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Salmonella Typhimurium is a facultative intracellular
pathogen that causes acute gastroenteritis in man. Intra-
cellular Salmonella survive and replicate within a modi-
fied phagosome known as the Salmonella-containing
vacuole (SCV). The onset of intracellular replication is
accompanied by the appearance of membrane tubules,
called Salmonella-induced filaments (Sifs), extending from
the SCV. Sifs are enriched in late endosomal/lysosomal
membrane proteins such as lysosome-associated mem-
brane protein 1, but their formation and ability to interact
with endosomal compartments are not characterized. In
this study, we use live cell imaging techniques to define
the dynamics of Sif formation in infected epithelial cells. At
early time-points, Sifs are simple tubules extending from
the surface of SCVs. These tubules are highly dynamic and
exhibit bidirectional, microtubule-dependent movement.
At the distal ends of individual Sif tubules, furthest from
the SCV, a distinct ‘leader’ domain was often observed. At
later times, Sifs develop into highly complex tubular net-
works that extend throughout the cell and appear less
dynamic than nascent Sifs; however, individual tubules
continue to display bidirectional dynamics. Sifs can
acquire endocytic content by fusion, indicating a sustained
interaction with the endocytic pathway. Together, these
results show that these Salmonella-induced tubules form
a highly dynamic network that involves both microtubule-
dependent motility and interactions with endosomal com-
partments.
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Salmonella enterica is a Gram-negative enteric pathogen
that is closely related to Escherichia spp., Shigella spp. and
Citrobacter spp. There are more than 2000 S. enterica
serovars, many of which can cause disease in man and
other animals. S. enterica serovar Typhimurium is one of
several ubiguitous, nonhost adapted serovars that com-
monly cause acute self-resolving gastroenteritis in healthy
adult humans. Like other pathogenic Salmonella, serovar
Typhimurium is a facultative intracellular pathogen whose
ability to survive within eukaryotic host cells is a crucial
virulence determinant. Intracellular Salmonella reside in a
modified phagosome known as the Salmonella-containing
vacuole or SCV. Maturation of the SCV is characterized by
the transient presence of early endosomal membrane
proteins, which are rapidly replaced by membrane proteins
normally found on late endosomes/lysosomes (LE/Lys)
(1,2). The process of SCV maturation also involves a spatial
shift from the site of internalization at the plasma mem-
brane to the juxtanuclear region adjacent to the microtubule-
organizing center (MTOC) (3). These initial maturation
steps involve direct interactions with endocytic compart-
ments and are similar to canonical phagosome biogenesis.
The feature that most clearly distinguishes the SCV from
other bacterial vacuoles or phagosomes is an extensive
network of membrane tubules known as Sifs, whose
appearance coincides with the onset of bacterial replica-
tion several hours after invasion (4). Sif tubules extend
from the surface of the SCV and appear to be derived from
late endocytic compartments; they contain the lysosome-
associated membrane proteins (LAMPSs), vacuolar adeno-
sine triphosphatase (vATPase) and lysobisphosphatidic
acid as well as cathepsin D (4-6).

The interactions between Salmonella and host cells are
mediated largely by two specialized type Il secretion
systems, T3SS1 and T3SS2, which enable the bacteria to
deliver distinct sets of effector proteins directly into the
host cell. T3SS1 translocates effectors primarily across the
plasma membrane and is essential for invasion of non-
phagocytic cells. T3SS2, by contrast, operates intracellu-
larly to translocate effectors across the SCV membrane.
Several T3SS2 effectors, plus a variety of other Salmonella
proteins, have been implicated in Sif formation, and
a growing body of evidence suggests that they act by

www.traffic.dk 2117



Drecktrah et al.

altering the host cell molecular machinery that drives the
movement of endosomes and lysosomes along micro-
tubules. Localization of the SCV at the MTOC, a process
that precedes Sif formation, requires two T3SS2 effectors,
SseF and SseG (7). Subsequently, Sif tubule formation
involves the activities of at least two more effector
proteins, SifA and PipB2. Salmonella mutants lacking SifA
are unable to make Sifs or maintain the integrity of the SCV
membrane and consequently escape into the cytosol (6).
In contrast, PipB2 mutants remain within the SCV and can
form Sifs; however, the length of Sif tubules is reduced
compared with those formed by wild-type Salmonella (8).
Although the molecular mechanisms involved in these
processes remain obscure, both effectors appear to target
microtubule-based motors. SifA has been shown to stimu-
late Rab7 uncoupling from dynein/dynactin and to modu-
late kinesin-1 association with the SCV (9,10). PipB2 has
been shown to interact directly with the light chain subunit
of the kinesin-1 motor complex and by itself causes
translocation and accumulation of LAMP1-positive endo-
somes and/or lysosomes to the cell periphery (8,11).

Live cellimaging is a powerful tool that can provide new and
unexpected insight into many subcellular behaviors.
Previously, we used such methodology to show that SCV
biogenesis is a highly dynamic process that involves
extended interactions with multiple components of the
endocytic pathway (2). In the present study, we use live
cell imaging to obtain a detailed picture of Sif tubule
extension, dynamics and network formation. We find Sifs
to be highly motile, microtubule-dependent structures that
engage in extension, branching and retraction at speeds
consistent with microtubule-based transport. We show that
Sif tubules can associate and fuse with membranes of the
endocytic pathway, suggesting that membrane is recruited
by fusion with existing compartments. Our analysis also
revealed that some Sif tubules contain a structural sub-
domain at the distal end, furthest from the SCV, that may be
a specialized site for interactions with endosomes, micro-
tubules and motors. This study provides the first description
of the dynamic behavior of Sifs in living cells and demon-
strates that network formation involves both microtubule-
dependent motility and membrane fusion events.

Results

Immunofluorescence studies of fixed Salmonella-infected
cells have shown that LAMP-enriched Sifs can be detected
at 6 h post-infection (p.i.) or later (4,8,10,12). To precisely
delineate the kinetics of Sif formation, we determined the
extent of Sif formation at different time-points following
infection. Hela cells were infected with S. enterica sero-
var Typhimurium SL1344 expressing the red fluorescent
protein mCherry (cherry-Salmonella) for 10 min (13). Cells
were then fixed at 4, 6, 8, 10 or 12 h p.i. and stained with
antibodies to LAMP1 and B-tubulin to reveal SCVs/Sifs and
microtubules, respectively. Tubulin staining provided an

2118

70 -
60 -
50 -
40

SEI (%)

30
20+
10 4

0 T T T T T T T
2 4 6 8 10 12

Time p.i. (h)

6 h p.i.
SEl = 46%

Figure 1: Sif network formation in Salmonella-infected HeLa
cells. Hela cells grown on glass coverslips were infected with
cherry-Salmonella, fixed at increasing times p.i. and then processed
for analysis by scanning confocal microscopy (Zeiss LSM510).
Antibodies to LAMP1 and B-tubulin were used to reveal SCVs/Sifs
and microtubules, respectively. A) The SEI (mean + SD) (8) is
a quantitative measure of Sif tubule and network extension. The
20-30% SEl seen at 4 h p.i. represents a lower threshold. To have
a SEl lower than this, a cell would have to contain either a single
bacterium or a single tight cluster because the distance between
individual SCVs contributes to the SEI. The 20-30% SEI values
measured at 4 h p.i. illustrate the fact that most infected cells
contained two to four bacteria in separate SCVs distributed through-
out the cell. B) Representative images (projections of zseries) of
Salmonella-infected cells at various times p.i. are provided to show
the variation in Sif morphology. The large panels show LAMP1
staining and provide the SEI value for the cells shown and the time
p.i. (scale bar = 20 pm). The smaller panels show the same cells
and illustrate the distribution of cherry-Salmonella (greyscale im-
ages, left) plus all three markers (Salmonella in blue, LAMP1 in
green and B-tubulin in red). Arrows indicate the location of intracel-
lular Salmonella in SCVs, and arrowheads indicate Sif tubules.
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indicator of microtubule integrity and also helped to define
the overall contours of each infected cell. Cells were imaged
on a confocal microscope, and Sif formation was assessed
using the Sif extension index (SEl), a measure of the area
occupied by the SCV and Sifs (LAMP1 staining) expressed
as a percentage of the area occupied by B-tubulin staining (8).
Figure T shows that Sif networks were maximally
extended by approximately 8 h p.i., by which time many
Sifs are extensive. However, the aggregate length of
individual Sif tubules is still heterogeneous at this time,
and some cells contain either no Sifs or very simple Sifs.
Because this is not apparent from Figure 1A, which shows
the mean + SD for three independent experiments, rep-
resentative Sifs are also shown [Figure 1B; (12)]. These
images also show that Sif morphology is heterogeneous;
some cells contain clearly defined contiguous tubules,
whereas others have discontinuous linear arrays of vesicles,
also referred to as ‘beads-on-a-string’ (14,15), interspersed
with tubular profiles (arrowheads in Figure 1B).

Conventional immunofluorescence localization of proteins
in fixed cells is known to be a poor reporter of tubular
membrane compartments, and the fragmented appear-
ance of some Sifs suggested to us that not all tubules are
properly preserved during fixation (15). If true, this could
confound Sif identification, particularly at early time-points
when tubules tend to be short. To address this concern
and learn more about the dynamic events that underlie Sif
network formation, we analyzed Sifs in living, Salmonella-
infected Hela cells transiently expressing the LE/Lys
markers Nieman Pick Type C protein (NPC1)-enhanced
green fluorescent protein (eGFP) or LAMP1-monomeric
GFP (mGFP) (Figure 2). Both markers have been shown to
be faithful reporters of LE/Lys dynamics that have no
discernible effect on compartment behavior (16-18). In
our previous study of SCV biogenesis, we used a
Yokogawa spinning disk confocal optimized for speed
and sensitivity (2). For the present analysis, we used this
system in conjunction with point-scanning confocal and
wide field fluorescence microscopy.

In Hela cells infected with Salmonella [cherry-Salmonella
or monomeric red fluorescent protein (MGFP)-Salmonellal,
live cell imaging revealed some Sif tubules as early as 3 h
p.i. (Figure 2A shows mRFP-Salmonella). At this stage,
Sifs were typically short, simple tubular structures that
rarely extended more than 5 um from the SCV. Although
structurally simple, the tubules formed during 3-6 h p.i.
were highly dynamic and most underwent multiple epi-
sodes of extension, retraction and pausing (Figure 2B and
Movie S1). At later times, Sifs formed complex, exten-
sively branched networks that extended throughout the
celland in many cells appeared to wrap around the nucleus
(Figure 2A). The trend toward increasing complexity con-
tinued until approximately 9 h p.i., by which time the Sifs in
many cells had formed an extensive, interconnected
network of tubules. In the course of our analysis, we also
noted that the extent and complexity of the Sif network
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correlated with a decrease in the number of free LAMP1-
mGFP and NPC1-eGFP vesicles. By 7-9 h p.i., very few
free vesicles were observed and both markers were now
predominantly localized to dynamic tubular structures
(Figure 2A, compare 3 with 7 or 9 h time-points).

Analysis of time-lapse image sequences, acquired at one
image per 0.7 seconds, revealed that Sif extension is an
iterative, intermittent process characterized by bidirec-
tional movement of individual tubules (Figure 3B). Tubule
ends switch frequently between periods of extension,
retraction and oscillation, and they can change direction
as seen when the tubule end is tracked (Figure 3B). Tubule
extension and retraction can occur simultaneously at the
ends of branched tubules emanating from a single ‘parental’
tubule (Figure 3A). Importantly, all Sifs seen in living cells
were continuous tubules and the beads-on-a-string appear-
ance seen in fixed cells (4,5) was never observed, strongly
suggesting that this phenotype is an artifact of fixation.

The dramatic changes in Sif network architecture over
time prompted us to explore the dynamics of individual Sif
tubules in detail. For optimal sensitivity and speed, we
utilized high-speed wide field microscopy to measure the
extension and retraction velocities of individual Sifs. The
tips of rapidly extending Sif tubules, which exhibited
steady, relatively uniform movement, moved at a mean
velocity of 0.44 + 0.14 pm/second (Table 1). In contrast,
tubule retraction appeared to occur through two distinct
mechanisms. Some tubules retracted steadily over a period
of several seconds (mean velocity 0.68 + 0.25 pm/second),
whereas others retracted very rapidly over a short time
frame (2.13 £ 0.56 wm/second) in a manner suggestive of
elastic recoil.

Closer inspection of Sifs in cells expressing either LAMP1-
mGFP or NPC1-eGFP revealed the presence of a distinct
subdomain at the distal end (furthest from the SCV) of
some Sif tubules. This domain appeared considerably less
bright than the remainder of the tubule (Figure 4), suggest-
ing that the amounts of these two LE/Lys membrane
marker proteins are decreased compared with the main
body of the tubules. These ‘leader’ Sifs, which were
observed routinely, are transient structures that persist
for up to 5 min before retracting back into or being over-
taken by the trailing Sif. Multiple rounds of leader Sif
growth and retraction could be observed from a single
trailing Sif. The boundary between a leader Sif and its
trailing domain did not appear to be fixed, and each domain
was capable of extending independently, or in tandem with,
the other (Figure 4, last two images in the time series).

During the course of our imaging analysis, we noted that
some Sif tubules persisted for brief periods of time,
whereas others appeared very long lived. To investigate
this phenomenon further, we first asked whether the
lifespan of a Sif might correlate with its extension velocity,
a link that would not have been apparent in our initial
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Figure 2: Live cell imaging of Sifs reveals a dynamic tubular network. A) Time-course of Sif network formation in live Hela cells.
Hela cells transiently expressing NPC1-eGFP were infected with mRFP-Salmonella. Infected Hela cells were imaged at indicated times
using a point-scanning confocal microscope. Single 1 um confocal images are shown; eGFP-NPC1 (green) and Sa/monella (red). Scale
bar = 5 wm. B-D) Hela cells transiently expressing LAMP1-mGFP were infected with cherry-Salmonella for 6 h and then imaged using
a spinning disk confocal microscope. See also Movie S1. Processed images from a time-lapse series from one single cell are shown. The
larger panels show Salmonella (red) and LAMP1-mGFP (green). Scale bar = 10 wm. The elapsed time (min:seconds) is indicated in the
lower right hand corner of each panel. The small panels show LAMP1-mGFP in greyscale. B) A Sif tubule (arrowhead) elongates. C) A Sif
tubule (arrowhead) retracts. D) Branching dynamics in Sif tubules (asterisk).

characterization. Indeed, when these two parameters
were plotted against each other, a clear relationship
emerged (Figure BA). Tubules with a lifespan of >10 min
extended at a lower mean rate (0.33 4+ 0.02 wm/second)
than tubules with shorter lifespans (0.44 + 0.14 um/sec-
ond; Figure 5B and Table 1). In other words, shorter lived
tubules extended faster than longer lived tubules.

At early times p.i., Sifs appeared to be consistently shorter
and more dynamic (see above), whereas longer, more
stable tubules appeared to become predominant later in
infection. In some cells, the complex tubular networks

2120

seen at late times p.i. (6 h and beyond) appeared quies-
cent, suggesting that tubule motility had ceased alto-
gether. To determine whether this was indeed the case,
we evaluated the motility of Sif networks in living cells over
time. Sif extension [as determined by making SEI esti-
mates on live cells viewed by differential interference
contrast (DIC) microscopy] increased over the course of
infection (data not shown), as expected from our analysis
of fixed cells (Figure 1). The percent of cells that showed
Sif tubule dynamics decreased gradually over this same
time period, but considerable motility was still observed
even as late as 14 h p.i. (Figure 5C).

Traffic 2008; 9: 2117-2129
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Figure 3: Sif tubule extension involves bidirectional move-
ment. Hela cells expressing LAMP1-mGFP were infected with
cherry-Salmonellafor 6 h and then imaged using a spinning disk
confocal microscope. A) A series of single optical planes taken
from a time-lapse series showing Sifs that undergo both
elongation (large arrowhead indicates starting position and
small arrowhead follows the end of the tubule) and retraction
(large arrow indicates starting position and small arrow follows
the end of the tubule). Scale bar =5 pm. B) Sif extension is
bidirectional and involves switching between elongation and
retraction. One representative image (single confocal section)
from the beginning of an 80 image time series (0.7 seconds
apart) is shown. N, nucleus; scale bar = 5 um. The distal ends
of three Sif tubules were then tracked (ImaceJ macro Manual
Tracking) over the subsequent frames, and the tracks at 28 and
56 seconds are shown in the panels on the right. For each track,
an arrow indicates the initial position of the tubule tip and a red
dot indicates the final position. Enlargements of the tracks
bound by the grey box are shown in the lower panels. The
bottom panel provides graphic representations of the behavior
of three separate Sif tubules that illustrates switching between
extension, retraction and pauses.

The accumulation of slow or nonmoving Sifs and tubular
Sif networks at later times p.i. might reflect a global
change in cellular physiology, such as downregulation of
microtubule-based motor activity that could be a direct
consequence of Salmonella infection. Under these circum-
stances, Sif lifespans and extension velocities would be
predicted to change as a function of time p.i. To explore
this possibility, we evaluated the mean extension velocity
and lifespan of Sifs in cells at early (3-5 h) versus later
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(6-9 h) p.i. These intervals were chosen because they
represent times when Sifs are obviously actively extending
(3-5 h p.i.) and times when Sif extension has reached
a maximum (6-9 h p.i.). When we compared Sif tubule
dynamics at these two times, we detected no significant
difference in either mean extension velocity (Figure 5D
and Table 1) or lifespan (data not shown), indicating that
the properties of individual moving Sifs does not change as
a function of time p.i.

These data indicate that Sif tubules remain motile at late
times p.i., yet their overall organization changes drama-
tically (Figure 2A). In trying to resolve this issue, we
reasoned that the development of extensive, intercon-
nected Sif networks might be the result of a switch from
predominantly short-lived, rapidly extending tubules to
a longer lived, slowly extending population. To determine
whether this was indeed the case, we categorized Sifs into
three groups according to lifespan: short lived (<200 sec-
onds), intermediate (200-600 seconds) and long lived
(>600 seconds) and then compared the proportions of
the three groups at early (3-5 h) and late (6-9 h) times p.i.
We found that the proportion of long-lived Sifs did increase
as a function of time p.i.; during the early interval, ~20% of
Sifs were long lived, whereas ~35% were long lived at the
later times (Figure 5D). However, the population of short-
lived Sifs was also more predominant at later times (~50
versus ~30%). Thus, the proportion of both long-lived and
short-lived Sifs increased at the expense of Sifs with an
intermediate lifespan. Taken together, our findings sug-
gest that the establishment of Sif networks involves an
increase in stability of some tubules but not a complete
suppression of Sif extension.

We extended this work by evaluating the overall motility
of Sif networks over time (Figure 5). For this experiment,
we examined Sif extension and movement in living cells.
Sif extension (as determined using the SEI) increased over
the course of infection (not shown), as expected from our
analysis of fixed cells (Figure 1). The percent of cells that
showed Sif tubule dynamics decreased gradually over this
same time period, but considerable motility was still
observed even as late as 16 h p.i. (Figure 5C).

Pretreatment of cells with the microtubule-depolymerizing
agent, nocodazole, prevents Sif formation (4,14), presum-
ably because tubule extension occurs along microtubules.
However, the question of how microtubules contribute to
the motility of preformed Sif tubules has never been
addressed. To investigate this, we allowed Sif networks
to form in infected Hela cells for 8 h p.i. and then
incubated the cells for 15 min in nocodazole (10 wg/mL)
to disrupt microtubules. Live cell imaging confirmed that
this treatment caused a complete cessation of movement
of endocytic vesicles containing internalized fluorescent
dextran, confirming that microtubules were depolymer-
ized, and also had a dramatic effect on the dynamics of Sif
tubules (Movie S2 and data not shown). Elongation and
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Table 1: Parameters of Sif dynamics®

n Velocity (wm/second) t-test p value
Mean Range SEM
Extension Lifespan 0-600 seconds 33 0.44 0.27-0.84 0.02
Lifespan >600 seconds 24 0.33 0.21-0.45 0.01 0.0001
Retraction Slow b4 0.68 0.25-1.53 0.03
Rapid 17 2.13 1.5-3.01 0.13 2.98E-06

“Hela cells transiently expressing NPC1-eGFP were infected with a pulse of mRFP-Salmonella and then imaged at 4-8 h p.i. using a wide
field microscope (3i Marianas) at one frame/second for 15-25 min. Sif extension and retraction velocities were quantified using the ImMaceJ

macro Manual Tracking.

retraction ceased completely, and the Sif tubules appeared
essentially ‘frozen’ in place even though microtubules
were largely disassembled (Figure 6). This effect is revers-
ible because tubule dynamics were rapidly restored fol-
lowing washout of nocodazole (data not shown). To
confirm this result, we also used exposure to low temper-
ature to depolymerize microtubules. In cells incubated on
ice (15 min) and/or treated with nocodazole, we observed
no change in either the SEI or the percentage of infected
cells that contained Sif networks (Figure 6B). This result
suggests that the Sif network could be stabilized by factors
other than microtubules. An obvious candidate for this
role is actin because, although it is not required for Sif
formation (19), actin remodeling is required for intracellular
replication of Salmonella in epithelial cells (20). To test this
possibility, we treated cells concurrently with nocodazole
and Latrunculin A (1wM), an agent that favors actin
disassembly (21). Sifs persisted after this treatment as
well (data not shown), indicating that their stability de-
pends on neither actin nor microtubules.

Sifs emanate from a parent compartment, the SCV, which
is accessible to incoming endocytic markers and can fuse
directly with lysosomes containing fluorescently labeled
dextrans as soluble content markers (2). In this study, we
used a similar approach to investigate whether Sif tubules
are similarly able to fuse with components of the endocytic
pathway. Cells were incubated overnight with Alexa Fluor
647-conjugated dextran (dex-AF647), then infected with
cherry-Salmonella and incubated for an additional 6 hin the
presence of dex-AF647. Dex-AF647 was then removed,
and cells were incubated for two more hours in the
presence of a second color dextran, dex-AF488. Live cell
imaging was initiated as soon as the excess dextran was
removed by washing. Under these conditions, almost all
the Sif tubules we observed contained both fluorescent
dextrans (Figure 7), indicating that Sif biogenesis involves
significant interactions with endocytic organelles. Because
dex-AF647 was present continuously during the entire
initial period of Sif formation, it may have been delivered
to Sifs or the SCV from any element of the endocytic

Figure 4: Appearance and extension of a leader Sif. HelLa cells expressing NPC1-eGFP were infected with mRFP-Salmonella for 6 h
and then imaged using a wide field microscope. Processed time-lapse images from a single cell are shown. The elapsed time (in seconds)
is indicated at top of each image. The top four images (0-15.6 seconds) show a leader Sif (small arrowhead) extending from a stationary
trailing Sif (large arrowhead). The bottom four images (20.7-36.3 seconds) show the trailing Sif (large arrowhead) extending into the region
previously occupied by the leader Sif. The arrow in the last panel marks the junction between the leading and the trailing Sif. Scale
bar = 10 pm.
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pathway. However, that dex-AF488 that had been taken up
by cells starting at 6 h p.i. was also able to gain access to
Sifs suggests that early and/or late endosomes might be
able to deliver content to tubules by fusing with them
directly. To test this hypothesis, we internalized dex-
AFA488 for a brief (30 min) pulse after Sifs were allowed
to form and then looked for fusion events by live cell
imaging. As shown in Figure 7B and Figure S3, dex-AF488-
loaded endosomes were observed fusing with pre-existing
Sif tubules and delivering their contents into the tubule
lumen. These experiments demonstrate unequivocally
that Sif tubules are accessible to, and in direct communi-
cation with, incoming endocytic traffic.

The observation that Sifs have two distinct domains,
a leader Sif that contains a low density of NPC and LAMP1
and a trailing domain that is relatively enriched in these
same proteins, raises the possibility that these membrane
domains might show different interactions with free LE/
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frame. The percent of the cell popu-
lation showing motile Sifs is shown.
D) Mean (+=SEM) extension veloci-
ties of Sifs observed at 3-5 h p.i.
(white bar) and 6-9 h p.i. (black bar).
The values are not significantly dif-
ferent. E) Relative proportions of Sifs
with lifespans <200 seconds (short;
grey), 200-600 seconds (intermedi-
ate; white) and >600 seconds (long;
black) at 3-56 and 6-9 h p.i. The
mean + SD from four independent
trials is shown; n > 6 Sifs were
evaluated for each condition.

Lys. We explored this possibility by examining interactions
between Sifs and endosomes, which were labeled by
internalization of fluorescent dextrans. The observed inter-
actions were then categorized into two groups based on
the duration of the interaction (Figure 7C). A ‘contact-only’
interaction was defined as an event in which an endosome
contacted a Sif tubule transiently; in other words, an event
where an endosome stopped moving when it encountered
a tubule. ‘Docking’ interactions were defined as events in
which endosomes underwent long-term (>20 seconds)
interactions with a Sif tubule. We then determined where
these two types of interactions occurred on the Sif. Long-
term docking events were found to be more likely to occur
near the distal end of Sifs (mean = 1.2 um; n =9 of 29
total contacts) compared with transient, contact-only events,
which occurred farther from the tip (mean = 4.3 pm;
n= 20 of 29 total contacts). Unfortunately, because fusion
events were considerably harder to capture than either dock-
ing or contact-only events, we were unable to determine if
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these sustained interactions lead to later fusion events or if
fusion is more likely to occur at certain regions of Sif tubules.

Discussion
The induction of extensive tubular compartments in
Salmonella-infected epithelial cells was first described

15 years ago (4,19). Originally identified as LAMP-enriched
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Figure 6: Sifs persist in the absence of microtubules. Hela
cells were infected with cherry-Salmonella and incubated for 8 h
to allow for Sif formation. 37°C untreated: cells were then fixed in
paraformaldehyde (PFA) for 10 min at 37°C. 37°C + nocodazole:
cells were treated with nocodazole (10 pg/mL) for 15 min and
then fixed in PFA with nocodazole for 10 min at 37°C. 4°C
untreated: cells were shifted to ice for 15 min and fixed in PFA
on ice. 4°C + nocodazole: cells were shifted to ice and treated
with nocodazole for 15 min and fixed in PFA with nocodazole on
ice. Subsequently, cells were processed for immunofluorescence
with antibodies to LAMP1 and B-tubulin. A) Shown are zprojec-
tions of representative cells. Sif tubules were stained with anti-
LAMP1 antibody (large panels), and the greyscale images have
been inverted to allow for better resolution of tubules and
vesicular structures. The small panels show the location of
cherry-Salmonella (left and merge) and microtubules (merge).
Arrowheads indicate LAMP1-positive tubules or linear arrays of
LAMP1-positive vesicles. Arrows indicate the location of intracel-
lular Salmonella. B) Quantification of Sif extension in treated cells.
SEl was determined from 20 cells per treatment. Error bars
represent the SD of three independent experiments. No signifi-
cant difference was detected (one-way ANOVA with Dunnett's
post hoc test). The mean + SD percentage of infected cells
containing Sifs for each treatment is shown in parentheses.

filaments that did not appear to be accessible to internal-
ized endocytic markers, Sifs have now been clearly
defined as tubular extensions of the SCV. Sif formation is
intimately linked to the initiation of intracellular replication
of Salmonella, yet surprisingly little is known about the
mechanisms by which Sifs form. Their physiological func-
tion remains undetermined, although mutant Salmonella
strains that cannot make Sifs have decreased virulence in
mouse models of Salmonellainfection, suggesting that the
molecular changes that underlie Sif formation are neces-
sary for pathogenesis (6,22). Sif formation appears to
correlate with enhanced integrity of the vacuolar mem-
brane because SifA mutants are seen to escape into the
cytosol where, in macrophages, they are rapidly killed (23).
An understanding of the molecular mechanisms that
underlie Sif formation and how host cell and Salmonella
effector proteins contribute is a critical foundation for
future work on Salmonella pathogenesis.

In this study, we have investigated the formation of Sifs in
Salmonella-infected epithelial cells using live cell micros-
copy. Our experiments reveal a dynamic process charac-
terized by rapid, bidirectional tubule movement and
branching that is accompanied by sustained interactions
with the endocytic pathway. In addition, we have identified
a novel subdomain at the distal end of Sif tubules that may
contribute to motility and/or fusion.

Before Sifs are observed, the process of SCV maturation
appears similar to canonical phagosome biogenesis, that is
it involves the sequential acquisition of endosomal
markers and leads to enrichment within 2 h in late endo-
somal/lysosomal membrane such as LAMP1 (1). In con-
trast, the formation of Sifs — a network of dynamic tubules
extending from the surface of the SCV - is a visually
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dramatic departure from classic phagolysosome matura-
tion. Previous work using fixed cells suggested that Sif
formation did not begin until 6 h p.i., but our work reveals
that Sifs form as early as 3 h p.i. This time frame suggests
that Sif formation is concomitant with T3SS2 assembly
(24). At these early times, the majority of Sifs are short
lived and can be seen to extend, retract and make frequent
stops and changes in direction. Sif formation requires the
presence of an intact microtubule network (4,14,19,25),
and the bidirectional nature of tubule movement suggests
the involvement of distinct minus-end-directed and plus-
end-directed motors. The velocity of extension of these
short-lived tubules is in the range of 0.27-0.84 wm/second,
with a mean velocity of 0.44 wm/second, similar to the
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Salmonella as described in the text
(for clarity, a graphic depicting the
experimental scheme is shown).
Cells were then imaged using a spin-
ning disk confocal microscope. A
single processed image from a time-
lapse series is shown. N, nucleus.
Arrowheads indicate tubules contain-
ing both fluorescent dextrans. Arrows
indicate the location of intracellular
Salmonella. B) To visualize delivery
of incoming endocytic content to Sifs,
cells were infected with Salmonella
and dex-AF488 was added as a 30-
min pulse at 6 h p.i. as depicted in the
graphic showing the experimental
scheme. A series of images is shown;
elapsed time is indicated. Between
2.8 and 5.6 seconds, a dex-AF488-
loaded vesicle (large arrowhead) can
be seen delivering its content to a pre-
existing Sif tubule (indicated with
small arrowheads) (see also Movie
S3). Scale bar = 10 pm. C) Quantifi-
cation of the transient (contact; black
bar) versus long-term (>20 seconds;
docking; white bar) interactions of
endosomes with Sif tubules as a func-
tion of distance from the end of the
tubule. Values are mean + SEM.
Because leader Sifs are much dim-
mer than vesicles, they could not be
readily seen in this analysis, so the
distance measurements are assumed
to be relative to the end of the trailing
Sif domain. Asterisk indicates that
the mean distances are significantly
different.

8.4 seconds

speeds observed for late endosome and lysosomes
(18,26-28). Candidate plus-end-directed motors include
kinesin-1 and kinesin-2, both of which have been shown
to be important for LE/Lys dynamics. Kinesin-1 is required
for extension of tubular lysosomes (29-32), and kinesin-2,
the major motor for the outward movement of pigment
granules (33), was recently found to contribute to LE/Lys
localization in nonpigmented cells (34). Of these two
motors, only kinesin-1 has been directly implicated in Sif
formation (11). Sif retraction appears to occur by two
distinct mechanisms: one that is continuous and may be
motor driven (mean velocity: 0.68 wm/second, range
0.25-1.53 pm/second) and a second very rapid type (mean
velocity 2.13 wm/second) that appears to represent the
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precipitate recoil of a tubule under considerable tension. If
a minus-end-directed motor mediates the slower retrac-
tion, the obvious candidate is cytoplasmic dynein, a protein
known to drive the movement of a wide variety of
endocytic structures and phagosomes along microtubules
(35-37). Dynein has already been implicated in movement
of the maturing SCV toward the MTOC (38) and Sif
formation (39).

At later times p.i. (>8h), Sif organization was clearly
different. Instead of simple, individual tubules, Sifs are
now organized into complex, interconnected networks. At
first glance, the tubules that comprised these networks
appeared considerably less dynamic than at earlier times,
and closer examination revealed a population of long-lived
(>10 min) tubules that moved slowly, if at all. However,
a sizeable population of short-lived, dynamic Sifs was also
observed. The overall proportion of the long-lived tubules
increases with time, most existing tubules are now com-
pletely incorporated into the interconnected network and
fewer free tubule ends are seen. Together, these features
lead to a measurable decrease in tubule motility. However,
our data show clearly that short-lived, highly motile tubules
persist in a significant population of cells. One possible
mechanism for the establishment of long-lived, relatively
nonmotile Sifs is that the tubules have become engaged in
interactions with cytoskeletal components. One possibility
is intermediate filaments because we find that Sifs remain
extended (yet motionless) when both microtubules and
actin are acutely disrupted. An alternative explanation is
that Salmonella may be able to stabilize microtubules or
actin filaments. However, our microscopy studies did not
reveal the presence of stabilized actin or microtubules in
association with Sif tubules under these conditions. Sifs
appear unlike most other tubular endomembrane systems
in uninfected mammalian cells such as the ER and tubular
lysosomes as these are highly dynamic and can be
extremely transient in nature. Although Sifs bear a vague
resemblance to the tubular lysosomes seen in activated
macrophages or J774.2 macrophage-like cells, tubular lyso-
somes are completely destabilized and vesiculate when
microtubules are disassembled (40).

The ability of Salmonella to survive for long periods of time
within host cells, a phenomenon that is key to its success as
an intracellular pathogen, has been attributed to its ability to
impede lysosome fusion with the SCV (41-43). However,
recent work from our laboratory has shown that SCVs
interact with endolysosomal compartments in a sustained
and dynamic fashion in epithelial cells (2). We now show
that Sif tubules are also able to interact and undergo fusion
with endosomes, similar to what has previously been
shown for tubular lysosomes and macropinosomes (44).
Our analysis of the spatial distribution of endosome/Sif
interactions indicates that long-term docking events are
most prevalent near the distal ends of tubules, farthest
from the SCV. However, fusion events with tubules are
rare, so it has not yet been possible to determine whether
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leader Sifs have a greater propensity for fusion. Despite the
low incidence of observed fusion events along Sif tubules,
Sif networks become consistently labeled with fluorescent
endocytic probes, suggesting that the SCV itself may be the
major site for fusion with incoming endosomes.

The role of lysosome fusion in SCV and Sif biogenesis
remains controversial; however, we and others have found
that lysosomes fuse efficiently with the maturing SCV
(2,45). The live cell studies described herein, utilizing two
distinct LE/Lys markers, reveal a dramatic depletion of
these endocytic vesicles in cells that contain extensive Sif
networks. Similar reductions in the number of LAMP-
positive vesicles have also been observed in fixed
Salmonella-infected cells [unpublished data and (46)].
Furthermore, the T3SS2 effector SifA, when transiently
expressed in mammalian cells, causes aggregation and
tubulation of LAMP-positive vesicles in the absence of any
other bacterial factors (46-48). Together, these observa-
tions suggest that coalescence of LE/Lys is a crucial step in
Sif formation and that ultimately most, if not all, LE/Lys
material is incorporated into Sif networks. The implications
of this are considerable for the host cell as well as the
pathogen. What effect does LE/Lys aggregation and
tubulation have on the ability of the host cell to sustain
normal membrane trafficking pathways? Conversely, how
do Salmonella survive within a vacuole that is formed by
fusion with lysosomes? Resolving these questions will pro-
vide essential information about how the host—pathogen
balance is maintained and has the potential to lead to
identification of novel targets for antimicrobial therapies.

Taken together, the findings described in this study reveal
that Salmonella induce the formation of a complex, highly
dynamic, tubular endosome network in infected epithelial
cells. Although the function of Sifs remains to be eluci-
dated, some possible roles could be maintenance of the
intracellular niche, providing membrane for the expanding
SCV, procurement of nutrients (by the endocytic pathway)
or dilution of lysosomal enzymes (by fusion of multiple
endolysosomal compartments). An understanding of the
molecular mechanisms that underlie Sif formation, and the
roles played by host cell and Salmonella effector proteins,
will provide the foundation for future work on Salmonella
pathogenesis and is the subject of our ongoing work.

Materials and Methods

Cell culture, bacterial strains and reagents

Hela (human adenocarcinoma cervix epithelial, CCL-2) were obtained from
the American Type Culture Collection (ATCC) and grown in a humidified
37°C, 5% CO, tissue culture incubator. Cell culture reagents were from
Mediatech unless otherwise stated. Hel a cells were maintained in Eagle’s
MEM containing 2 mM L-glutamine, T mM sodium pyruvate and 10% heat-
inactivated FBS. Low passage number (<25 after receipt from ATCC) cells
were seeded on glass coverslips (Fisher Scientific) or Delta-T glass bottom
dishes (BiopTechs) and grown overnight before infection.
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Wild-type S. enterica serovar Typhimurium SL1344 (49) and Salmonella
serovar Typhimurium 12023 (50) strains were previously described. To
construct pFPV-mCherry/2, the oligonucleotides mCherry-FXba (5" TGC
TCTAGATTT AAG AAG GAG ATATAC ATATGG TGA GCA AGG GCG AGG
AG 3') and mCherry-RSph (5" CAT GCA TGC TTA CTT GTA CAG CTC GTC
CAT 3') (engineered restriction sites are underlined) were used to amplify
mCherry from pRSET-B mCherry (51). The resulting amplicon was digested
with Xbal and Sphl and ligated into the corresponding sites of pFPV25.1
(52), thereby replacing the gfp mut3 gene. Salmonella harboring pFPV-
mCherry/2 constitutively express mCherry under the control of the rpsM
promoter and are not compromised for invasion or replication in Hela cells
(unpublished data). Salmonella expressing mRFP from pBR-RFP.1 were
prepared as described (53). Chemicals were from Sigma unless otherwise
noted. Stock solutions of 16 wM nocodazole in dimethyl sulfoxide were
stored at —20°C. Fluorescent dextrans were from Invitrogen.

Bacterial growth and infection

To infect epithelial cells, Salmonella were grown under invasion inducing
conditions (1). Briefly, overnight shaking 37°C cultures in Luria-Bertani Miller
broth (LB) were diluted in fresh LB and grown shaking at 37°C to late log
phase. Salmonella were collected by centrifugation at 6000 x g for 2 min
and resuspended in Hank's buffered saline solution (HBSS) and used
immediately to infect cells (multiplicity of infection ~20-150) for 10 min at
37°C. Extracellular bacteria were then removed by aspiration and monolayers
washed twice in HBSS. Infected cells were incubated for 1 h in growth
media (GM) + 50 wg/mL gentamicin, to kill extracellular bacteria, and then in
GM + 10 pg/mL gentamicin for the remainder of the experiment.

Transient transfection of Hela cells

For expression of LAMP1-mGFP (17), the plasmid was transfected into
Hela cells grown on Delta-T glass bottom dishes (BiopTechs) using Fugene
6 (Roche) according to the manufacturers instructions. For expression of
NPC1-eGFP, Hela cells were grown on 10-cm tissue culture dishes until
they reached ~70-90% confluency. Cells were then harvested using
0.05% trypsin—ethylenediaminetetraacetic acid, followed by centrifugation
at 5000 x g for 5 min. Pellets were resuspended in 500 pL Opti-MEM
(Gibco BRL) and mixed with 15 ng NPC1-eGFP (18), followed immediately
by electroporation (BTX ECM 600 settings: 270 V, 1600 pF, 129 Q) (BTX).
After 10 min recovery, cells were seeded onto 3.5-cm glass bottom tissue
culture dishes (Mattek) at a low density (3-5 x 10* cells/dish) and
incubated overnight before infecting.

Live cell imaging

For the spinning disk confocal system, cells seeded in Delta-T glass bottom
dishes were grown overnight and then incubated with fluorescent dextrans
(133 wg/mL). Cells were imaged in CO,-independent media (Invitrogen)
containing 10% FBS and maintained at 37°C using a collar heater to warm
the objective and a heated dish system (BiopTechs). Individual dishes were
utilized for no more than 70 min. Images were collected using a Yokogawa
spinning disk head mounted on a Nikon Eclipse TE2000-S inverted
microscope with a 60, 1.4 numerical aperture (NA) oil immersion objective
(Nikon). lllumination was provided by a two-laser fiber optic laser launcher
(Prairie Technologies Inc.) with krypton/argon (488 nm beam) and argon
(568 and 647 nm beams) lasers selected by an acousto-optic tunable filter.
Fluorescent emission (filters 525 nm/50, 600 nm/45 and 700 nm/75) was
detected using a Photometrics Cascade 11:512 camera (Princeton Instru-
ments). A 1.5x magnifier lens positioned between the emission filter and
the camera increased the size of the acquired image. Image acquisition was
controlled by MetamorrH® (Molecular Dynamics). Images were collected
every 0.7 or 0.9 seconds.

Hela cells expressing NPC1-eGFP were infected with mRFP-Salmonella
12023 and then incubated at 37°C for 3 h before imaging. To assess the
extent of Sif network formation in live cells, 1 um optical sections were
collected using point-scanning confocal microscopy (Zeiss; LSM 510; 63x,
1.4 NA oil immersion objective).
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Dynamics of Salmonella-Induced Tubules

Sif tubule movement, lifespan and leader Sif measurements were collected
using the 3i Marianas wide field live-cell imaging workstation (100x, 1.45
NA oil immersion objective). Sif velocity and lifespan measurements were
collected from 22 individual cells by time-lapse imaging at one frame/
second for 25 min. To avoid phototoxicity effects, only the first 5 min of
each time series was used for velocity measurements for all Sifs. For
lifespan measurements, the >600 seconds category included all tubules
that formed within the first 5 min of imaging and could be clearly identified
in >600 consecutive frames (at one frame/second). Many long-lived Sifs
persisted until the end of the recording period, so the values provided for
their lifespans represent a minimum estimate. Shorter lived tubules (<600
seconds) were those that appeared at any time during imaging and
persisted for >25 but <600 seconds. Only tubules that could be traced
back to the SCV were scored. Tubule loss was defined as complete
retraction back to the parent compartment.

Time-lapse movies were assembled using Imaged (written by Wayne
Rasband at the U.S. National Institutes of Health and available by anony-
mous FTP from zippy.nimh.nih.gov). Sif velocities were quantified using
ImaceJ macro Manual Tracking. All figures were constructed using VoLocity
(Improvision) and Apose PHoTosHop 7.0 (Adobe Systems).

Immunofluorescence microscopy

Hela cells grown on coverslips in 24-well dishes were infected with
mCherry-Salmonella SL1344 and fixed at indicated time-points p.i. in
2.5% paraformaldehyde in PBS at 37°C for 10 min. Cells were washed in
PBS and permeabilized in PBS containing 10% normal donkey serum and
0.1% saponin for 10 min at room temperature. Cells were probed with
mouse anti-B-tubulin (Sigma; clone SAP.4G5; 1:400) and rabbit anti-LAMP1
(Abcam 19294; 1:1000) and subsequently Cy5-conjugated anti-mouse
secondary (Jackson ImmunoResearch Laboratories, Inc.; 1:400) and
Alexa-488 anti-rabbit secondary (1:400) antibodies. For Hela cells expressing
LAMP1-mGFP, only detection with anti-B-tubulin was performed. Cover-
slips were mounted blind in either Mowiol or ProLong Gold Antifade
(Invitrogen). Quantitative measurements were determined from images
taken on the spinning disk microscope described above. Images shown are
zprojections of scanning confocal stacks taken on a Zeiss LSM510. To
quantify the effect of microtubule depolymerization on Sif stability, the
percent of infected cells containing at least one LAMP1-positive tubule was
enumerated for cells incubated with or without nocodazole treatment as
described above. Values are the mean + SD from three independent
experiments.

Estimation of SEIl and Sif motility

Estimates of SEI in fixed cells were made as described previously (8).
Briefly, cells infected with Salmonella were fixed and processed for
microscopy using anti-B-tubulin antibodies to stain microtubules. Sifs were
revealed either by staining with anti-LAMP1 antibodies or by presence of
LAMP1-mGFP in transfected cells. Salmonella not expressing mCherry or
mRFP were revealed using anti-LPS antibodies. For live cell estimates of
SEI (data not shown), cell margins were detected using DIC microscopy,
Salmonella were detected using mRFP, and Sifs were labeled with LAMP1-
mGFP. Infected cells were selected based on the presence of bacteria, and
then, images from a single focal plane (epifluorescence), or a zseries
projection (confocal), were obtained for each wavelength (bacteria, LAMP1
and microtubules or DIC). Using MeTamorrH software, the total microtubule
area for each cell was determined after defining the perimeter of B-tubulin
staining; total cell areas were determined from the DIC images. Sub-
sequently, the perimeter of the outermost point of all LAMP1-decorated
Sifs was drawn. For SEI estimates in fixed cells, the LAMP1 area was then
divided by the B-tubulin or entire cell area and multiplied by 100 to give
a percentage that represents the SEI.

Sif motility was scored in a random sampling of infected cells. A cell
containing LAMP1-mGFP-labeled Sifs was viewed using fluorescence
optics for 1 min. Cells exhibiting any Sif tubule extension, retraction or
branching in this interval were scored positive for motility.
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Supporting Information

Additional Supporting Information may be found in the online version of
this article:

Movie S1: Time-lapse series showing Sif dynamics in LAMP1-mGFP
(green)-transfected Hela cells infected with cherry-Salmonella (red).
Confocal live cell imaging started 6 h p.i. acquiring single optical planes
every 0.7 seconds. Scale bar = 10 pm.

Movie S2: Time-lapse series of Sif dynamics in the absence of micro-
tubules. Hel a cells were infected with cherry-Salmonella (red) for 6 h and
then 16 uM nocodazole added for 1 h before live cell imaging. The
endocytic pathway was loaded with dex-AF488 (green) before and through-
out infection to visualize Sifs. Confocal live cell imaging started 7 h p.i.,
and single optical planes were collected every 0.7 seconds. Scale
bar = 10 pm.

Movie S3: Time-lapse series showing delivery of dex-AF488 from an
endocytic vesicle to a pre-existing Sif tubule. Confocal live cell imaging
started 6.5 h p.i. acquiring single optical planes every 0.9 seconds. Scale
bar = 10 pm.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors. Any
queries (other than missing material) should be directed to the correspond-
ing author for the article.

References

1. Steele-Mortimer O, Meresse S, Gorvel JP, Toh BH, Finlay BB. Bio-
genesis of Salmonella typhimurium-containing vacuoles in epithelial
cells involves interactions with the early endocytic pathway. Cell
Microbiol 1999;1:33-49.

2. Drecktrah D, Knodler LA, Howe D, Steele-Mortimer O. Salmonella
trafficking is defined by continuous dynamic interactions with the
endolysosomal system. Traffic 2007;8:212-225.

3. Salcedo SP, Holden DW. SseG, a virulence protein that targets
Salmonella to the Golgi network. EMBO J 2003;22:5003-5014.

4. Garcia-del Portillo F, Zwick MB, Leung KY, Finlay BB. Salmonella
induces the formation of filamentous structures containing lysosomal
membrane glycoproteins in epithelial cells. Proc Natl Acad Sci U S A
1993;90:10544-10548.

5. Brumell JH, Tang P, Mills SD, Finlay BB. Characterization of Salmo-
nella-induced filaments (Sifs) reveals a delayed interaction between
Salmonella-containing vacuoles and late endocytic compartments.
Traffic 2001,;2:643-653.

2128

20.

21.

22.

23.

. Beuzon CR, Meresse S, Unsworth KE, Ruiz-Albert J, Garvis S,

Waterman SR, Ryder TA, Boucrot E, Holden DW. Salmonella maintains
the integrity of its intracellular vacuole through the action of SifA.
EMBO J 2000;19:3235-3249.

. Ramsden AE, Mota LJ, Munter S, Shorte SL, Holden DW. The SPI-2

type Il secretion system restricts motility of Salmonella-containing
vacuoles. Cell Microbiol 2007;9:2517-2529.

. Knodler LA, Steele-Mortimer O. The Salmonella effector PipB2 affects

late endosome/lysosome distribution to mediate Sif extension. Mol
Biol Cell 2005;16:4108-4123.

. Harrison RE, Brumell JH, Khandani A, Bucci C, Scott CC, Jiang X,

Finlay BB, Grinstein S. Salmonella impairs RILP recruitment to
Rab7 during maturation of invasion vacuoles. Mol Biol Cell 2004;15:
3146-3154.

. Boucrot E, Henry T, Borg JP, Gorvel JP, Meresse S. The intracellular

fate of Salmonella depends on the recruitment of kinesin. Science
2005;308:1174-1178.

. Henry T, Couillault C, Rockenfeller P, Boucrot E, Dumont A,

Schroeder N, Hermant A, Knodler LA, Lecine P, Steele-Mortimer
O, Borg JP, Gorvel JP, Meresse S. The Salmonella effector
protein PipB2 is a linker for kinesin-1. Proc Natl Acad Sci U S A
2006;103:13497-13502.

. Birmingham CL, Jiang X, Ohlson MB, Miller SI, Brumell JH. Salmonella-

induced filament formation is a dynamic phenotype induced by rapidly
replicating Salmonella enterica serovar typhimurium in epithelial cells.
Infect Immun 2005;73:1204-1208.

. Knodler LA, Finlay BB, Steele-Mortimer O. The Salmonella effector

protein SopB protects epithelial cells from apoptosis by sustained
activation of Akt. J Biol Chem 2005;280:9058-9064.

. Brumell JH, Goosney DL, Finlay BB. SifA, a type Il secreted effector of

Salmonella typhimurium, directs Salmonella-induced filament (Sif)
formation along microtubules. Traffic 2002;3:407-415.

. Robinson JM, Chiplonkar J, Luo Z. A method for co-localization of

tubular lysosomes and microtubules in macrophages: fluores-
cence microscopy of individual cells. J Histochem Cytochem
1996;44:1109-1114.

. Sugii S, Reid PC, Ohgami N, Du H, Chang TY. Distinct endosomal

compartments in early trafficking of low density lipoprotein-derived
cholesterol. J Biol Chem 2003;278:27180-27189.

. Falcon-Perez JM, Nazarian R, Sabatti C, Dell’Angelica EC. Distribution

and dynamics of Lamp1-containing endocytic organelles in fibroblasts
deficient in BLOC-3. J Cell Sci 2005;118:5243-5255.

. Ko DC, Gordon MD, Jin JY, Scott MP. Dynamic movements of

organelles containing Niemann-Pick C1 protein: NPC1 involvement
in late endocytic events. Mol Biol Cell 2001;12:601-614.

. Garcia-del Portillo F, Zwick MB, Leung KY, Finlay BB. Intracellular

replication of Salmonella within epithelial cells is associated with
filamentous structures containing lysosomal membrane glycoproteins.
Infect Agents Dis 1993;2:227-231.

Meresse S, Unsworth KE, Habermann A, Griffiths G, Fang F, Martinez-
Lorenzo MJ, Waterman SR, Gorvel JP, Holden DW. Remodelling of the
actin cytoskeleton is essential for replication of intravacuolar Sa/mo-
nella. Cell Microbiol 2001;3:567-577.

Morton WM, Ayscough KR, McLaughlin PJ. Latrunculin alters the actin-
monomer subunit interface to prevent polymerization. Nat Cell Biol
2000;2:376-378.

Stein MA, Leung KY, Zwick M, Garcia-del Portillo F, Finlay BB.
Identification of a Salmonella virulence gene required for formation of
filamentous structures containing lysosomal membrane glycoproteins
within epithelial cells. Mol Microbiol 1996;20:151-164.

Beuzon CR, Salcedo SP, Holden DW. Growth and killing of a Salmo-
nella enterica serovar Typhimurium sifA mutant strain in the cytosol
of different host cell lines. Microbiology 2002;148:2705-2715.

Traffic 2008; 9: 2117-2129



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3b.

36.

37.

38.

Lober S, Jackel D, Kaiser N, Hensel M. Regulation of Salmonella
pathogenicity island 2 genes by independent environmental signals.
Int J Med Microbiol 2006;296:435-447.

Kuhle V, Jackel D, Hensel M. Effector proteins encoded by Salmonella
pathogenicity island 2 interfere with the microtubule cytoskeleton after
translocation into host cells. Traffic 2004;5:356-370.

Lebrand C, Corti M, Goodson H, Cosson P, Cavalli V, Mayran N, Faure
J, Gruenberg J. Late endosome motility depends on lipids via the small
GTPase Rab7. EMBO J 2002;21:1289-1300.

Cordonnier MN, Dauzonne D, Louvard D, Coudrier E. Actin filaments
and myosin | alpha cooperate with microtubules for the movement of
lysosomes. Mol Biol Cell 2001;12:4013-4029.

Loubery S, Wilhelm C, Hurbain I, Neveu S, Louvard D, Coudrier E.
Different microtubule motors move early and late endocytic compart-
ments. Traffic 2008;9:492-509.

Hollenbeck PJ, Swanson JA. Radial extension of macrophage tubular
lysosomes supported by kinesin. Nature 1990;346:864-866.

Nakata T, Hirokawa N. Point mutation of adenosine triphosphate-binding
motif generated rigor kinesin that selectively blocks anterograde lyso-
some membrane transport. J Cell Biol 1995;131:1039-1053.

Lin SX, Gundersen GG, Maxfield FR. Export from pericentriolar
endocytic recycling compartment to cell surface depends on stable,
detyrosinated (glu) microtubules and kinesin. Mol Biol Cell 2002;13:
96-109.

Chen H, Yang J, Low PS, Cheng JX. Cholesterol level regulates
endosome motility via Rab proteins. Biophys J 2008;94:1508-1520.
Rogers SL, Tint IS, Fanapour PC, Gelfand VI. Regulated bidirectional
motility of melanophore pigment granules along microtubules in vitro.
Proc Natl Acad Sci U S A 1997,94:3720-3725.

Brown CL, Maier KC, Stauber T, Ginkel LM, Wordeman L, Vernos I,
Schroer TA. Kinesin-2 is a motor for late endosomes and lysosomes.
Traffic 2005;6:1114-1124.

Burkhardt JK, Echeverri CJ, Nilsson T, Vallee RB. Overexpression of
the dynamitin (p50) subunit of the dynactin complex disrupts dynein-
dependent maintenance of membrane organelle distribution. J Cell Biol
1997;139:469-484.

Valetti C, Wetzel DM, Schrader M, Hasbani MJ, Gill SR, Kreis TE,
Schroer TA. Role of dynactin in endocytic traffic: effects of dynamitin
overexpression and colocalization with CLIP-170. Mol Biol Cell 1999;
10:4107-4120.

Blocker A, Severin FF, Burkhardt JK, Bingham JB, Yu H, Olivo JC,
Schroer TA, Hyman AA, Griffiths G. Molecular requirements for bi-
directional movement of phagosomes along microtubules. J Cell Biol
1997;137:113-129.

Marsman M, Jordens |, Kuijl C, Janssen L, Neefjes J. Dynein-mediated
vesicle transport controls intracellular Salmonella replication. Mol Biol
Cell 2004;15:2954-2964.

Traffic 2008; 9: 2117-2129

39.

40.

41

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

Dynamics of Salmonella-Induced Tubules

Guignot J, Caron E, Beuzon C, Bucci C, Kagan J, Roy C, Holden DW.
Microtubule motors control membrane dynamics of Salmonella-
containing vacuoles. J Cell Sci 2004;117:1033-1045.

Swanson J, Burke E, Silverstein SC. Tubular lysosomes accompany
stimulated pinocytosis in macrophages. J Cell Biol 1987;104:1217-1222.

. Ishibashi Y, Arai T. Specific inhibition of phagosome-lysosome fusion in

murine macrophages mediated by Salmonella typhimurium infection.
FEMS Microbiol Immunol 1990;2:35-43.

Buchmeier NA, Heffron F. Inhibition of macrophage phagosome-
lysosome fusion by Salmonella typhimurium. Infect Immun 1991;59:
2232-2238.

Garcia-del Portillo F, Finlay BB. Targeting of Salmonella typhimurium to
vesicles containing lysosomal membrane glycoproteins bypasses
compartments with mannose 6-phosphate receptors. J Cell Biol
1995;129:81-97.

Racoosin EL, Swanson JA. Macropinosome maturation and fusion with
tubular lysosomes in macrophages. J Cell Biol 1993;121:1011-1020.
Oh YK, Alpuche-Aranda C, Berthiaume E, Jinks T, Miller SI, Swanson JA.
Rapid and complete fusion of macrophage lysosomes with phagosomes
containing Salmonella typhimurium. Infect Immun 1996,64:3877-3883.
Boucrot E, Beuzon CR, Holden DW, Gorvel JP, Meresse S. Salmonella
typhimurium SifA effector protein requires its membrane-anchoring
C-terminal hexapeptide for its biological function. J Biol Chem 2003;
278:14196-14202.

Brown NF, Szeto J, Jiang X, Coombes BK, Finlay BB, Brumell JH.
Mutational analysis of Salmonella translocated effector members SifA
and SopD2 reveals domains implicated in translocation, subcellular
localization and function. Microbiology 2006;152:2323-2343.

Brumell JH, Rosenberger CM, Gotto GT, Marcus SL, Finlay BB. SifA
permits survival and replication of Salmonella typhimurium in murine
macrophages. Cell Microbiol 2001;3:75-84.

Hoiseth SK, Stocker BA. Aromatic-dependent Salmonella typhimu-
rium are non-virulent and effective as live vaccines. Nature 1981;291:
238-239.

Poh J, Odendall C, Spanos A, Boyle C, Liu M, Freemont P, Holden DW.
SteC is a Salmonella kinase required for SPI-2-dependent F-actin
remodelling. Cell Microbiol 2007;10:20-30.

. Shaner NC, Campbell RE, Steinbach PA, Giepmans BN, Palmer AE,

Tsien RY. Improved monomeric red, orange and yellow fluorescent
proteins derived from Discosoma sp. red fluorescent protein. Nat
Biotechnol 2004;22:1567-1572.

Valdivia RH, Hromockyj AE, Monack D, Ramakrishnan L, Falkow S.
Applications for green fluorescent protein (GFP) in the study of host-
pathogen interactions. Gene 1996;173:47-52.

Birmingham CL, Smith AC, Bakowski MA, Yoshimori T, Brumell JH.
Autophagy controls Salmonella infection in response to damage to the
Salmonella-containing vacuole. J Biol Chem 2006;281:11374-11383.

2129



