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ABSTRACT Type III secretion systems (TTSSs) are employed by pathogens to translocate host cells with effector proteins, which
are crucial for virulence. The dynamics of effector translocation, behavior of the translocating bacteria, translocation temporal
order, and relative amounts of each of the translocated effectors are all poorly characterized. To address these issues, we devel-
oped a microscopy-based assay that tracks effector translocation. We used this assay alongside a previously described real-time
population-based translocation assay, focusing mainly on enteropathogenic Escherichia coli (EPEC) and partly comparing it to
Salmonella. We found that the two pathogens exhibit different translocation behaviors: in EPEC, a subpopulation that formed
microcolonies carried out most of the translocation activity, while Salmonella executed protein translocation as planktonic bac-
teria. We also noted variability in host cell susceptibility, with some cells highly resistant to translocation. We next extended the
study to determine the translocation dynamics of twenty EPEC effectors and found that all exhibited distinct levels of transloca-
tion efficiency. Further, we mapped the global effects of key TTSS-related components on TTSS activity. Our results provide a
comprehensive description of the dynamics of the TTSS activity of EPEC and new insights into the mechanisms that control the
dynamics.

IMPORTANCE EPEC and the closely related enterohemorrhagic Escherichia coli (EHEC) represent a global public health problem.
New strategies to combat EPEC and EHEC infections are needed, and development of such strategies requires better understand-
ing of their virulence machinery. The TTSS is a critical virulence mechanism employed by these pathogens, and by others, in-
cluding Salmonella. In this study, we aimed at elucidating new aspects of TTSS function. The results obtained provide a compre-
hensive description of the dynamics of TTSS activity of EPEC and new insights into the mechanisms that control these changes.

This knowledge sets the stage for further analysis of the system and may accelerate the development of new ways to treat EPEC
and EHEC infections. Further, the newly described microscopy-based assay can be readily adapted to study the dynamics of

TTSS activity in other pathogens.
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ype III secretion systems (TTSSs) are utilized by many patho-

genic bacteria, including enteropathogenic Escherichia coli
(EPEC) and Salmonella enterica serovar Typhimurium, to trans-
locate effector proteins into eukaryotic host cells (1, 2). The trans-
located effectors subvert normal host cell functions to the benefit
of the colonizing bacteria (3). Under infection conditions, EPEC
induces expression of a TTSS and of type 4 pili termed bundle-
forming pili (BFP) and represses expression of flagella (4, 5).
Upon BFP expression, an EPEC subpopulation aggregates to form
microcolonies, each composed of a few dozen bacteria. Micro-
colony formation enhances EPEC attachment to the host cell and
promotes the activity of the TTSS (6). The attached EPEC delivers
a battery of effectors, including Tir, which is inserted into the host
cell membrane, and forms a binding site for the bacterial outer
membrane protein intimin, leading to intimate attachment of
EPEC to the host cell (7). The attached EPEC remains extracellular
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and from this location continues to modulate host cell processes.
This modulation requires intimin, Tir, and additional effectors,
six of which are encoded on the conserved locus of enterocyte
effacement (LEE), which also encodes TTSS components, dedi-
cated chaperones, and regulators (8). Additional effectors are en-
coded at several chromosomal locations, and their total number in
different isolates ranges from 16 to over 40 (reviewed in reference
7).

Salmonella Typhimurium possesses two TTSSs encoded in Sal-
monella pathogenicity islands 1 and 2 (SPI-1 and SPI-2). Under
infection-inducing conditions, Salmonella Typhimurium ex-
presses both SPI-1 and flagella and attacks the intestinal epithe-
lium as a motile planktonic bacterium (9). Upon contact with
intestinal epithelial cells, it employs the SPI-1 TTSS to translocate
into host cells a set of effectors, including SopE and SptP, which
mediate rapid membrane remodeling associated with bacterial in-
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vasion into nonphagocytic host cells (10). The SPI-2 TTSS is re-
quired for survival of Salmonella Typhimurium in macrophages
and for systemic spread (10).

TTSS effector proteins typically contain two dedicated do-
mains recognized by the TTSS machinery: the N-terminal signal
domain spanning the first ~25 residues of an effector and the
chaperone-binding domain located downstream from the
N-terminal signal domain. Dedicated TTSS chaperones bind to
the chaperone-binding domain and promote effector transloca-
tion via diverse mechanisms, including effector stabilization,
maintenance of effectors in a secretion-competent conformation,
and targeting of bound effectors to the translocation apparatus
(summarized in reference 11). Two TTSS effector chaperones
have been identified in EPEC: CesF and CesT. CesF is required for
EspF translocation, while CesT is required for translocation of
several effectors, including EspH, Map, Tir, EspZ, NleA, NleF,
NleG, NleH1, and NleH2 (6, 12-18). By promoting secretion of
specific effectors, CesT and CesF are involved in establishing a
secretion hierarchy. Tir secretion was also reported to be required
for the efficient secretion of additional effectors and thus is neces-
sary for establishing the secretion hierarchy (18).

In a previous study, we described the translocation dynam-
ics of the six LEE effectors using an assay that allows parallel
quantitative analysis of multiple translocation events in real
time (6). The assay involves infection of host cells prelabeled
with CCF2, a caged B-lactamase substrate composed of two
fluorophores linked by a B-lactamic ring. The method utilizes
bacteria expressing effectors fused at their C terminus to
B-lactamase (BlaM). Upon translocation, the effector BlaM
catalyzes CCF2 hydrolysis, thus disrupting Forster (fluores-
cence) resonance energy transfer (FRET) between the two fluo-
rophores, generating a dynamic fluorescence shift that can be
traced by a fluorometer. Using this approach, we demonstrated
that each of the six LEE effectors is translocated with a different
level of efficiency. While this method allows measuring the
average dynamics of effector translocation, it cannot resolve
the distribution of events within the population. For example,
it is not clear whether protein translocation into the host cell is
carried out by a specific EPEC subpopulation. It is also un-
known if attachment and translocation into host cells occur
simultaneously. Another unresolved issue is whether the be-
havior of the six LEE effectors reflects that of the entire cohort
of EPEC effectors or, alternatively, whether the translocation of
non-LEE effectors is regulated differently from that of LEE
effectors.

The aim of this study was to address these unresolved issues. To
tackle the first issue, we developed a time-lapse microcopy trans-
location assay which allows single-cell analysis and thus probes the
distribution of events within the population. We used this assay
for single-cell analysis of Tir translocation mediated by EPEC and
compared it with that performed by Salmonella Typhimurium. To
investigate the second issue, i.e., the translocation dynamics of
non-LEE effectors, we used a population-based assay to achieve
simultaneous analysis of the translocations of twenty EPEC effec-
tors, including most of the non-LEE effectors. This analysis was
carried out using wild-type EPEC as well as EPEC mutated in key
factors involved in setting the translocation hierarchy. Our results
provide a comprehensive description of the dynamics of the TTSS
activity of EPEC.
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RESULTS

Time-lapse-microscopy analysis of Tir translocation by EPEC.
We developed a time-lapse-microscopy translocation assay based
on CCF2 and the blaM reporter gene to visualize protein translo-
cation by EPEC. To this end, HeLa cells preloaded with CCF2 were
inoculated with EPEC harboring a chromosomal tir-blaM protein
fusion (strain CX2135) and an mCherry-expressing plasmid
(pKB4985). The infection was monitored by time-lapse micros-
copy at 90-s intervals. We recorded the behavior of the infecting
bacteria (red channel) and the host cells (phase contrast). We also
recorded the rate of CCF2 hydrolysis (green and blue channels),
which is in direct correlation with the amount of translocated
Tir-BlaM. As expected, some of the bacteria aggregated to form
microcolonies, while the other portion of the culture remained
planktonic (see Movie S1 in the supplemental material). The mi-
crocolonies exhibited rapid and robust interaction with the host
cells, and, following attachment, these colonies assumed a flatter
shape and increased in size. Size increase was mediated by both cell
division and recruitment of additional microcolonies (Fig. 1A and
Movie S2).

To determine the relationship between microcolony attach-
ment and protein translocation, we carried out a detailed analysis
of the infection process of 11 specific host cells. For each host cell,
we recorded the time points of microcolony attachment as well as
the rate of CCF2 hydrolysis. The attachment of the first and sec-
ond microcolonies occurred at between 15 and 105 min and be-
tween 50 and 130 min postinoculation, respectively (Fig. 1B). For
each cell, we established the time point at which the amount of the
product generated by CCF2 hydrolysis reached 50% of its maxi-
mal level (#54o,), @ value which correlates with the time point of
translocation initiation and amount of translocated effector.
Next, we calculated the correlation coefficients of the attachment
time points for the first and second microcolonies versus the 5,
and found them to be 0.75 and 0.53, respectively. These results
suggest that most of the translocated Tir was contributed by the
pioneering microcolony.

Variability in translocation efficiency. To evaluate variability
among host cells in the rate of CCF2 hydrolysis, we normalized the
data shown in Fig. 1B by setting the attachment time of the first
microcolony as zero (0.0 min) and by expressing the rate of CCF2
hydrolysis using values ranging from zero to one (Fig. 1C). Nota-
bly, some microcolonies initiated Tir-BlaM translocation imme-
diately upon attachment, while others exhibited a lapse of up to
30 min between attachment and initiation of translocation (paus-
ing time). One source of the variability in pausing time is likely
related to features of the involved microcolony, such as micro-
colony size. Another possible source of variability is individual
host cell characteristics. In support of this notion, we found that
while the vast majority of cells were translocated into within less
than 150 min postinoculation, some cells remained immune to
bacterial attachment and were not translocated in a detectable
manner at even 180 min postinoculation. Interestingly,
translocation-resistant cells frequently exhibited a transient mem-
brane blebbing phenotype at some point during the infection as-
say (Fig. 1D; see aslo Movie S3 in the supplemental material). In
conclusion, our results demonstrate that EPEC microcolonies ex-
hibit an intriguing lapse between attachment and initiation of
translocation. Furthermore, a striking variability in the efficiency
of Tir translocation into different host cells was evident.
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FIG 1 Single-cell imaging of Tir translocation by EPEC. HeLa cells preloaded with CCF2 were infected with EPEC expressing Tir-BlaM from the native
promoter and mCherry as a bacterial marker. Infection was carried out under the microscope, and images were captured using phase-contrast, green channel
(intact CCF2), blue channel (hydrolyzed CCF2), and red channel (bacteria) microscopy for 3 h at 90-s intervals. (A) Selected frames taken from Movie S2 in the
supplemental material. The respective time points postinfection are indicated above each frame. A pioneering microcolony is indicated by the yellow arrow, and
the white arrow indicates a recruited microcolony. (B) Translocation dynamics of 11 HeLa cells. The raw data are represented by the shift from green (substrate)
to blue (product). Yellow dots indicate 50% of maximal product accumulation level, red dots indicate attachment time of the pioneering microcolony, and red
asterisks indicate attachment time of a second or recruited microcolony (where it existed). (C) Plot of the dynamics of translocation into the 11 cells shown in
panel B. The data were normalized using the attachment time of the pioneering microcolony as #,. Translocation levels are presented using a scale of 0.0 to 1.0.
(D) Selected frames taken from Movie S3. The respective time points postinfection are indicated above each frame. Yellow arrows indicate blebbing buds

generated by a cell resistant to translocation.

Individual Salmonella Typhimurium bacteria effectively
translocate effectors into host cells. While EPEC depends on mi-
crocolony formation for efficient protein translocation, Salmo-
nella Typhimurium executes protein translocation as a planktonic
bacterium. Thus, we decided to examine the process of protein
translocation by Salmonella enterica serovar Typhimurium (strain
SL1344) and to compare it to that of EPEC. Chromosomal blaM
fusions with several SPI-1 TTSS Salmonella Typhimurium effector
genes were constructed, and conditions for the translocation assay
were optimized (see Fig. S1 in the supplemental material). Next,
we tracked translocation carried out by Salmonella Typhimurium
expressing sptP-blaM (strain KB3169). Phase-contrast micros-
copy was used to visualize the cells and infecting bacteria and the
green and blue channels to monitor CCF2 hydrolysis. In contrast
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to EPEC, tagging Salmonella Typhimurium with plasmids ex-
pressing fluorescent proteins interferes with the translocation
process (see Fig. S1) and therefore could not be used to determine
the time of initial bacterium-host cell contact. Instead, we used
formation of membrane ruffles as a marker for host cell contact
and translocation initiation. Formation of membrane ruffles is
dependent on SopE translocation and was reported to appear
~1 min posttranslocation initiation (19, 20). To increase the
chances that each Salmonella Typhimurium-host cell encounter
involves only a single bacterium, we minimized the multiplicity of
infection (MOI) to an effective value of approximately 1 (see
Fig. S2 and Materials and Methods).

The infecting Salmonella Typhimurium bacteria were plank-
tonic and highly mobile and induced membrane ruffles followed
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FIG 2 Single-cell imaging of SptP translocation by Salmonella Typhimurium. HeLa cells preloaded with CCF2 were infected with Salmonella Typhimurium
expressing SptP-BlaM via the native chromosomal location. Infection was carried out in a temperature-controlled automated microscope, and images were
captured at 1-min intervals for 2 h using phase-contrast, green channel (intact CCF2), and blue channel (hydrolyzed CCF2) microscopy. (A) Selected frames
taken from Movie $4 in the supplemental material. The respective time points postinfection are indicated above each frame. Membrane ruffles are indicated by
yellow arrows. (B) Translocation dynamics of 11 HeLa cells. The raw data are presented by the shift from green (substrate) to blue (product). Yellow dots indicate
50% of maximal product accumulation level, and red dots indicate the time point of initial appearance of ruffles on the analyzed cell. (C) Plot of the dynamics
of translocation into the 11 cells shown in panel B. The data were normalized using the ruffle appearance time as . Translocation levels are presented using a scale
0f 0.0 to 1.0. (D) Selected frames taken from Movie S5. The respective time points postinfection are indicated above each frame. Membrane ruffles are indicated

by yellow arrows, and a white arrow points to a cell resistant to translocation.

by rapid CCF2 hydrolysis (Fig. 2A; see also Movie S4 in the sup-
plemental material). Analysis of 11 infected cells showed that the
ruffle appearance time ranged between host cells from 19 to
55 min postinoculation (Fig. 2B and C) and correlated well with
translocation dynamics (correlation coefficient of ruffle appear-
ance time versus f5y, = 0.85). Maximal product accumulation
levels were reached between 65 and 100 min in the different in-
fected cells. Similar results were obtained using strains expressing
SopE2 or SopE BlaM chromosomal protein fusions (KB3370 and
KB3496; data not shown). Interestingly, the efficiency of SptP
translocation by a single Salmonella Typhimurium bacterium was
comparable to that of Tir translocation mediated by an entire
EPEC microcolony (compare Fig. 1B to Fig. 2B). As observed
during an EPEC infection, we found that some cells remained
immune to Salmonella Typhimurium translocation. In these cells,

4 mBio mbio.asm.org

neither Salmonella Typhimurium-induced ruffles nor CCF2 hy-
drolysis was evident even 120 min postinoculation (Fig. 2D; see
also Movie S5). Taken together, our results show that single Sal-
monella Typhimurium bacteria exhibit translocation efficiency
equal to that mediated by an entire EPEC microcolony but show
lesser variability in the efficiency of effector translocation into
different host cells. This variability is mediated by host cell char-
acteristics and possibly by variability in traits related to individual
bacteria.

Translocation dynamics of 20 EPEC effectors. We next ex-
tended our study to analyze the translocation dynamics of 20 of
the 22 known effectors of the EPEC E2348/69 strain (3, 7,21). We
constructed 20 EPEC strains with each containing a different ef-
fector gene fused to blaM as a chromosomal fusion expressed from
the native promoter. Testing translocation dynamics of 20 effec-
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FIG 3 Translocation dynamics of EPEC effectors. (A) EPEC strains, each containing a different chromosomally encoded effector-BlaM gene, were subjected to
real-time translocation analysis. The results of a typical experiment of three conducted are shown. Each data point represents the average of triplicate results.
EPEC that does not carry a BlaM fusion was used as a negative control. On the right, effectors are listed from the most efficiently translocated (Tir; top) to the least
efficiently translocated, and clustering of effectors into groups A to D is indicated. Error bars are omitted for clarity. (B) EPEC strains, carrying chromosomal
effector-BlaM genes encoding effectors whose translocation could not be detected by the real-time translocation assay, were subjected to the more sensitive STPT
assay. The results of a typical experiment are shown. Each data point represents the average of quadruplicate results. An EPEC strain that does not carry a BlaM
fusion was used as a negative control. An EPEC strain carrying chromosomal espG-blaM was used as a reference for comparisons between panels A and B. The

bars represent standard deviations.

tors by microscopy is technically challenging, and we thus adopted
the population-based assay for this task. Of note, averaging the
signal created by the 11 host cells infected with EPEC produced a
pattern resembling that observed by the population-based assay
(Fig. S2), indicating that the results obtained by population-based
analysis and single-cell analysis are in agreement. We found that
translocation of some effectors could not be detected by the real-
time translocation assay. Thus, translocation of these effectors was
further analyzed by the more sensitive single-time-point translo-
cation (STPT) assay (see Materials and Methods). The results
showed that all effectors exhibited distinct kinetics of effector
translocation and/or reached different maximal levels in the host
cells (Fig. 3).

The maximal levels of effectors in the host cells were measured
over a range greater than 50-fold, with Tir exhibiting the highest
abundance whereas the NleE2, EspL2, and EspG2 levels were be-
low the detection level. The effectors clustered into four groups,
according to their translocation efficiency. Group A includes only
Tir. Group B consists of effectors translocated at an efficiency that
allowed detection using the real-time translocation assay and in-
cludes five LEE and four none-LEE effectors (Fig. 3). The translo-
cation of chromosomally encoded group C effectors could be de-
tected only by the more sensitive STPT assay (Fig. 3B). Group D
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effectors consisted of EspG2, EspL2, and NleE2, whose transloca-
tion could be detected only upon expression from a plasmid (see
the supplemental material). These results demonstrate that the
EPEC effectors exhibit distinct translocation efficiencies, consti-
tuting together a wide spectrum of efficiencies, with a more than
50-fold difference between the translocation efficiencies of the Tir
and group D effectors.

Tir absence has divergent effects on the translocation of ef-
fectors. Tir is inserted into the host cell membrane shortly after
translocation, forming a binding site for the EPEC outer mem-
brane protein intimin and thus promoting intimate bacterial ad-
herence (22). It has been suggested that translocation of other
effectors depends upon earlier Tir translocation to form a trans-
location hierarchy (18, 23, 24). In agreement with these studies,
we found that Tir is clearly the first effector to be translocated
(Fig. 3). To test how Tir affects translocation of other effectors, we
inserted the 20 effector-blaM fusions into the chromosome of a tir
mutant and compared the translocation by this mutant to that
exhibited by wild-type EPEC. Group B effectors were compared
by real-time translocation assays and group C effectors by STPT
assays. Notably, all the tested effectors were translocated in the
absence of Tir, indicating that Tir is not essential for translocation
of other effectors (Fig. 4; see also Fig. S3 in the supplemental ma-
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FIG 4 Effector translocation in the absence of Tir or intimin. Wild-type EPEC and mutants in either fir or eae carrying effector-BlaM fusion genes were used
for real-time or STPT assays. (A) Translocation dynamics of Map, EspH, Tir, and EspF, representing different effector types, are shown. Each data point
represents the average of quadruplicate results. Dark blue represents the negative control. Tir translocation was not studied in the Atir background. Typical results
of one experiment of three are shown. Results related to the other effectors are shown in Fig. S3 in the supplemental material. Error bars are omitted for clarity.
(B) Effector translocation by the eae and tir mutants. The average results from at least three experiments, each conducted in duplicate or quadruplicate, are shown
as ratios of translocation in the mutant to that in the wild type (WT). A ratio of 1 indicates that translocation by the mutant was similar to that exhibited by
wild-type EPEC. The two dotted lines indicate the numerical value of 1. The dashed diagonal line shows the values corresponding to equal levels of effector
translocation in the tir and eae backgrounds. The differences in translocation between the effectors marked by ovals were statistically significant: P < 0.02 for the
effectors in the green oval compared to the brown, P < 0.04 for the effectors in the brown oval compared to the red, and P < 0.01 for the effectors in the green

oval compared to the red. The bars represent standard deviations.

terial). However, the absence of Tir influenced the efficiency of
effector translocation. For instance, translocation of EspH and
NleA was reduced by ~1.5-fold and that of NleB1, NleC, and NleD
was increased by 1.5- to 2-fold (Fig. 4 and Fig. S3).

Intimin absence results in a moderate reduction in translo-
cation efficiency. The shifts in the translocation rates in the ab-
sence of Tir might result from the inability of EPEC to form an
intimate attachment. To test this hypothesis, we examined
whether the absence of intimin would influence effector translo-
cation in a similar way. An eze mutant was used to generate strains
containing chromosomal effector-blaM fusions, and protein
translocation mediated by these strains was compared to that ex-
hibited by wild-type EPEC and by the tir mutant (Fig. 4; see also
Fig. S3 in the supplemental material). Translocation of Tir, EspF,
and EspZ was not affected by the absence of intimin, while that of
other effectors was reduced by up to 60%. These results suggest
that the shifts in translocation efficiencies noted in the tir mutant
are not merely the consequence of the lack of Tir-intimin interac-
tion. The data also indicate that intimate attachment enhances
translocation of some effectors, mostly those belonging to the
group exhibiting lower translocation efficiency (Fig. 3). Taken
together, these results suggest that Tir and intimin have a signifi-
cant, though not prominent, role in setting translocation efficien-
cies.

The role of chaperones in translocation of EPEC effectors.
CesT and CesF are chaperones required for efficient translocation
of some effectors (6, 12-18). To examine their global effect on
translocation dynamics, we inserted effector-BlaM fusion genes
into the chromosomes of EPEC cesT and cesF mutants and com-
pared the translocation by these mutants to that exhibited by wild-
type EPEC (Fig. 5). As before, the Tir and group B effectors were
analyzed by real-time translocation assays and group C effectors
by STPT assays. Translocation of only one effector, EspF, was

6 mBio mbio.asm.org

dependent on CesF (Fig. 5A). In the case of CesT, a more complex
picture emerged: translocation of Map, EspH, EspJ, EspZ, NleG,
NleH1, and NleH2 was reduced dramatically to less than 10% of
that of the wild-type strain, while translocation of NleA, NleBl1,
NleB2, NleC, and Tir was reduced only partially (Fig. 5; see also
Fig. S4 in the supplemental material). Translocation of EspG,
NleD, and NleF was not dependent on CesT or CesF (Fig. 5).
These results show that CesT has a wide range of impact on effec-
tor translocation, extending from no impact to strict CesT depen-
dency.

CesT and CesF are not interchangeable for translocation of
Tir, NleA, and EspG. EspG is equally translocated by cesT and cesF
mutants, and thus it is possible that CesT and CesF have redun-
dant functions in EspG translocation. This suggestion is sup-
ported by a reported EspG-CesT interaction (18). Redundancy of
CesT and CesF function may also account for the partial Tir and
NleA dependency on CesT for translocation (Fig. 5). To test this
hypothesis, we created a mutant lacking both cesF and cesT and
used it to construct chromosomal blaM fusions of tir, nleA, and
espG. We then compared the translocation of NleA, EspG, and Tir
by the cesT cesF double mutant with that mediated by the cesT
single mutant (Fig. 5A; see also Fig. S4A in the supplemental ma-
terial). We found that the translocation results for all three effec-
tors were similar in the double and single mutants. Thus, we con-
cluded that CesT and CesF are not interchangeable for
translocation of Tir, NleA, and EspG.

DISCUSSION

We previously used the BlaM reporter system (25) to study the
dynamics of translocation of the six LEE effectors (6). That study
provided important data on the average translocation dynamics,
but the distribution of translocation events within the population
remained elusive. To address this issue, we modified the assay to
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visualize the translocation process by time-resolved microscopy.
This strategy allows direct comparison between the population-
based and single-cell analyses and is adaptable for different patho-
gens, as exemplified here with the direct comparison between
EPEC and Salmonella Typhimurium. The single-cell microscopic
analysis provided several new insights into details that could not
be detected by the population-based assay. Our data confirm that
the EPEC population during infection consists of both planktonic
bacteria and microcolonies. We further show that the microcolo-
nies, which pioneer attachment to the host cells, mediate most of
the protein translocation. The contribution of the microcolonies
that were second to attach was lower, possibly reflecting limita-
tions of the assay. Alternatively, this observation might support
the notion of a translocation negative-feedback loop (26). The
contribution of planktonic EPEC to protein translocation was
small, possibly due to low levels of BFP and/or TTSS expression.
Our findings, together with previous reports, indicate that BFP
promote protein translocation by promoting microcolony attach-
ment to the host cell and by BFP retraction (27, 28).

In contrast to EPEC, the entire Salmonella Typhimurium pop-
ulation remains planktonic and motile during infection. The
BlaM-based time-resolved analysis allowed direct and quantita-
tive comparison between the translocation efficiencies of Tir by
EPEC and of SptP by Salmonella Typhimurium. The most surpris-
ing outcome of this comparison is that protein translocation by a
single Salmonella Typhimurium bacterium is equivalent to the
translocation executed by an entire EPEC microcolony containing
a few dozen bacteria. This observation might reflect differences in
the average numbers of TTSS apparatuses per bacterium in Sal-
monella Typhimurium and EPEC, which are ~100 and ~10, re-
spectively (29, 30). Additionally, it is possible that only a few of the
microcolony members that are in direct contact with the host cell
are actively engaged in protein translocation. Finally, time-lapse
microscopy highlights the existence of a small subpopulation of
host cells that remained untranslocated through the infection pro-

July/August 2013 Volume 4 Issue 4 e00303-13

cess. What make these cells resistant to translocation by EPEC or
Salmonella Typhimurium is currently not clear.

We next extended the study using population-based assays to
determine the translocation hierarchy of 20 EPEC effectors. We
found a temporal translocation order and a wide spectrum of
translocation efficiencies. Importantly, in all cases, translocation
efficiency directly correlated with the temporal order and none of
the EPEC effectors exhibited switch behavior, i.e., a late onset of
translocation with translocation efficiency higher than that of ear-
lier effectors (Fig. 3). Thus, differences in translocation efficiency
per se provide a mechanistic explanation for the observed tempo-
ral order of translocation. We concluded that translocation effi-
ciency is a key factor that controls both the amount of translocated
effector and the timing of translocation. The data also showed that
the LEE-encoded effectors were translocated at a higher efficiency
than most non-LEE effectors. It could be speculated that this may
be a result of incomplete integration of relatively newly acquired
non-LEE effectors with the EPEC TTSS.

Our results show that Tir is the first effector to be translocated
and that it is translocated at a greater rate than all the other effec-
tors. This suggests that the most urgent task of EPEC, upon en-
gagement with the host cell, is to establish an intimate attachment
which is mediated by Tir-intimin interaction. We examined
whether Tir and intimin similarly influence translocation dynam-
ics. The data show that the EPEC eae mutant mediated normal
translocation of effectors exhibiting high translocation efficacy
and that translocation of effectors that exhibit lower translocation
efficiency was somewhat attenuated. Thus, intimin has a modest
positive effect on translocation of late effectors. In contrast, ab-
sence of Tir caused diverse effects on translocation efficiency:
some effectors were positively affected, while others were nega-
tively affected. The observed shifts, although significant, were not
dramatic. Interestingly, however, in some cases effectors that have
opposite biological functions were also inversely influenced by the
lack of Tir. For example, Map and EspH maintain a delicate bal-
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ance; EspH is an inhibitor of a GTPase exchange factor (GEF) that
intoxicates the cells, while Map neutralizes EspH’s toxicity via its
GEF activity (31). Notably, we found that the absence of Tir re-
sulted in an increase in Map translocation and a decrease in EspH
translocation, possibly disrupting the delicate balance between
their GEF and anti-GEF activities. These data may provide new
interpretations of previous observations that deletion of either tir
or espH resulted in an increase in Map GEF activity (32, 33).

The global effect of CesT and CesF on effector translocation
was also tested. Our results show that lack of CesF reduced the
translocation of only one effector, EspF. In contrast, lack of CesT
caused reduced translocation of 12 effectors to various degrees
ranging from a very partial to a drastic translocation reduction.
Next, using a cesT cesF double mutant, we ruled out the possibility
that for some effectors both CesT and CesF promote transloca-
tion. Thus, the translocation of NleD, NleF, and EspG is CesF and
CesT independent. It is not known if their translocation is chap-
erone independent or if a third effector chaperone exists. To sum-
marize, these results highlight the complex role of the chaperones,
and particularly that of CesT, in controlling the relative transloca-
tion efficiencies of different effectors.

MATERIALS AND METHODS

Primers, strains, and plasmids. Strains, plasmids, and primers used in
this study are listed in Table S1, Table S2, and Table S3, respectively.
Mutants and plasmid and chromosomal effector-blaM fusions were con-
structed using standard procedures (a full description can be found in
Text S1 in the supplemental material).

Population-based real-time translocation assays. Real time translo-
cation assays were performed as previously described (6).

Population-based STPT assay. The single-time-point translation
(STPT) assay was performed as follows. HeLa cells were seeded in 96-well
plates (Greiner Bio-One) (black with clear bottom) at a density of ~2 X
10* cells/well in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma)
supplemented with 10% fetal calf serum (FCS) and antibiotics (penicillin-
streptomycin [Pen/Strep]). In parallel, bacterial strains were inoculated
and grown overnight in LB broth, at 37°C, as a static culture. The next day,
the HeLa cells were washed twice with phosphate-buffered saline (PBS),
overlaid with 200 ul of DMEM, and infected with 5 ul of an EPEC over-
night culture. The infected cells were incubated for 3 h at 37°Cin 5% CO,,
washed once with Casamino-DMEM (cDMEM [34]), and overlaid with a
100-ul substrate solution containing 1 uM CCF2/AM, 2.5 mM probene-
cid (Sigma), and 20 ul of 6X CCF2/AM loading solution (CCF2/AM
loading kit, Invitrogen) diluted in cDOMEM. Immediately after addition of
the substrate solution, the plates were placed in a plate reader (SPECTRA-
Fluor Plus; Tecan) set at 37°C. Cells were excited at 405 nm, and emission
at 465 nm and 535 nm was recorded at 150-s intervals. The slopes of
product accumulation over time for the interval of 20 to 40 min after the
addition of substrate solution were calculated and represent effector-
BlaM levels inside the HeLa cells.

Time-lapse-microscopy translocation assay. On day 1, HeLa cells
were seeded in glass-bottom dishes (Matek) (uncoated, 35-mm diameter,
coverslip no. 1) at a density of ~0.4 X 106 cells/dish in DMEM (Sigma)
supplemented with 10% fetal calf serum (FCS) and antibiotics (Pen/
Strep). In parallel, bacterial strains were inoculated into LB broth and
grown overnight, at 37°C, as a static culture. On day 2, EPEC strains were
diluted 1:100 with cDMEM supplemented with 2.5 mM probenecid
(Sigma) and grown under conditions known to stimulate TTSS expres-
sion (growth at 37°Cin 5% CO, for 2 h 45 min to an optical density at 600
nm [ODg,] of 0.2 to 0.35), creating a preactivated culture (34). An hour
after growth of the bacterial cultures described above was started, HeLa
cells were washed twice with cDMEM and treated with 240 ul of cDMEM
containing 40 ul of 6X CCF2/AM loading solution (CCF2/AM loading
kit, Invitrogen) (1 uM CCF2/AM and 2.5 mM probenecid). The cells were
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incubated for 60 min in the dark, at room temperature, followed by an
additional 15 min at 37°C and then gently washed with 2 ml of cDMEM
supplemented with 2.5 mM probenecid and infected with 2 ml of preac-
tivated EPEC culture or a 1:50 dilution of Salmonella Typhimurium over-
night culture in 2 ml of prewarmed cDMEM (40 plin 2 ml) (MOI = ~40).
Based on the optimization results (see Fig. S1 in the supplemental mate-
rial), infection with Salmonella Typhimurium was carried out using an
MOI of 40. However, due to the fact that adherent HeLa cells strictly
localized to the bottom of the well whereas the bacteria were evenly dis-
tributed in the medium, the effective MOI was around 1. Immediately
after infection, the dish was placed in a chamber on the microscope stage
set at 37°C, and the infection process was recorded.

Time-lapse microscopy. Time-lapse movies were obtained at X40
magnification (objective, Edmunds Optics [EC] Plan-Neofluar 40X 1.30
oil differential inference contrast [DIC]; Zeiss) with an automated, Zeiss
Observer Z1 inverted fluorescence microscope and a monochromatic
camera (AxioCam MRm rev. 3; Zeiss). The system was controlled by
AxioVision REL 4.7 (Zeiss) software, which integrated time-lapse acqui-
sition, stage motors, and a software-based autofocus motor. In each ex-
periment, time-lapse movies were obtained from three fields of view. Each
movie was taken at a time resolution of 60 or 90 s (Salmonella Typhimu-
rium or EPEC, respectively). Each time point included three or four im-
ages: phase contrast and blue fluorescence (beta-lactamase set 1
[BM05685-1]; Chroma), green fluorescence (beta-lactamase set 2
[BM05685-2]; Chroma), and red fluorescence (Semrock BrightLine zero
set for mCherry [mCherry-A-000-ZERO]; Chroma). Time-lapse movies
were converted to an uncompressed AVI format using AxioVision REL
4.7 (Zeiss) software.

Image analysis of time-lapse movies. Prior to the movie conversion
to AVI format, a flat-field correction was separately done to each captured
channel using AxioVision REL 4.7 (Zeiss) software. We used a manual
image analysis tool implemented in Image]J 1.45 (NIH). All the captured
images were subjected to image background correction (background sub-
traction). Regions of interest (ROIs) were chosen manually for each mea-
sured cell, and data corresponding to the mean intensity as a function of
time in the blue and green channels were collected for each cell. Each data
point [P, ] represents the division of green mean intensity [P (] by the
blue mean intensity [S,,,] of the same time point calculated as follows:
[P(t)] = [Praw(t)]/[sraw(t)]'
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