
Cell Host & Microbe

Article
Actin and Intermediate Filaments Stabilize
the Chlamydia trachomatis Vacuole
by Forming Dynamic Structural Scaffolds
Yadunanda Kumar1 and Raphael H. Valdivia1,*
1Department of Molecular Genetics and Microbiology and Center for Microbial Pathogenesis, Duke University Medical Center, Durham,

NC 27710, USA

*Correspondence: valdi001@mc.duke.edu
DOI 10.1016/j.chom.2008.05.018
SUMMARY

The obligate intracellular bacterial pathogen Chla-
mydia trachomatis replicates within a large vacuole
or ‘‘inclusion’’ that expands as bacteria multiply but
is maintained as an intact organelle. Here, we report
that the inclusion is encased in a scaffold of host cy-
toskeletal structures made up of a network of F-actin
and intermediate filaments (IF) that act cooperatively
to stabilize the pathogen-containing vacuole. Forma-
tion of F-actin at the inclusion was dependent on
RhoA, and its disruption led to the disassembly of
IFs, loss of inclusion integrity, and leakage of inclu-
sion contents into the host cytoplasm. In addition,
IF proteins were processed by the secreted
chlamydial protease CPAF to form filamentous struc-
tures at the inclusion surface with altered structural
properties. We propose that Chlamydia has co-
opted the function of F-actin and IFs to stabilize the
inclusion with a dynamic, structural scaffold while
minimizing the exposure of inclusion contents to cy-
toplasmic innate immune-surveillance pathways.

INTRODUCTION

Chlamydiae sps are obligate intracellular bacterial pathogens of

humans and animals. In humans, Chlamydia trachomatis infects

ocular and genital epithelial surfaces to cause diseases such as

conjunctivitis, salpingitis, and urethritis, and chronic inflamma-

tion from recurrent chlamydial infections can lead to devastating

sequela such as blinding trachoma, pelvic inflammatory disease,

and infertility (Schachter, 1999).

C. trachomatis displays a biphasic life cycle, with an infectious,

metabolically inactive elementary body (EB) form, and a nonin-

fectious, replicative reticulate body (RB) form (Belland et al.,

2004). Shortly after invasion, EBs differentiate into RBs and rep-

licate within a membrane-bound parasitophorous vacuole

termed an ‘‘inclusion.’’ The inclusion expands as bacteria repli-

cate and is maintained as a large intact organelle. It has been

proposed that attachment to the inclusion membrane maintains

RBs in a replicative state, while detachment triggers the devel-

opmental transition to EBs (Peters et al., 2007). Therefore, the

morphology of the inclusion may influence chlamydial replication
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with small number of large inclusions within a cell leading to the

highest yield of EBs (Wilson et al., 2006). The expansion of inclu-

sions is likely fueled by the acquisition of membrane lipids from

Golgi-derived vesicles (Carabeo et al., 2003) and multivesicular

bodies (MVBs) (Beatty, 2006). Because vesicular transport and

the morphology of membrane compartments is linked to the

function of the cytoskeleton (Musch, 2004; Rodriguez-Boulan

et al., 2005; Toivola et al., 2005), it is likely that the mature inclu-

sion interacts extensively with cytoskeletal elements.

The major components of the mammalian cytoskeleton, mi-

crotubules, actin microfilaments, and intermediate filaments

(IFs) differ widely in their structural and biochemical properties.

Actin microfilaments are 10 nm thick homopolymers (Wear

et al., 2000), while microtubules are 25 nm thick hetero-oligo-

mers of a and b tubulin that assemble unidirectionally (Desai

and Mitchison, 1997). Both actin filaments and microtubules per-

form functions ranging from providing structural stability to reg-

ulating intracellular vesicle trafficking, cell migration, and division

(Rodriguez-Boulan et al., 2005). In contrast, IFs are formed by

a diverse family of proteins (>70) that share a tripartite domain

structure consisting of an N-terminal head domain, middle coiled

coil containing Rod-domain, and a C-terminal tail (Herrmann

et al., 2007). IF assembly is largely energy independent and in-

volves lateral association of dimers and tetramers into 60 nm

long unit-length filaments that subsequently anneal longitudi-

nally to give rise to mature filaments. IFs assemble either as ob-

ligate heteropolymers (Type I and Type II keratins and neurofila-

ments) or homopolymers (Type III vimentin and desmin-like IFs)

and exist as separate filament systems within the same cell

(Herrmann et al., 2007). Although IFs are traditionally viewed as

scaffolds that provide mechanical support, recent studies sug-

gest that IFs can also regulate cell signaling, protein synthesis,

and vesicular trafficking (Kim and Coulombe, 2007). These three

cytoskeletal elements exist as dynamic structures by interacting

with each other directly and through a variety of bridging mole-

cules (Fuchs and Karakesisoglou, 2001). Therefore, disruption

of one cytoskeletal structure can impact the organization and

function of the others.

Like many intracellular pathogens, Chlamydiae target the host

cytoskeleton to facilitate their entry into the mammalian host

(Rottner et al., 2005). For C. trachomatis, activation of the small

GTPase Rac1 and recruitment of WAVE2, an activator of the

Arp2/3 actin nucleator complex, induce localized actin polymer-

ization at attachment sites to promote bacterial entry (Carabeo

et al., 2002). This process is aided by the chlamydial protein
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Figure 1. Actin and Intermediate Filaments Are Reorganized at the Periphery of the C. trachomatis Inclusion

(A) Architecture of the host cytoskeleton in Chlamydia-infected cells. HeLa cells were infected with C. trachomatis LGV-L2 for 26–30 hr, fixed, and processed for

immunofluorescence microscopy. F-actin was detected with rhodamine-phalloidin, and IFs and microtubules were detected with antibodies to vimentin and

a-tubulin, respectively. Note the assembly of actin and vimentin filaments at the inclusion (arrows).

(B and C) Cages of cytokeratin-8 and keratin-18 filaments assemble at the inclusion. HeLa cells were infected as in (A), fixed, and cytokeratins detected with

antibodies to cytokeratin-8 (B) and keratin-18 (C). Inclusions (arrows) were detected with anti-IncA antibodies (red).

(D and E) The lumenal contents of inclusions are resistant to detergent extraction. HeLa cells were infected for 30 hr and either left untreated (left) or treated (right) with

1% Triton X-100 (Tx-100) for 5 min at 4�C. Cells were fixed and stained with anti-chlamydial LPS (red), IncG (green) antibodies, and the DNA stain TO-PRO-3 (blue).

Transmissionelectronmicrographsofdetergent-extractedcells showthe intactmorphologyof inclusionand the lossofmembranesat theperipheryof the inclusion (E).

(F) Parallel filaments localize to the inclusion periphery. Transmission electron micrographs reveal F-actin (�10nm) filament bundles (arrows) associated with the

periphery of the inclusion.
Tarp, a nucleator of actin polymerization, which is translocated

into the host cell during invasion (Clifton et al., 2004). The na-

scent inclusion also interacts with the microtubule network to

promote its migration to the microtubule organizing center (Grie-

shaber et al., 2003). The role of the host cytoskeleton during the

replicative phase of the chlamydial life cycle is less well charac-

terized, although recent findings implicate actin filaments in the

process of bacterial exit from the infected cell (Hybiske and

Stephens, 2007).

Because membrane traffic and the shape of subcellular struc-

tures are intimately linked to the function of the cytoskeleton, we

hypothesized that the inclusion interacts extensively with

cytoskeletal elements. In this study, we report that Chlamydia

co-opts RhoA function to assemble a stable structural scaffold

around the inclusion consisting of F-actin and IFs. The conse-

quence of loss of inclusion integrity is the spillage of bacterial
160 Cell Host & Microbe 4, 159–169, August 14, 2008 ª2008 Elsevie
contents to the host cytoplasm, leading to the activation of

innate immune responses.

RESULTS

Actin and IFs Assemble on the Chlamydia Inclusion
To assess how the host cytoskeleton interacts with mid-to-late

cycle inclusions (24–30 hr), we surveyed the subcellular localiza-

tion of F-actin, IFs, and microtubules by staining with rhodamine-

labeled phalloidin or by indirect immunofluorescence with anti-

a-tubulin and vimentin antibodies. Although the morphology of

stress fibers and cortical actin was not affected in infected cells,

we observed the formation of a compact, uniform ring of F-actin

around the inclusion (Figure 1A). Similarly, we found a dramatic

reorganization of vimentin to the inclusion with loss of vimentin

at the cell periphery (Figure 1A). In contrast, the microtubule
r Inc.
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network did not appear overtly perturbed. However, because the

physical displacement of microtubules by the inclusion, espe-

cially in later stages of infection, can obscure the visualization

of specific interactions, we cannot discount the possibility that

the inclusion may also interact with microtubules. Three-dimen-

sional reconstruction of serial laser-scanning confocal sections

confirmed that the inclusion was surrounded by a meshwork of

actin and vimentin filaments (see Movie S1 available online).

The recruitment of these structures is unlikely to be an artifact

of the fixation or staining methodology, since cells expressing

a GFP-tagged F-actin binding domain of moesin or GFP-tagged

vimentin recruited the reporter fusion proteins to the inclusion

(see Figure S1 available online). Furthermore, the reorganization

of IF proteins was not restricted to vimentin since the two main

cytokeratins expressed in HeLa cells, keratin-8 and keratin-18,

also encased inclusions (Figures 1B and 1C). Association of

F-actin and IFs with the inclusion surface increased progres-

sively from �20 hr postinfection until the end of the life cycle

(Figure S2). These findings indicate that establishment of a ma-

ture inclusion is accompanied by a significant rearrangement

of cytoskeletal elements during the mid-to-late stages of the

infectious cycle, when maximal inclusion expansion occurs.

F-actin recruitment and IF rearrangement at the inclusion were

also apparent in cells infected with several Chlamydia and Chla-

mydophila species, suggesting that cytoskeletal rearrangements

are a conserved feature of Chlamydiae infections (Figure S3).

Because IFs are stable structures that provide mechanical

support to cells, we hypothesized that the recruitment of these

cytoskeletal components to the inclusion would impart structural

stability to this organelle. A hallmark property of stable cytoskel-

etal structures is their resistance to detergent extraction:

nonionic detergents solubilize all membranes in live cells while

leaving the cytoskeletal network and the host nuclear matrix in-

tact (Vale et al., 1985). We treated Chlamydia-infected cells with

1% Triton X-100 (Tx-100) and assessed inclusion morphology.

Remarkably, the overall organization of the inclusion was unaf-

fected with bacterial contents sequestered within the inclusion

lumen despite the complete solubilization of the inclusion mem-

brane (Figure 1D). These results suggest that the morphology of

the inclusion, like the nuclear matrix, is maintained by a stable ar-

rangement of actin and IFs. We analyzed detergent-extracted

cells by transmission electron microscopy and confirmed that

inclusion contents remained sequestered (Figure 1E). Closer

inspection of the inclusion-cytoplasm interface revealed the

presence of parallel filamentous bundles (Figure 1F). The major-

ity of the fiber components of these bundles had a mean diame-

ter of 10.2 nm (± 0.5 nm, n = 20), which is consistent with re-

ported thickness of F-actin fibers under the staining conditions

used (Maupin and Pollard, 1983).

F-actin Is Essential for Maintenance of Inclusion
Morphology and Integrity
The unusual stable properties of inclusions prompted us to as-

sess the role of actin and intermediate filaments in maintaining

inclusion morphology and integrity. We determined that F-actin

rings at the inclusion were lost within 15 min of treatment with

various F-actin polymerization inhibitors—cytochalasin-D

(Cyto-D), latrunculin-A, and latrunculin-B (Lat-A and Lat-B)

(Fenteany and Zhu, 2003) (Figure 2A)—and that F-actin rings
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were reformed within 3 hr of Lat-B removal (Figure 2B). Next,

we tested the effect of these inhibitors on inclusion membrane

morphology and stability. Disruption of F-actin resulted in dra-

matic remodeling of the inclusion membrane (Figure 2C), includ-

ing a 5–10-fold increase in the formation of IncA-positive fibers

(Figure S4A). IncA-fibers have been previously shown to accu-

mulate during antibiotic treatment (Brown et al., 2002), but their

function is unknown.

Concomitant with these changes, LPS staining (Figure 2C)

was observed in the host cytoplasm, suggesting a loss of

inclusion membrane integrity. To confirm this, we monitored

the subcellular localization of bacteria in latrunculin-treated cells

by a variety of methods. First, we gently permeabilized the

plasma membrane of infected cells and labeled inclusion mem-

branes and bacteria with anti-IncA and anti-Omp2 antibodies,

respectively. Omp2-positive bacteria were seen scattered in

the cytoplasm outside the confines of IncA-positive inclusion

membranes (Figures 2D and 2E). Upon removal of Lat-B, inclu-

sions regained their original shape, but Omp-2-positive bacteria

remained in the cytoplasm (Figures 2D–2F). These findings were

consistent with our analysis of LatA-treated infected cells by

electron microscopy, where we observed bacteria in the

cytoplasm and zones of inclusion membrane disruption where

cytoplasmic and inclusion lumen contents appeared to mix

(Figure 2G). This is likely the result of decreased stability of large

inclusions and their fragmentation during F-actin disassembly.

Time-lapse images of live infected cells where the inclusion

membrane was labeled with Lda3-EGFP (Cocchiaro et al.,

2008) revealed a rapid fragmentation of inclusion upon LatA

treatment (Figure 2H and Movie S2). We predicted that bacteria

in the cytoplasm would be engaged by cytoplasmic microbial

pattern recognition receptors leading to the activation of a cyto-

kine response. Consistent with this, IL-8 mRNA levels increased

significantly in Lat-B-treated infected cells (Figure 2I), and this

activation was blocked by ERK inhibitors (Buchholz and

Stephens, 2007).

Finally, we tested if disruption of F-actin correlated with a loss

of the inclusion’s stable cytoskeletal properties. Short treat-

ments with Lat-A and CytoD significantly decreased the inclu-

sion’s resistance to extraction with 1% Tx-100 (Figures 2J and

2K). In contrast, disruption of microtubules with nocodazole

did not lead to obvious changes in inclusion morphology, fiber

formation, or inclusion stability (Figures 2A, 2J, and S4A). These

results indicate that maintenance of inclusion shape and integrity

requires intact actin microfilaments.

RhoA Is Required for the Assembly of F-Actin Rings
at the Inclusion
Because the uniform ring-like morphology of actin filaments

around the inclusion was reminiscent of transverse actin stress fi-

bers, we tested their contribution to the inclusion’s cytoskeletal

properties. Actin stress fibers are bundles of actin and myosin fil-

aments that are stabilized by a-actinin (Hotulainen and Lappalai-

nen, 2006) and regulated by Rho-associated protein kinase

(ROCK) (Katoh et al., 2007). In addition, the RhoA, B, and C family

of small GTPases regulate the assembly and stability of stress

fibers by activating formins (Jaffe and Hall, 2005) and ROCK

(Wheeler and Ridley, 2004). Consequently, inhibitors of ROCK

(Y-27632) (Narumiya et al., 2000), myosin-II (Blebbistatin)
st & Microbe 4, 159–169, August 14, 2008 ª2008 Elsevier Inc. 161
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Figure 2. F-Actin Assembly Is Required for Inclusion Integrity and Stability

(A and B) F-actin recruitment to the inclusion is dynamic. HeLa cells were infected with LGV-L2 for 30 hr, and the number of F-actin positive inclusions was quan-

tified after treatment with latrunculin-A (Lat-A 400 nM, 15 min), nocodazole (Noc, 10 mM, 2 hr), and cytochalasin D (Cyto D, 1 mM, 30 min) (A) or after recovery from

a 30 min treatment with latrunculin B (Lat-B, 0.5 mM) (B) (n = 150).

(C) Disruption of F-actin leads to alterations in inclusion-membrane morphology. HeLa cells infected with LGV-L2 for 30 hr were treated with DMSO or Cyto D

(1 mM, 30 min) and immunostained with anti-IncA and chlamydial LPS antibodies to detect inclusion membranes and bacteria, respectively. Note the accumu-

lation of deformed inclusions (arrows).

(D–G) Disruption of F-actin leads to the release of inclusion contents into the cytoplasm. Infected HeLa cells were treated with DMSO or Lat-B, followed by wash-

out of the drug for 4 hr. Cells were permeabilized with digitonin and IncA, and Omp2 was detected by immunofluorescence microscopy. Note the presence of

Omp2-positive bacteria (arrows) not associated with IncA (D and E). Electron micrographs of LatA-treated cells (G) indicate potential rupture sites at the inclusion

membrane (white box, bottom panel) and bacteria (arrow) in the cytoplasm (black box, upper right).

(H) Fragmentation of inclusions in response to LatA treatment. Time-lapse series of infected cells where inclusion membranes are labeled with Lda3-EGFP. Note

formation of satellite inclusions (arrows) after Lat treatment.

(I) F-actin disruption leads to increased IL-8 activation in infected cells. IL-8 expression levels were assessed by RT-PCR of total RNA isolated from infected and

uninfected HeLa cells after Lat-B treatment, as in (D). The ERK inhibitor U1026 was added as a control for Chlamydia-mediated IL-8 activation.

(J and K) Disruption of F-actin renders the inclusion sensitive to detergent extraction. Infected HeLa (30 hr) were treated as in (A). The percentage of Tx-100-re-

sistant inclusions (Figure 1D), as assessed by staining with anti-chlamydial LPS (G), was quantified (n = 200). The error bars represent positive and negative

deviations from the mean of three independent experiments.
162 Cell Host & Microbe 4, 159–169, August 14, 2008 ª2008 Elsevier Inc.
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(Straight et al., 2003), or RhoA–C (clostridial C3-transferase)

(Aktories and Just, 2005) lead to the disassembly of stress fibers.

In Chlamydia-infected cells, treatment with Blebbistatin and

Y-27632 resulted in a complete loss of stress fibers from the

host cytoplasm (not shown) but did not alter the formation of F-ac-

tin rings at the inclusion or its sensitivity to detergent extraction

(Figures 3A and 3B). In contrast, C3-transferase disrupted the

F-actin ring formation and led to their increased sensitivity to de-

tergent extraction (Figures 3A, 3B, and S5A). We tested the con-

tribution of RhoA to this process, by inhibiting its expression in

HeLa cells with small interfering RNA duplexes (siRNAs)

(Figure S5). We found that depletion of RhoA significantly reduced

the proportion of inclusions with intact F-actin rings (Figure 3C). In

addition, we determined that siRNA-mediated depletion of Rac1

and Cdc42 did not affect the formation of F-actin rings, suggest-

ing that the role of RhoA in inclusion-associated F-actin is direct.

We tested if RhoA was recruited to the inclusion by monitoring the

localization of EGFP-tagged constitutively active (Q63L), inactive

(T19N), and wild-type forms of RhoA. All three RhoA forms asso-

ciated with the periphery of the inclusion with RhoA (Q63L), show-

ing a distinct ring-like pattern at the inclusion membrane (Figures

3D, 3E, and data not shown), indicating that the assembly of F-ac-

tin rings is RhoA dependent and that RhoA is recruited to the

inclusion independently of its nucleotide-bound status.

Vimentin and Actin Filaments Act Cooperatively
to Stabilize to the Inclusion
Next, we determined the role of vimentin on inclusion morphology

and stability by infecting mouse embryonic fibroblasts (MEFs) de-

rived from vimentin-knockout mice (Colucci-Guyon et al., 1994).

Since MEFs do not express cytokeratins (Colucci-Guyon et al.,

1994), we were able to assess vimentin’s contribution to the cy-

toskeletal properties of the inclusion without confounding effects

from other IF proteins. Unlike Vim+/+ MEFs, inclusions in Vim�/�

MEFs were readily disrupted by treatment with Tx-100 (Figures

4A and 4B). Inclusions in infected Vim�/�MEFs had F-actin rings

indicating that actin recruitment to the inclusion is not dependent

on IFs. However, these F-actin rings appeared disordered and

lacked the compact morphology of rings formed in wild-type

MEFs (Figure 4C). Consistent with our finding that the accumula-

tion of inclusion-membrane fibers correlates with decreased

levels of inclusion stability, we observed enhanced levels of

IncA-positive fibers in Vim�/�MEFs (Figures S4C and S4D).

Because the IF architecture is modulated by actin and micro-

tubules (Herrmann et al., 2007), we tested if the recruitment of

vimentin to the inclusion was dependent on these structures.

Disruption of microtubules resulted in a collapse of the vimentin

network to the periphery of the nuclear envelope (not shown) but

did not affect the vimentin envelope surrounding the inclusion

(Figure 4D). In contrast, inhibitors of F-actin completely dis-

placed vimentin filaments from the inclusion into aggregates of

parallel filaments (Figures 4D and 4E). Similarly, treatment with

C3-transferase also displaced vimentin from the inclusions, indi-

cating that IF association with inclusions is specific to a Rho-de-

pendent function (Figure 4D). Finally, this process is reversible

since removal of Lat-B led to the reassembly of vimentin cages

in >70% of the inclusions within 3hr (Figures 4E and 4F).

These results indicate that the recruitment of vimentin filaments

to the inclusion is dynamic, reversible, and requires RhoA-depen-
Cell H
dent F-actin assembly. Furthermore, actin and vimentin filaments

independently contribute to maintaining the integrity of the

inclusion.

Figure 3. F-Actin Recruitment to the Inclusion Requires RhoA

Function

(A–C) RhoA is required for F-actin assembly and inclusion stability. HeLa cells

were infected with LGV-L2 for 30 hr and treated with Lat-A, Blebbistatin

(50 mM, 1hr), the ROCK inhibitor Y-27632 (20 mM, 1 hr), or C3-transferase (3 mg/

ml, 6 hr). Cells were fixed and stained for F-actin and IncA or extracted with

1% Tx-100 prior to fixation, followed by immunostaining with anti-LPS anti-

bodies. The percentage of inclusions with intact F-actin rings (A) or that

were resistant to detergent extraction (B) was determined as in Figure 2. UT

means untreated. In (C), the expression of Rho proteins was inhibited by trans-

fection of specific siRNAs, and the percentage of inclusions with F-actin-ring

was determined as in Figure 2 (n = 150). A scrambled (Sc) siRNA (QIAGEN)

was used as a nonspecific control.

(D and E) RhoA is recruited to the periphery of the inclusion. HeLa cells were

infected with RhoA-EGFP (D) or a constitutively active RhoA variant Q67L

(E). Note the accumulation of the tagged proteins at the periphery of the

IncA-positive inclusion membranes. Corresponding zy confocal scans and

quantification of EGFP and IncA signal intensity at a representative crosssec-

tion of the inclusion is shown (D, right panels).
ost & Microbe 4, 159–169, August 14, 2008 ª2008 Elsevier Inc. 163
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Figure 4. Vimentin Filaments Contribute to Inclu-

sion Stability

(A and B) Inclusions in vimentin-deficient fibroblasts are

sensitive to detergent extraction. MEFs derived from vi-

mentin-knockout mice (MTF16-Vim�/�) or wild-type litter-

mate controls (MTF6-Vim+/+) were infected with LGV-L2

for 30 hr, treated live with 1% Tx-100, processed for im-

munofluorescence as in Figure 1D (A), and the frequency

of detergent-resistant inclusions was assessed (B).

(C) Morphology of actin rings in vimentin deficient MEFs.

Vim�/� and Vim+/+ MEFs were infected with LGV-L2 for

30 hr, and F-actin was detected with Rhodamine-phalloi-

din. Note diffuse actin ring surrounding IncA positive inclu-

sion in Vim�/� MEFs.

(D–F) Vimentin recruitment to the inclusion requires Rho-

dependent F-actin assembly. HeLa cells infected with

LGV-L2 for 30 hr were treated with Noc, CytoD, or C3 as

in Figure 2; then, they were fixed and immunostained for

vimentin and IncA. The percentage of vimentin-positive in-

clusions was determined in the presence of inhibitors (D)

or after removal of Lat-B for 0–3 hr (F) (n = 150). Note reas-

sembly of cages of vimentin (red) filaments around inclu-

sions (arrows) after removal of Lat B (E). Host and bacterial

DNA were detected with TO-PRO-3 (blue).
A Chlamydial Protease Cleaves Intermediate Filaments
and Alters Their Cytoskeletal Properties
Although our results indicated that F-actin and IFs impart un-

usual structural stability to the inclusion, the formation of a rigid

cage is incompatible with the organelles’ need to expand to ac-

commodate replicating bacteria. We observed that vimentin,

keratin-8, and keratin-18 were processed to lower molecular

weight forms in infected cells (Figure 5A). These findings sug-

gested that cytoplasmic IF proteins may be selectively pro-

cessed during infection. The C. trachomatis genome encodes

two proteases that access the host cytoplasm to degrade tran-

scription factors and signaling molecules important in immune

responses (Lad et al., 2007; Zhong et al., 2001). One of these

proteases, Chlamydial proteasome-like activity factor (CPAF),

also targets cytokeratin-8 (Dong et al., 2004). To test if CPAF

cleaves vimentin, we treated HeLa cell lysates with immunopre-

cipitated CPAF. This treatment resulted in the rapid cleavage of

vimentin, cytokeratin-8, and cytokeratin-18 into fragments of

similar in size to those seen during infection (Figure 5B). How-

ever, several additional cleavage products were observed

in vivo. To test if the cleavage of IF proteins in vivo was mediated

by CPAF, we treated infected cells with lactacystin, a proteoso-

mal inhibitor that prevents CPAF activity at high concentrations

(Zhong et al., 2001). Cleavage of IFs was blocked by lactacystin

but not ALLN (N-acetyl-L-leucyl-L-leucyl-L-Norleucinal), an un-

related proteosomal inhibitor, suggesting that cleavage of IFs

during infection was mediated by CPAF (Figure 5C). We isolated

the terminal vimentin cleavage products and mapped the pro-

teolytic cleavage site to Ser-72 in the amino-terminal Head do-

main (Figure 5D). Because the site of CPAF cleavage in vimentin

is similar to that reported for cytokeratin-8 (Dong et al., 2004), we

hypothesized that CPAF was able to target divergent IFs by rec-

ognizing the structurally conserved Rod and Tail domains. How-

ever, the Head domain of vimentin (aa 1–84) alone was an effi-

cient substrate for CPAF cleavage in vitro (Figure 5E) and

in vivo (not shown), indicating that despite the considerable pri-
164 Cell Host & Microbe 4, 159–169, August 14, 2008 ª2008 Elsevie
mary amino acid sequence divergence of Head domains, con-

served structural features in this domain are sufficient for

CPAF recognition. Unfortunately, it has been difficult to map

the CPAF recognition site or to generate CPAF-resistant versions

of vimentin since mutations at the cleavage site unmask alterna-

tive cleavage sites in the serine-rich Head domain (not shown).

Because the Head domain of IF proteins is required for fila-

ment formation (Strelkov et al., 2003), we predicted that the cy-

toskeletal properties of Headless IFs would be different from

those of intact proteins. We first tested the ability of IF proteins

to cosediment with cytoskeletal structures. Unlike full-length IF

proteins, which pelleted in the detergent-insoluble fraction, the

processed vimentin and cytokeratin-8 were found in the soluble

fraction (Figure 5F), indicating that the ability of these proteins to

assemble into large, readily sedimentable structures is compro-

mised in infected cells. When IF cleavage was inhibited with lac-

tacystin, uncleaved IF proteins remained in the pellet indicating

that CPAF-mediated cleavage of IFs was required for their deter-

gent solubility (Figure 5G).

Despite their altered sedimentation properties, microscopical

analysis of intact cells indicated that these modified IF proteins

formed filamentous structures at the periphery of the inclusion

(Figures 1A, 1B, and S2). Consistent with this, cleaved IFs

formed high molecular weight (>200 kDa) complexes in the pres-

ence of low levels of chemical crosslinker that were indistin-

guishable from those formed in uninfected cells (Figure 5H and

data not shown). In addition, cleaved keratin-8 and keratin-18

coimmunoprecipitated as heterotypic complexes in vivo and

in vitro (Figure 5I and data not shown), indicating that CPAF pro-

cessing did not lead to the disassembly of the basic IF subunit.

To assess the fate of the Head domain in infected cells, we mon-

itored the localization of an NH2-terminal-tagged GFP-vimentin

fusion protein. GFP-vimentin localized to filaments and to mature

inclusions, even at stages where CPAF had cleaved the majority

of the Head domain (Figures 6A and 6B). Based on these obser-

vations, we postulate that the CPAF-cleaved filaments did not
r Inc.
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Figure 5. Proteolytic Processing of IF Proteins

by CPAF Alters Its Cytoskeletal Properties

(A–D) The Head domain of IFs is cleaved by CPAF dur-

ing infection. HeLa cells were infected with LGV-L2 for

the indicated times. Total cell lysates were prepared,

and proteins were identified by SDS-PAGE followed

by immunoblots with specific antibodies. Note pro-

cessing of vimentin, cytokeratin-8, and cytokeratin-

18 (A). CPAF cleaved IFs in vitro (see Experimental

Procedures) to generate fragments similar to those

observed in vivo (B). Cleavage was inhibited in vivo

by pretreatment with lactacystin but not by protea-

some (ALLN) or Type III secretion inhibitors (C1) (C).

The CPAF-cleavage site was determined by amino-

terminal sequencing vimentin purified from infected

cells and shown to map to Ser72 in the Head domain

of the IF protein (D). For comparison, the CPAF-cleav-

age site for keratin-8 is shown (Dong et al., 2004).

(E) The Rod and Tail domains are not required for

CPAF recognition of vimentin. Cell lysates from HeLa

cells expressing the Head domain of vimentin (aa 1–84)

fused to GFP were treated with CPAF for 30 min and

analyzed by immunoblots.

(F and G) The cytoskeletal properties of IFs are altered

by CPAF. HeLa cells were infected with LGV-L2 for

0 hr, 24 hr, or 40 hr, extracted with 1% Tx X-100,

and subjected to differential centrifugation. Proteins

in the detergent soluble and insoluble fractions were

identified by immunobloting with specific antibodies.

Note partitioning of the IF cleavage products (arrow-

heads) with the detergent soluble fractions. Lactacys-

tin treatment prevented the partitioning of IFs to solu-

ble fractions in infected cells (G).

(H) Cleaved vimentin is incorporated into high molecu-

lar weight complexes. Infected and uninfected HeLa

cells were treated with the crosslinker DSP and the

vimentin crosslinked complexes (*) were identified in

nonreduced samples by immunoblotting.

(I) The formation of keratins 8/18 heterodimers is resistant to CPAF-mediated cleavage. Keratin-8 and keratin-18 were immunoprecipitated from infected HeLa

lysates, and the coimmunoprecipitate of their cognate filament partners was assessed by immunoblots. Arrows indicate full-length IF protein, and arrowheads

indicate processed forms of IF proteins.
disassemble because the ‘‘nicked’’ Head domain from pre-exist-

ing filaments remained associated with basic filament subunits

via noncovalent interactions.

Overall, these results indicated that although IFs maintain their

filamentous morphology, these structures may lose their

structural scaffolding properties as they become progressively

processed by CPAF. To test this, we assessed the subcellular lo-

calization of detergent-resistant vimentin at various time points

postinfection. We observed an incremental loss of IFs from the

vicinity of the inclusion after treatment of live cells with Tx-100

(Figure 6C). By 44 hr, all vimentin associated with inclusion

was extracted while peripheral fibers remained intact

(Figure 6C). We conclude that Chlamydia specifically alters the

cytoskeletal properties of IFs filaments adjacent to the inclusion.

DISCUSSION

Chlamydiae are unique among intracellular bacterial pathogens

in that maintenance of a large, stable membrane-bound parasi-

tophorous vacuole may be central to the generation of develop-

mental forms and ultimately determine the yield of infectious

units (Peters et al., 2007). Here we present evidence that Chla-
Cell H
mydia maintains the stability of such an organelle by co-opting

the function of F-actin and intermediate filaments, a scaffolding

cytoskeletal structure (Herrmann et al., 2007).

Many intracellular pathogens manipulate cytoskeletal func-

tions at the plasma membrane to facilitate entry into host cells.

For example, a range of Type III-secreted bacterial effectors me-

diate local bursts of actin polymerization at attachments sites by

recruiting and activating nucleators of actin polymerization or by

providing their own actin nucleation and bundling functions

(Rottner et al., 2005). In turn, relatively less is known about the

modulation of actin dynamics by membrane-bound intracellular

bacteria. Pathogenic mycobacteria inhibit F-actin assembly at

the surface of the bacteria-containing vacuole to inhibit fusion

with lysosomes (Anes et al., 2003; Guerin and de Chastellier,

2000). In contrast, Salmonella typhimurium, recruits F-actin to

the Salmonella-containing vacuole (SCV) (Meresse et al.,

2001). The secreted effector SteC is required for F-actin assem-

bly at the SCV, but it is unclear what actin modulators participate

in this process or the role that F-actin assembly plays in SCV

maintenance (Poh et al., 2008; Unsworth et al., 2004).

Our studies indicate that C. trachomatis co-opts RhoA function

to assemble an F-actin ring at the surface of the inclusion
ost & Microbe 4, 159–169, August 14, 2008 ª2008 Elsevier Inc. 165
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(Figure 3). The role of RhoA in the assembly of F-actin rings at the

inclusion is likely to be direct since the GTPases Rac1 and Cdc42,

regulators of actin dynamics whose activity can indirectly influ-

ence RhoA (Burridge and Wennerberg, 2004), were not required

for the formation of actin rings (Figure 3C). Furthermore, exoge-

nously expressed RhoA was recruited to the periphery of the in-

Figure 6. Vimentin Filaments at the Periphery of the Inclusion Are

Sensitive to Detergent Extraction

(A-B) The cleaved Head domain of vimentin remains associated with inclusion

filaments. HeLa cells expressing vimentin with an amino terminal GFP fusion

(GFP-Vim) were infected with LGV-L2 for 24 hr and analyzed by fluorescence

microscopy (A). Note GFP-vimentin in inclusion-associated filaments (A)

despite complete cleavage of the tagged protein (B).

(C) Vimentin filaments at the periphery of the inclusion are preferentially sensi-

tive to detergent extraction. HeLa cells were infected with LGV-L2 for 30–44 hr,

solubilized with Tx-100, and immunostained with anti-vimentin (red) and

anti-chlamydial (green) antibodies. Note progressive detergent sensitivity of vi-

mentin filaments associated with the inclusion periphery. As a reference, note

compact IF cage present in nondetergent-treated infected cells (upper right

panel) is shown.
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clusion independently of its nucleotide-bound state (Figures 3D

and 3E), suggesting that F-actin assembly at the inclusion maybe

initiated directly by RhoA. However, although F-actin at the inclu-

sion resembled stress fibers, its assembly was independent of

canonical RhoA targets (Figure 3A), indicating a novel mechanism

for maintenance of these RhoA-dependent structures. By anal-

ogy to other bacterial pathogens, we hypothesize that secreted

chlamydial proteins recruit RhoA to the surface of the inclusion.

In addition to F-actin rings, a cage of IFs is assembled on the

mature Chlamydia inclusion. A remodeling of IF networks has

been reported during viral (Stefanovic et al., 2005) and protozoan

(Halonen and Weidner, 1994) infections. Similarly, for bacterial

pathogens, IFs are recruited to plasma membrane ruffles formed

during Salmonella invasion (Carlson et al., 2002) and at entero-

pathogenic E. coli attachment sites (Batchelor et al., 2004).

However, the functional role of IF remodeling by these patho-

gens is unclear.

Because of their high tensile strength, IFs have been implicated

in providing mechanical support to cells and tissues (Kim and

Coulombe, 2007). This function is consistent with our observation

that the inclusion is enveloped in a stable cytoskeletal scaffold

(Figure 1) and that vimentin is necessary for the structural stability

to the inclusion (Figures 4A and 4B). Unexpectedly, we found that

the chlamydial protease CPAF cleaved the Head domain of

vimentin, which is essential for filament assembly in vitro (Herr-

mann et al., 1996) and that cleavage took place at an analogous

site to what has been reported for cytokeratin-8 (Dong et al.,

2004) (Figure 5). It has been proposed that disruption of cytoker-

atin-8 would allow expansion of the inclusion by removing the

physical constraints imposed by these static cytoskeletal struc-

tures on inclusion expansion (Dong et al., 2004). Our findings in-

dicated that CPAF-cleaved vimentin, cytokeratin-8, and keratin-

18 remained morphologically (Figure 1) as filamentous forms and

retained many of their polymer functions (Figures 5H and 5I). We

postulate that formation of IF filaments was not compromised

after CPAF-mediated cleavage because the Head domain re-

mained associated with filaments (Figure 6A) and because F-ac-

tin at the inclusion helped stabilize filaments by direct binding or

by plakin-like bridging proteins (Fuchs and Karakesisoglou,

2001). Indeed, inhibition of F-actin assembly at the inclusion

with Lat-B or C3-transferase led to the loss of vimentin filaments

from the inclusion (Figures 4D–4F). Nonetheless, CPAF-modified

IFs were sensitive to detergent extraction (Figures 5F and 5G),

suggesting that these polymers lack the structural properties of

uncleaved vimentin and cytokeratin filaments. Consistent with

this, filaments proximal to the inclusion became progressively

sensitive to detergent extraction (Figure 6C).

Overall, these results lead us to propose a model wherein

RhoA-mediated F-actin assembly at the surface of the inclusion

is followed by the recruitment of IF proteins. These IFs are pro-

gressively nicked by CPAF to form a ‘‘bilayered’’ cage of F-actin

and modified IFs (Figure 7). This cage provides structural sup-

port to the inclusion yet becomes increasingly flexible to accom-

modate exponential bacterial replication and inclusion

expansion. Given our observation that transient disruption of in-

clusion integrity leads to the leakage of inclusion contents and

a robust activation of IL-8 expression (Figure 2), we hypothesize

that one reason why Chlamydia assembles stable cytoskeletal

scaffolds on the inclusion is to limit the exposure of bacterial
r Inc.
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Figure 7. A Model for Actin and Intermediate Filament Assembly at the Surface of the Chlamydia Inclusion

C. trachomatis effectors at the inclusion membrane recruit RhoA to trigger F-actin assembly. F-actin at the inclusion helps recruit and stabilize IFs possibly via

linker molecules to form a stable support cage for the inclusion. As the inclusion expands, the secreted chlamydial protease-CPAF progressively cleaves the

Head domain of preassembled filaments to increase their flexibility while retaining some of their structural functions.
products to cytoplasmic innate immune surveillance pathways

(Buchholz and Stephens, 2008). In addition, CPAF-mediated dis-

ruption of IFs during infection may result in defects in cell migra-

tion, wound repair (Eckes et al., 2000), and infiltration by immune

effector cells (Nieminen et al., 2006). Since the reorganization

and cleavage of IFs is conserved among all Chlamydia and Chla-

mydophila species we have tested (Figure S3), we speculate that

F-actin and IF remodeling are central in chlamydial pathogene-

sis. The full consequence of disrupting the IF network of infected

cells on the pathogenesis of chlamydial disease may not be-

come apparent until the development of appropriate tissue and

animal infection models for C. trachomatis.

Our findings detail a unique mechanism of cytoskeletal sub-

version by an intracellular pathogen. Furthermore, it highlights

the importance of proteases like CPAF as central, evolutionarily

conserved virulence factors that can co-opt a range of host cel-

lular functions. These virulence factors are prime candidates for

the screening and development of small molecule inhibitors with

potential anti-chlamydial activity.

EXPERIMENTAL PROCEDURES

Reagents

The inhibitors used were nocodazole and cytochalasin D (Sigma), LatA and

LatB (Invitrogen), blebbistatin, and lactacystin (EMD Biosciences), C3 transfer-

ase (Cytoskeleton, Inc.), C1 (ChemBridge), and ALLN (Biomol).
Cell H
Cell Culture and Bacterial Infections

HeLa cells (ATCC), MFT-16 (Vim�/�), and MFT-6 (Vim+/+) MEFs (R. Evans,

UCHS, CO) were grown in DMEM/F12 (1:1 mix; Invitrogen) and supplemented

with 10% fetal bovine serum (FBS) (CellGro Mediatech, Inc.). C. trachomatis

serovar LGV-L2 was obtained from R. Stephens (UC Berkeley). Elementary

bodies (EBs) were purified by density gradients and stored in SPG (0.25 M

sucrose, 10 mM sodium phosphate, 5 mM L-glutamic acid) buffer at �80�C.

Infection of HeLa and MEFs was synchronized by centrifugation (3000 3 g

for 30 min at 10�C) of EBs onto cell monolayers.

Plasmid Constructs, siRNA Transfections, and RT-PCR

Plasmids expressing NH2-terminal GFP-tagged full-length vimentin (Ho et al.,

1998) and Head domains (aa 1–84) (Byun et al., 2001) were from R.K. Liem (Co-

lumbia University, NY) and V. Cryns (Northwestern University, Chicago), re-

spectively. Plasmids expressing RhoA, RhoA T19N (dominant negative), and

RhoA Q63L (constitutively active) were obtained from S. Abraham (Duke Uni-

versity, NC). Plasmids were transfected into HeLa cells with Fugene (Roche

Applied Sciences), as detailed by the manufacturer. For siRNA transfections,

2 3 104 HeLa cells were plated in 24 well plates and transfected with 0.5 mg

of siRNA oligonucleotide mixes specific for Rac-1, CDC42, RhoA, or scram-

bled sequence (QIAGEN) using RNAi-fect transfection reagent (QIAGEN). After

24 hr, transfected cells were infected with LGV-L2, retransfected with 0.5 mg of

siRNA for an additional 24 hr, fixed, and processed for immunofluorescence.

The efficiency of siRNA knockdowns and the analysis of IL-8 transcript levels

were assessed as detailed in Figure S5.

Microscopy

A detailed list of antibodies is available in the Supplemental Data. F-actin was

detected with rhodamine-conjugated phalloidin (15 U/ml, Invitrogen). Bacterial
ost & Microbe 4, 159–169, August 14, 2008 ª2008 Elsevier Inc. 167
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and host DNA were detected with To-Pro-3 (Invitrogen). For indirect immuno-

fluorescence, HeLa cells were grown on glass coverslips, fixed with 3% para-

formaldehyde (PFA) in phosphate-buffered saline (PBS) for 10 min, and post-

fixed with ice-cold methanol. After blocking with 2% bovine serum albumin

(BSA)-PBS, cells were treated with specific antibodies against IF proteins fol-

lowed by Alexa-conjugated secondary antibodies (Invitrogen). For phalloidin

stains, fixation was performed with 3% PFA followed by permeabilization

with 0.2% Triton X-100 in PBS. Fluorescent images were acquired using

a Leica TCS Laser Confocal Scanning Microscope and processed with Leica

software. Live-cell methods are available in the Supplemental Data.

For transmission electron microscopy (TEM), HeLa cells were grown on

plastic thermanox coverslips and infected with LGV-L2 for 30 hr. Live cells

were treated with 1% Triton X-100 for 5 min on ice and fixed with 2% glutaral-

dehyde/2% tannic acid/0.025% saponin, postfixed with 0.4% osmium tetrox-

ide, and followed by 1% uranyl acetate. This procedure stabilizes cytoskeletal

filaments (Maupin and Pollard, 1983). Cells were then dehydrated by graded

ethanol extraction and embedded in Spurr’s resin. Thin sections were

prepared and poststained with lead citrate before imaging on a Tecnai 12

Transmission Electron Microscope (FEI Company).

CPAF-Cleavage Assays

Crude cell lysates were prepared from a confluent 10 cm dish of infected HeLa

cells by solubilization in TNEX (20 mM Tris-HCl [pH 8.0], 150 mM NaCl, 2 mM

EDTA, and 1% Triton X-100) buffer supplemented with a broad protease inhib-

itor cocktail (Roche Diagnostics). Anti-CPAF mAb was immobilized on Protein-

G Sepharose beads (Amersham) and incubated with infected cell lysates for

3 hr followed by extensive washing in TNEX. To perform in vitro cleavage as-

says, aliquots of HeLa lysates (prepared as described above) were incubated

with CPAF-Sepharose beads on ice. Proteolysis was initiated by placing reac-

tions at 37�C and 50 ml aliquots were removed, mixed with SDS sample buffer,

and heated at 65�C for 10 min. To determine the site of CPAF proteolysis, vi-

mentin was immunoprecipitated (IP) from the TNEX-lysed infected cells with

anti-vimentin mAbs (V9) crosslinked to Protein-G-Sepharose beads. The

bound vimentin was eluted from the beads in 0.2 M glycine (pH 2.5), precipi-

tated with ice-cold acetone, and electrotransferred to PVDF membranes after

SDS PAGE. The protein band was excised from the membranes, and the

N-terminal sequence was determined by Edman degradation at Iowa State

University Protein Facility (Iowa State University, IA).

Biochemical Analysis of Intermediate Filaments

Detergent Solubility Assays

To assess the cytoskeletal properties of IF proteins, we performed differential

centrifugation assays after detergent solubilization. In brief, HeLa cells grown

in 10 cm dishes were infected with LGV-L2 for 20 hr or 40 hr. The cells were

lysed in TNEX buffer supplemented with a protease inhibitor cocktail, 50 mM

lactacystin, and 10 U/mL DNase-1 (Invitrogen). Samples were centrifuged at

20,000 3 g for 10 min. The insoluble pellet was washed twice with TNEX

and solubilized in SDS sample buffer.

Chemical Crosslinking Methods

HeLa cells grown were infected with LGV-L2 for 30 hr, washed with Hank’s

balanced salt solution (HBSS), and treated with 1 mM dithiobis-(succinimidyl

propionate) (DSP) (Pierce) in HBSS on ice for 20 min. The cells were washed

with HBSS and quenched with 50 mM glycine in HBSS for 15 min on ice.

PNS from TNEX-lysed cells were mixed with SDS sample buffer without reduc-

ing agent and heated for 10 min at 65�C. For the keratin-8 and keratin-18 coim-

munoprecipitation (coIP), HeLa cells were infected with LGV-L2 for 30 hr and

lysed in TNEX. Cytokeratins were immunoprecipitated with anti-keratin-8 or

anti-keratin-18 monoclonal antibodies coupled to Protein-G Sepharose beads

(Amersham). Immunoprecipitated proteins were solubilized in Laemmli sample

buffer, followed by SDS-PAGE and immunoblot analysis. All protein samples

were analyzed by SDS-PAGE and immunoblotting with specific antibodies.

SUPPLEMENTAL DATA

Supplemental Data include five figures, Supplemental Experimental Proce-

dures, and can be found online at http://www.cellhostandmicrobe.com/cgi/

content/full/4/2/159/DC1/.
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