,
250 mM NaCl, 0.4% (w/v) sarkosyl) for 1 h at room
temperature, followed by centrifugation at 17000g for 30 min at
4 °C. The solution was passed over a column containing 15 mL
of Ni2+-bound Chelating Sepharose Fast Flow resin (GE
Healthcare) pre-equilibrated in buffer A at a flow rate of 2 mL/
min via a BioLogic LP chromatography system (Bio-Rad) with
a fraction collector. The column was washed for 80 min with
buffer A before a gradient from 0 to 30% buffer B (1× PBS, 250
mM NaCl, 0.4% (w/v) sarkosyl, 500 mM imidazole) was
applied over the course of 120 min to remove weakly bound
contaminating proteins. Smlt3054 was eluted from the column
by running 100% buffer B for 30 min. Fractions were analyzed
via SDS-PAGE, and samples containing purified Smlt3054 were
pooled together and dialyzed against 4 L of 20 mM sodium
phosphate buffer, pH 7.5, plus 0.05% sarkosyl for 48 h with two
buffer exchanges.

SDS-PAGE and Immunoblotting. Protein samples (40
μL) were mixed with 10 μL of 5× Lammeli sample buffer and
heated for 10 min at 90 °C before loading 25 μL onto 4%
stacking, 12% separating acrylamide gels with MES running
buffer. Precision Plus All Blue Standard (Bio-Rad) was used as
a molecular weight standard. Samples were run at 150 V and
transferred to a nitrocellulose membrane (Amersham Bio-
sciences Hybond ECL) for 90 min at 200 mA at 4 °C. Transfer
was confirmed by staining with 0.1% Ponceau S. The
membrane was then blocked overnight at 4 °C with 5% fat-
free milk in TBST and incubated for 1 h at room temperature
with primary antibody. For expression of Smlt3054 in S.
maltophilia via pMMB207−Smlt3054, the primary antibody
was mouse monoclonal anti-HA.11 tag (BioLegend) diluted
1000-fold in 5% BSA in TBST. For endogenous expression of
Smlt3054 from clinical S. maltophilia isolates, a rabbit
polyclonal antibody was developed against purified Smlt3054
(Lampire) and used at 1:5000 dilution. For expression of
Smlt3054 in E. coli via pET28a(+)−Smlt3054, the primary
antibody was mouse monoclonal anti-His6 tag (Cell Signaling)
diluted 5000-fold in 5% fat-free milk in TBST. Membranes
were then washed five times with TBST and incubated for 1 h
at room temperature with horseradish peroxidase-conjugated
anti-mouse IgG secondary antibody (Cell Signaling) diluted
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1000-fold in 5% BSA in TBST for pMMB207−Smlt3054
expression and diluted 5000-fold in 5% fat-free milk in TBST
for pET28a(+)−Smlt3054 expression. Membranes were
washed five times with TBST and twice with TBS and
developed with ECL plus Western blotting detection reagents
(RPN2132, GE Healthcare), a chemiluminescent horseradish
peroxidase substrate.
Circular Dichroism and Tryptophan Fluorescence

Measurements. Smlt3054 protein samples (300 μL) at 320
μg/mL (9.6 μM) in 2 mM sodium phosphate buffer, pH 7.5,
plus sarkosyl ranging in concentration from 0.01 to 1% (w/v)
were added to 1 mm path length quartz cuvettes (Starna), and
ellipticity was measured from 190 to 260 nm in a J-815 circular
dichroism spectrometer (JASCO). The scan speed was 200
nm/min with three accumulations per sample. The same
Smlt3054 protein samples (100 μL) were added to a 96-well
half-area UV transparent plate (USA Scientific) along with
equimolar tryptophan solutions in equivalent buffers. Fluo-
rescence emission spectra was collected from 310 to 450 nm
with an excitation wavelength of 295 nm via an Infinite M200
PRO plate reader (Tecan).
Actin-Binding Protein Centrifugal Assay. For F-actin

experiments, F-actin was prepared from rabbit skeletal muscle
actin, and an F-actin binding assay (cytoskeleton) was
performed as described previously.27 Briefly, 10 μL of
Smlt3054 (85 μM) in 20 mM sodium phosphate buffer, pH
7.5, plus 0.2% sarkosyl was mixed with 40 μL of F-actin (21
μM) in Actin Polymerization Buffer (5 mM Tris, pH 8, 0.2 mM
CaCl2, 50 mM KCl, 2 mM MgSO4, 1 mM ATP) for final
Smlt3054 and F-actin concentrations of 17 μM and sarkosyl
concentration of 0.4% (w/v). Control samples were also
prepared with F-actin only and Smlt3054 only at equivalent
concentrations and buffers, as well as F-actin plus α-actinin and
F-actin plus BSA as positive and negative controls for F-actin
binding, respectively (Figure S2). After incubation at room
temperature for 30 min, samples were fractionated via
ultracentrifugation at 150000g for 1.5 h in an Airfuge
(Beckman) to sediment actin fibers. The resulting pellet and
supernatant of each condition were analyzed via SDS-PAGE.
For actin polymerization experiments, 10 μL of Smlt3054

(85 μM) in 20 mM sodium phosphate buffer, pH 7.5, plus 0.2%
sarkosyl was mixed with 40 μL of G-actin (21 μM) in General
Actin Buffer (5 mM Tris-HCl, pH 8.0, 0.2 mM CaCl2) for a
final Smlt3054 and G-actin concentration of 17 μM and
sarkoysl concentration of 0.4% (w/v). After incubation at room
temperature for 30 min, 2.5 μL of 10× Actin Polymerization
Buffer was added to induce the polymerization of G-actin into
F-actin. Actin polymerization was allowed to proceed for
precisely 30 min before samples were fractionated via
ultracentrifugation at 150000g for 1.5 h in an Airfuge
(Beckman) to sediment actin fibers. The resulting pellet and
supernatant of each condition was analyzed via SDS-PAGE.
Transmission Electron Microscopy (TEM). Solutions

containing F-actin alone and F-actin plus purified Smlt3054
were prepared as described above with the exception of a final
sarkosyl concentration of 0.01% (w/v). Samples were incubated
for 30 min at room temperature before 10 μL of each was
added to 300 mesh gold TEM disks containing an ultrathin
carbon film on a holey carbon support film (Ted Pella). After
incubation for 30 s at room temperature, excess liquid was
blotted off, and samples were negatively stained with 1% uranyl
acetate for 1 min. Excess liquid was blotted off again, and
samples were air-dried for 30 min. Disks were imaged on a

JEM-2000FX scanning electron microscope (JEOL) at
100000× and 300000× magnifications.
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