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Introductory Paragraph

Several pathogenic bacteria, including Listeria monocytogenes, use an F-actin motility process to 

spread between mammalian cells1. Actin ‘comet tails’ propel Listeria through the cytoplasm, 

resulting in bacteria-containing membrane protrusions that are internalized by neighboring cells. 

The mechanism by which Listeria overcomes cortical tension to generate protrusions is unknown. 

Here, we identify bacterial and host proteins that directly regulate protrusions. We show that 

efficient spreading between polarized epithelial cells requires the secreted Listeria virulence 

protein InlC. We next identify the mammalian adaptor protein Tuba as a ligand of InlC. InlC binds 

to a C-terminal SH3 domain in Tuba, which normally engages the human actin regulatory protein 

N-WASP2. InlC promotes protrusion formation by inhibiting Tuba and N-WASP, most likely by 

impairing binding of N-WASP to the Tuba SH3 domain. Tuba and N-WASP are known to control 

the structure of apical junctions in epithelial cells3. We demonstrate that, by inhibiting Tuba and 

N-WASP, InlC makes taut apical junctions become slack. Experiments with myosin II inhibitors 

indicate that InlC-mediated perturbation of junctions accounts for the role of this bacterial protein 

in protrusion formation. Collectively, our results suggest that InlC promotes bacterial 

dissemination by relieving cortical tension, thereby enhancing the ability of motile bacteria to 

deform the plasma membrane into protrusions.

Cell-cell spread plays a critical role in Listeria virulence by allowing dissemination in host 

tissues, and protection from humoral immune responses1,4. Spreading occurs after 

internalized bacteria escape from host membrane vacuoles and enter the cytoplasm. In the 
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cytosol, the Listeria surface protein ActA induces formation of F-actin ‘comet tails’ that 

propel bacteria. Motile bacteria ultimately encounter the host plasma membrane, deforming 

it into protrusions. Finally, pathogen-containing protrusions are engulfed by adjacent 

mammalian cells5.

Listeria-induced F-actin tail assembly is well understood1. In contrast, little is known about 

the mechanism of protrusion formation. A prevailing view is that the force provided by 

actin-dependent motility might be the only factor governing protrusion generation6. 

However, studies leading to this view have generally employed simple mammalian cell lines 

that lack the capacity to polarize. Most tissues infected by Listeria contain polarized cells 

that form tight barriers. These tissues consist of enterocytes lining the intestine, hepatocytes, 

and cells of the choroid plexus or brain endothelium, which form the blood-brain barrier4. 

Polarized cells exhibit a thick radial network of cortical F-actin and myosin connected to the 

apical junctional complex- a structure consisting of tight junctions and adherens junctions7. 

This actomyosin network could potentially restrain Listeria spreading by generating cortical 

tension that counteracts the ‘pushing’ force produced by motile bacteria. Hence, protrusion 

formation in polarized tissues might require the intervention of unidentified Listeria proteins 

that function after ActA to control properties of the host plasma membrane.

Listeria is a food-borne pathogen4, and infection of intestinal enterocytes is the first step in 

listeriosis8. Given the crucial role of enterocytes in disease, we investigated cell-cell spread 

in Caco-2 BBE1 cells, a human enterocyte cell line that polarizes in culture9. Using a plaque 

assay10, we found an important role for the Listeria virulence protein InlC11 in spreading. 

A Listeria strain deleted for inlC (ΔinlC) made plaques that were ∼65% the diameter of 

those made by the isogenic wild-type strain (Fig. 1a).

The ∼ 35% reduction in spreading of the ΔinlC mutant is of sufficient magnitude to account 

for the known role of InlC in virulence in mice. Deletion of inlC causes an approximately 

50-fold increase in LD5011. The Listeria plcB gene encodes a phospholipase that contributes 

to spreading by mediating escape from host vacuoles4. Null mutations in plcB or inlC result 

in quantitatively similar reductions in plaque size and increases in LD5011,12. In addition, 

certain hypomorphic mutations in actA cause spreading and virulence defects that mirror 

those resulting from deletion of inlC11,13.

InlC could promote spreading by affecting intracellular bacterial replication, by controlling 

comet tail assembly, or by directly regulating protrusion formation. As previously reported 

in a Caco-2 cell line11, wild-type and ΔinlC mutant strains of Listeria exhibited nearly 

identical intracellular growth rates from 1-5 h post-infection in Caco-2 BBE1 cells (data not 

shown). These results indicate that InlC is dispensable for cytosolic replication. In addition, 

we were unable to detect a role for InlC in comet tail formation. At 5 h post-infection, the 

wild-type and ΔinlC strains displayed similar proportions of intracellular bacteria decorated 

with F-actin (Fig. 1b), and produced comet tails that were essentially identical in length (Fig. 

1c).

We next examined if InlC controls protrusion formation. Protrusion efficiency was 

measured by evaluating bacterial comet tails that contain the ERM family protein ezrin14. 
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Ezrin is present in comet tails in protrusions but absent from those in the cell body15,16 

(Fig. 1d), making the protein a useful marker for protrusions. Compared to the wild-type 

strain, the ΔinlC mutant had a 43% reduction in the proportion of comet tails containing 

ezrin (Fig. 1e). These findings indicate a role for InlC in protrusion formation.

We confirmed the above results by using a second assay that directly detects bacterial 

protrusions. Cells were transfected with a vector expressing actin fused to EGFP (EGFP-

actin). The efficiency of transfection was ∼25%, resulting in situations in which EGFP-

labeled Caco-2 BBE1 cells were adjacent to unlabeled cells. Protrusions projecting from 

cells expressing EGFP-actin into EGFP-actin –negative cells were readily observed (Fig. 

S1a). Comet tails in the cell body were also apparent. The efficiencies of protrusion 

formation by wild-type or ΔinlC bacteria were determined as the proportion of total comet 

tails in protrusions. The ΔinlC strain exhibited a 38 % reduction in protrusions compared to 

the wild-type strain (Fig. S1b). These results with the EGFP-actin –based assay are in good 

agreement with those from the ezrin -based assay (Fig. 1e). Collectively, the findings in 

Figures 1e and S1 indicate that InlC is needed for efficient protrusion formation. Since F-

actin tails appear unaffected by InlC (Fig. 1b,c), the role of InlC in protrusion production is 

likely direct.

InlC is a secreted protein found entirely in culture supernatants11 (Fig. 1f). Consistent with 

its role in spreading, InlC mRNA and protein accumulate in Caco-2 BBE1 cells during 

Listeria infection11 (Fig. 1f). Interestingly, InlC has an amino-terminal Leucine-Rich 

Repeat (LRR) domain11. The LRR domain is a protein fold commonly involved in protein-

protein interactions17. L. monocytogenes expresses several virulence proteins with LRR 

domains, at least two of which bind to mammalian receptors18. The expression pattern of 

InlC and presence of an LRR domain suggested that InlC might engage a cytoplasmic host 

ligand.

To identify such ligands, a yeast two-hybrid system was employed to screen a mouse 

embryonic cDNA library using InlC as bait. Multiple hits were obtained for a cDNA 

encoding an isolated SH3 domain that is normally part of a large adaptor protein called 

Tuba19 Fig. 2a). Importantly, Tuba is expressed in the intestine, liver, placenta, and brain19, 

tissues infected by Listeria4. Tuba contains a Bar domain with the potential to bind lipids, a 

Dbl homology (DH) domain that activates the GTPase Cdc42, and six SH3 domains. The 

first four SH3 domains (SH31-4) bind Dynamin I, a GTPase involved in endocytosis19. 

Ligands of the fifth SH3 domain (SH35) have yet to be reported. The last SH3 domain 

(SH36) of Tuba interacts with N-WASP, a regulator of actin polymerization2. In the two-

hybrid screen, SH36 was identified as the InlC-interacting domain.

As previously reported3, two isoforms of Tuba were detected in Caco-2 BBE1 cells (Fig. 

2b). Based on size and reactivity with antibodies recognizing SH31-4 or SH36, the larger 

protein (∼180 kDa) is likely full-length Tuba (Fig. S2). The smaller protein (∼ 150 kDa) is 

likely an isoform that lacks the first four SH3 domains, but retains the rest of Tuba, 

including SH36 (Fig. S2). Splicing isoforms of Tuba lacking SH31-4 and retaining the DH, 

Bar, SH35, and SH36 domains have been reported19,20. We found that InlC bound both the 

150 and 180 kDa Tuba isoforms (Fig. 2b). Interaction between Tuba and InlC expressed in 
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infected cells was also detected by co-precipitation with the SH36 domain of Tuba (Fig. 2c). 

Importantly, experiments with purified proteins (Fig. S3a,b) indicated that InlC interacts 

directly with SH36, but not with any other SH3 domain in Tuba (Fig. 2d; data not shown). 

The affinity (KD) of InlC for SH36, as determined by Surface Plasmon Resonance (SPR) 

studies (Fig. 2e), was 9.0 ± 3.5 micromolar. This KD is within the range of affinities of 

previously characterized SH3 domain ligands (1-100 μM)21.

We next investigated the role of Tuba in Listeria protrusion formation. We envisioned two 

ways in which Tuba and InlC might act. First, Tuba might promote protrusion formation, 

with InlC positively regulating Tuba. Second, Tuba might antagonize protrusions, with InlC 

relieving Tuba-mediated inhibition. Interestingly, experiments involving RNA interference 

(RNAi) indicated an antagonistic role for Tuba. Specifically, knockdown of Tuba allowed 

the ΔinlC mutant strain to make protrusions as efficiently as wild-type Listeria (Fig. 3a,b). 

Importantly, neither the proportion of intracellular bacteria with comet tails nor the length of 

those tails was affected by Tuba depletion (Fig. 3c; data not shown). These findings indicate 

that, in the absence of InlC, Tuba antagonizes protrusion formation. InlC expressed by wild-

type Listeria relieves Tuba-mediated inhibition.

Additional experiments indicated that InlC promotes spreading by binding to SH36 in Tuba. 

A variety of peptide motifs engage SH3 domains21. The majority of SH3 domains studied to 

date interact with proline-rich sequences of the type PxxP (where × is any amino acid). Less 

frequently, other motifs such as PxxDY, RKxxYxxY, or RxxK bind SH3 domains. Although 

InlC lacks PxxP motifs, the bacterial protein does have an RxxK sequence (RNNK) at amino 

acids 170-173. We constructed a mutant InlC protein with a lysine-to-alanine substitution in 

this RNNK sequence (InlC.K173A). In other RxxK-containing proteins, the conserved 

lysine is needed for efficient interaction with SH3 domains21. We therefore reasoned that 

the K173A mutation in InlC might compromise binding. Indeed, Surface Plasmon 

Resonance studies indicated that the K173A mutation reduces the affinity of binding to 

SH36 (Fig. 2e). Circular Dichroism revealed that the binding defect was not due to structural 

effects on InlC (data not shown). Importantly, a Listeria strain expressing InlC.K173A was 

defective in cell-cell spread (Fig. 2f) and in formation of bacterial protrusions (Fig. S4a). 

Expression of the mutant InlC protein in infected Caco-2 BBE1 cells was similar to that of 

wild-type InlC (data not shown). Collectively, the results in Figures 2e,f and S4a indicate 

that interaction of InlC with SH36 in Tuba is essential for efficient spreading of Listeria.

The actin regulatory protein N-WASP interacts with Tuba, and mediates Tuba's biological 

activities3,19,20. N-WASP uses PxxP peptides in its central proline-rich domain to associate 

with SH36 in Tuba19. Since InlC and N-WASP both bind SH36, we wondered if InlC 

inhibits Tuba by affecting N-WASP. Two lines of evidence supported this hypothesis. First, 

depletion of N-WASP caused effects on Listeria protrusion formation that mirrored those 

resulting from Tuba depletion (Fig 3a,b). Second, InlC displaced N-WASP from the Tuba 

SH36 domain in vitro (Fig. 2g). The InlC.K173A mutant protein was less effective than 

wild-type InlC in displacing N-WASP. Collectively, the results in Figures 3 and 2f suggest 

that InlC promotes spreading by interfering with Tuba- N-WASP complexes.
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Recent findings indicate that Tuba- N-WASP complexes control the structure of cell-cell 

junctions in enterocytes3. RNAi-induced depletion of Tuba or N-WASP results in curved 

apical junctions, as indicated by staining for the tight junction protein ZO-1. It was proposed 

that these curved junctions reflect a role for Tuba and N-WASP in generating cortical 

tension that imparts rigidity to the plasma membrane.

Since InlC impairs Tuba and N-WASP during spreading (Fig. 3b), we wondered whether 

InlC might also perturb apical junctions. We first confirmed that Tuba and N-WASP control 

apical junction morphology in Caco-2 BBE1 cells (Fig. 4ai). The effect of depletion of Tuba 

or N-WASP on junctional morphology was quantified by calculation of linear indices, a 

measure of the extent to which cell borders deviate from ideal linearity3. Interestingly, 

infection of Caco-2 BBE1 cells with wild-type Listeria resulted in a phenocopy of the 

curved junctional architecture normally observed upon depletion of Tuba or N-WASP (Fig. 

4aii). In comparison to the situation with wild-type bacteria, bacteria lacking inlC (ΔinlC) or 

expressing InlC.K173A were defective in altering junction morphology. These findings 

indicate that InlC is necessary for Listeria-induced perturbations in apical junctions. 

Interestingly, transfection experiments indicated that InlC was also sufficient to alter cell 

junctions in the absence of bacteria (Fig. S5). Taken together, these results demonstrate that 

InlC perturbs the morphology of cell junctions by impairing Tuba and N-WASP. The 

“slack” junctions induced by wild-type Listeria likely reflect diminished cortical tension.

The effect of InlC on apical junctions could account for the role of this bacterial protein in 

protrusion formation. In this case, InlC might diminish cortical tension at junctions, making 

it easier for motile bacteria to deform the membrane into protrusions. Alternatively, InlC 

might control spreading by affecting unknown activities of Tuba and N-WASP that are 

unrelated to junctions. In order to distinguish between these two possibilities, we perturbed 

junctions through a mechanism independent of Tuba or N-WASP. Specifically, the myosin 

II inhibitor blebbistatin22 was used to alter cell junctions. As previously reported for other 

inhibitors of myosin II3, incubation of cells with blebbistatin resulted in curved apical 

junctions (Fig. 4bi). These findings likely reflect a role for actomyosin-mediated 

contractility in cortical tension. Importantly, blebbistatin treatment suppressed the defect in 

protrusion formation normally caused by deletion of inlC (Fig. 4bii) or by the inlC.K173A 

mutation (S4b). Similar results on apical junctions and Listeria spreading were caused by 

Y27632, another chemical that impairs myosin II –mediated contractility23 (data not 

shown). Taken together, the findings in Figures 3, 4, and S4b indicate that InlC promotes 

bacterial spreading most likely by affecting junctional architecture.

Our findings provide the first evidence for a bacterial protein-host ligand interaction that 

directly controls the accumulation of protrusions during spreading. An interesting issue, to 

be addressed in future work, is whether InlC affects the initiation or persistence of 

protrusions. Listeria enhances its spreading in polarized epithelial cells by employing a 

remarkable strategy that alters the structure of apical junctions (Fig. 5). A key question is 

how Tuba, N-WASP, and InlC control cell junctions. One possibility is that Tuba and N-

WASP promote endocytosis at apical junctions, thereby limiting membrane surface area and 

causing junctions to become taut. By disrupting Tuba- N-WASP complexes, InlC would 

interfere with membrane internalization. A second possibility is that Tuba and N-WASP 
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promote contractility by contributing to the actomyosin ring linked to apical junctions7,24. 

Activated N-WASP stimulates actin polymerization through the Arp2-3 complex2. It is 

possible that binding of the Tuba SH36 domain activates N-WASP, as previously reported 

for the SH3 domains of WISH, Grb2, and Nck2. In this scenario, InlC might antagonize the 

ability of Tuba to enhance N-WASP –mediated actin polymerization. Future studies should 

answer whether InlC promotes Listeria spreading by controlling endocytosis or actin 

polymerization. Regardless of the mechanism involved, our work establishes a new 

paradigm for how intracellular pathogens can promote their cell-cell spread by manipulating 

properties of host cell junctions.

Methods

Strains and cell lines

The wild-type L. monocytogenes strain EGD and the isogenic inlC deletion mutant (ΔinlC) 

were previously described11. The inlC.K173A strain was constructed by allelic replacement. 

Briefly, a lysine-to-alanine substitution of codon 173 (K173A) in inlC was generated using a 

Quikchange kit (Stratagene). Primers used were 5′-

CTATTCGTAATAATGCATTAAAAAGTATTGTG-3′ and 5′-

CACAATACTTTTTAATGCATTATTACGAATAG-3′. The mutant allele was verified by 

DNA sequencing and subcloned into pLSV101. Homologous insertion into the genome of L. 

monocytogenes strain EGD was as described25. Clones containing the desired mutation 

were identified by sequencing of genomic DNA isolated by the polymerase chain reaction 

(PCR).

The human enterocyte cell line Caco-2 BBE1 (ATTC; CRL-2102) was grown in DMEM 

with 4.5 g/L glucose, 2 mM glutamine, 10% FBS, and 0.01 mg/ml human transferrin. For all 

experiments with the exception of Figure 1d, cells were grown in 6 well plates on transwell 

permeable supports (Costar, 0.4 μm pore size). Cell monolayers were verified to have a 

transepithelial resistance of at least 150 ohms. For Figure 1d, cells were grown on glass 

coverslips and infected while subconfluent. The passage number of Caco-2 BBE1 cells was 

always between 46 and 60.

Plasmids

Plasmids expressing full-length human Tuba or GST fusion proteins containing SH31-4, 

SH35, or SH36 domains in Tuba19 were provided by Dr. P. DeCamilli (HHMI). Plasmids 

expressing 6xHis tagged rat N-WASP deleted for its EVH1 domain27 or EGFP-tagged actin 

were from Drs. J. Taunton (UCSF) or G.P. Downey (University of Colorado), respectively. 

The pEBB-based plasmid expressing epitope-tagged β-galactosidase was previously 

described26. Plasmids constructed for this study are pET21a-based plasmids encoding wild-

type InlC or InlC.K173A with a C-terminal 6xHis tag, a pGex- based plasmid encoding 

GST-InlC, a plasmid containing LexA fused to the C- terminus of InlC used in yeast 2-

hybrid studies, plasmids with Ha-tagged wild-type ‘mini-Tuba’ and ‘mini-Tuba’ deleted for 

the SH36 domain, and a plasmid containing myc-tagged InlC in the mammalian expression 

vector pEBB26. Each of these plasmids was generated through PCR amplification of the 

insert followed by ligation into the appropriate vector backbone using standard molecular 
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biology approaches. pET21a encoding InlC with a lysine-to-alanine substitution in codon 

173 (InlC.K173A) was made using a QuikChange kit and the primers 5′-

TCTTATCTATTCGTAATAATGCGTTAAAAAGTATTGTGATGC-3′ and 5′-

GCATCACAATACTTTTTAACGCATTATTACGAATAGATAAGA-3′. The inserts in all 

plasmids were verified by DNA sequencing.

siRNAs, antibodies, and other reagents

siRNA molecules directed against Tuba were ‘siTuba-1’ (5′-

AUAUGCAGAUGGUGAUUAAUU-3′) or ‘siTuba-2’ (5′-

GAGCUUGAGGGAACAUACAAGAUUU -3′)3. siRNAs used to deplete N-WASP were 

‘siNWASP-1’ (5′-UCAAAUUAGAGAGGGUGCUCAGCUAUU -3′), or ‘siNWASP-2’ (5′-

UCAAAUUAGAGAGGGUGCUCAGCUAUU -3′). As a negative control, a ‘non-

targeting’ siRNA that contains two or more mismatches with all sequences in the human 

genome (5′-UAGCGACUAAACACAUCAAUU-3′) was used. Polyclonal antibodies 

recognizing recombinant InlC, the last SH3 domain in Tuba (SH36), or the first four SH3 

domains in Tuba (SH31-4) were raised in rabbits. Commercially available antibodies were 

mouse anti-ezrin (Zymed; 35-7300), mouse-anti-ZO1 (Zymed; 33-9100), mouse anti-tubulin 

(Sigma; T5168), rabbit anti-N-WASP (Cell Signaling; 4848), and rabbit anti-myc (Covance; 

PRB-150P).

Plaque assays

Plaque assays with Caco-2 BBE1 cells were performed as described10, except that cells 

were grown on transwells for ∼ 7 days prior to infection. After infection for 1 h, cells were 

overlayed with medium containing 0.7% agar and gentamicin (10 μg/ml), and incubated at 

37°C in 5% C02 for another ∼ 3 days before detection of plaques. In each experiment, 

typically 25 plaques were measured for each bacterial strain.

RNA interference

Approximately 6 × 104 Caco-2 BBE1 cells were grown in transwells for ∼ 24 h prior to 

transfection with 100 nM siRNA using LF2000 (Invitrogen). About 72 h after transfection, 

cells were solubilized for analysis of target protein expression or infected with Listeria 

strains.

Immunofluorescence microscopy

Cells were grown in transwells for ∼ 96 h prior to infection. In the case of Figures S1 and 

S5, cells were transfected with plasmids expressing EGFP-actin, epitope-tagged InlC, or β-

galactosidase approximately 24 h after seeding, and grown for another ∼72 h before 

infection for 5 h or processing for cell junction analysis. Cells were fixed in 3.7% 

paraformaldehyde. After excision of transwell filters, samples were permeabilized, labeled, 

and mounted as described26. Primary antibodies used were mouse anti-ezrin, mouse anti -

ZO1, rabbit anti-myc, and rabbit anti-Listeria R1126. F-actin was detected with phallodin 

coupled to BodyP FL or Alexa 647. Samples were analyzed using a Zeiss LSM510 laser 

scanning confocal microscope equipped with argon (488 nm), helium-neon 1 (543 nm), and 

helium neon 2 (633 nm) lasers, using the 100× objective.
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Analysis of F-actin comet tails

Zeiss LSM 510 software (version 3.2 SP2) was used to measure F-actin tail length. Comets 

were defined as asymmetrically distributed F-actin visibly extending from one bacterial 

pole28. In each experiment, at least 50 comet tails of wild-type or ΔinlC strains were 

measured. For analysis of F-actin recruitment (Fig. 1b), cells were infected for 5 h with 

Listeria strains pre-labeled with a Texas Red succinimidyl ester conjugate26, followed by 

fixation. Labeling of intracellular or extracellular bacteria was as described26. F-actin was 

labeled with phalloidin coupled to BodyP FL. F-actin recruitment efficiencies were 

expressed as the percentage of intracellular bacteria decorated with F-actin. Both bacteria 

displaying symmetric F-actin or asymmetric comet tails were scored. In each experiment, 

intracellular wild-type bacteria were analyzed until approximately 50 comet tails and 250 

bacteria with symmetric F-actin were scored. An equivalent number of intracellular ΔinlC 

bacteria were analyzed.

InlC expression in infected cells

Caco-2 BBE1 cells in transwells were infected with wild-type or ΔinlC strains of Listeria for 

the indicated times. One h after the start of infection, medium containing gentamicin was 

added to eliminate extracellular bacteria. The time axis in Figure 1f indicates the total 

infection time, including the period preceding gentamicin treatment.

Apical junction studies

Zeiss LSM 510 software was used to measure linear indices in cells labeled for ZO1, as 

described3. For each condition, 50-110 cell junctions were analyzed. In experiments not 

involving bacterial infection, cells were randomly selected. In experiments involving 

infection, only cells displaying Listeria that recruited F-actin were analyzed. In experiments 

involving epitope-tagged InlC or β-galactosidase, only cells expressing the tagged 

transgenes were analyzed.

Analysis of protrusions

Two methods were used to assess protrusion formation. These methods involved either 

detection of protrusions by labeling for ezrin, or direct examination of protrusions in cells 

expressing EGFP-actin.

Ezrin -based approach—Caco-2 BBE1 cells were infected with wild-type or ΔinlC 

Listeria strains. At 5 h post-infection, cells were fixed, permeabilized, and labeled with 

mouse anti-ezrin and phalloidin-Alexa 647. Samples were analyzed using confocal 

microscopy. In each of the seven experiments used for Figure 1e, comets in cells infected 

with wild-type Listeria were analyzed until ∼25 ezrin-positive tails were scored. Similar 

numbers of total comets were analyzed in cells infected with the ΔinlC mutant. In each of 

the four experiments used for Figures 3b, 4b, and S4b, ∼ 20 ezrin-positive comets were 

scored in control siRNA or DMSO -treated cells infected with wild-type bacteria. Similar 

numbers of total comets were analyzed for all other conditions. In each of the three 

experiments used for Figure S4a, ∼ 30 ezrin-positive comet tails were scored in cells 
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infected with wild-type Listeria. Similar numbers of total comet tails were analyzed for all 

other bacterial strains.

EGFP-actin –based approach—Cells were transfected with a plasmid expressing 

EGFP-actin. 72 h later, cells were infected with wild-type or ΔinlC strains. At 5 h post-

infection, cells were fixed, permeabilized, and labeled with anti-L. monocytogenes antiserum 

R1126 and anti-rabbit-Cy5. Confocal microscopy was used to acquire images of 1μm serial 

sections encompassing the entire height of the cell monolayer. Comet tails that projected 

from EGFP-positive cells into flanking EGFP-negative cells were scored as protrusions. 

Tails located entirely within EGFP-positive cells were also counted. In each experiment, 

200-300 total F-actin tails were analyzed for each bacterial strain.

Yeast two-hybrid screen

The DupLex-A yeast two-hybrid system (Origene) was used to screen a mouse embryonic 

cDNA library (Origene; DLM-110) using InlC with the LexA DNA binding domain fused to 

its C-terminus as bait. Approximately 1 × 107 independent cDNA clones were screened. The 

same InlC-interacting clone was isolated on three occasions.

Protein purification

Recombinant InlC or InlC.K173A mutant proteins containing C-terminal 6xHis tags were 

expressed in E. coli strain BL21 λDE3 and purified according to standard procedures. GST 

fusion proteins were expressed and purified essentially as described26. Purification of 

recombinant rat N-WASP protein deleted for its EVH1 domain was as described27.

Pull-down experiments

GST pull-downs were done essentially as described26.

Surface Plasmon Resonance

A Biacore X instrument was used to measure binding of InlC or InlC.K173A to the SH36 

domain of Tuba. SH36 protein was linked to CM5 biosensor chips by amine coupling. A 

reference chip lacking protein was also prepared. Analyte injections were carried out at 

25°C for 1 min (association phase), followed by a ∼1 min period of injection with buffer 

only (dissociation phase). Corrected binding data were generated by subtracting the RU 

values obtained with the reference chip from those measured with the SH36 chip. Data was 

analyzed using BiaEvaluation software (version 4.0.1). Association (ka) and dissociation 

(kd) rates were determined by fitting to a ‘two state binding with conformational change’ 

model. Equilibrium dissociation constants (KD) were calculated as kd/ka. Relative binding 

data in Figure 2eii were determined by normalizing the maximum RU value obtained with 

each concentration of the InlC.K173A mutant protein to that reached with the same 

concentration of wild-type InlC.

Statistical analysis

Statistical analysis was performed using InStat (version 2.2; GraphPad Software). When 

comparing data sets from two conditions, a Student's t-test was used. When comparing data 
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from three or more conditions, ANOVA was performed. The Tukey-Kramer test was used as 

a post-test. A p value of 0.05 or lower was considered as significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. InlC is needed for efficient spreading and protrusion formation in a polarized cell line
(a) InlC promotes spreading. Caco-2 BBE1 cells in transwells were infected with wild-type 

(wt) or ΔinlC Listeria strains. (i): Representative images of plaque assays. (ii): Average 

relative plaque diameters or surface areas ± s.d. (n=3). (b). InlC does not affect F-actin tail 

formation. (i). Average percentage (%) ± s.d. (n=3) of intracellular wild-type or ΔinlC 

bacteria with symmetric F-actin or comet tails. P = 0.45. (ii). Average percentage (%) ± s.d. 

(n=3) of intracellular bacteria with comet tails only. P = 0.46. (c) InlC does not influence tail 

length. (i). Average tail lengths (μm) ± s.d. (n=3). P = 0.84. (ii). Distributions of tail lengths: 
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<1 μm (1), 1.00-1.99 μm (2), 2.00-2.99 μm (3), 3.00-3.99 μm (4), 4.00-4.99 μm (5), 

5.00-5.99 μm (6), 6.00-6.99 μm (7), 7.00-14.00 μm (8). (iii). Tail length measurement. F-

actin: red; bacterium: blue. Tail length is measured as a free-hand trace. Scale bar, 1 μm. (d) 

Ezrin localizes to protrusions. Confocal microscopy was performed on subconfluent Caco-2 

BBE1 cells infected with wild-type Listeria. The left panel is a merged image showing F-

actin (red), ezrin (green), and bacteria (blue). Arrows indicate ezrin-containing comet tails in 

protrusions projecting into space. The arrowhead indicates an ezrin-negative tail in the cell 

body. (e) InlC promotes protrusion formation. Scale bars, 2 μm. (i). Representative image of 

wild-type Listeria in cells in transwells. F-actin, ezrin, and bacteria are colored as in d. 

Arrows and arrowheads indicate F-actin tails containing or lacking ezrin, respectively. (ii). 

Quantification of ezrin recruitment. Protrusion formation is expressed as the average 

percentage ± s.d. (n=7) of total F-actin tails containing ezrin (left panel), or as relative 

values (right panel). P = 0.008. (f) InlC is expressed in infected human cells. (i) InlC used to 

generate antibodies. (ii) Anti-InlC Western blots of supernatants (S) or pellets (P) from broth 

cultures of wild-type (wt) or ΔinlC strains. (iii) Caco-2 BBE1 cells were left uninfected (U) 

or infected with Listeria strains for increasing times. Cell lysates were Western blotted with 

antibodies against InlC or tubulin.
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Figure 2. InlC interacts with the mammalian adaptor protein Tuba
(a) Structure of Tuba. SH3, Dbl homology (DH), and Bin-Amphiphysin-Rvs (Bar) domains 

are indicated. The last SH3 domain (SH36) interacts with InlC or human N-WASP19. Other 

ligands of the first four SH3 (SH31-4), DH, or Bars domain are indicated. In addition to full-

length Tuba (∼180 kDa), isoforms lacking SH31-4, but retaining the DH, Bar, SH35, and 

SH36 domains, exist19,20. (b) InlC associates with ∼ 180 and ∼150 kDa Tuba isoforms 

from Caco-2 BBE1 cells. A GST-InlC fusion protein was incubated with cell lysates and 

precipitated. Precipitates were immunoblotted with antibodies against the Tuba SH36 

domain. (c) The Tuba SH36 domain associates with secreted InlC. Caco-2 BBE1 cells were 

infected with wild-type (wt) or ΔinlC strains of L. monocytogenes (LM) for 7 h. Cell lysates 

were used for precipitation with GST proteins containing SH36, or the SH31-4 region as a 

control. (d) InlC interacts directly with SH36. GST proteins containing SH36, SH31-4, or 

GST alone (10 nM) were incubated with the indicated concentrations of InlC and 

precipitated. InlC was detected by immunoblotting. The last lane is a loading control. (e) An 

RxxK sequence in InlC participates in binding to SH36 (i). Binding of wild-type InlC 

protein (InlCwt) or InlC.K173A, as measured by SPR. Representative data from a single 
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experiment is shown. Data from 3-4 experiments were used to estimate equilibrium 

dissociation constants (KD) of 9.0 ± 3.5 and 58 ± 12.3 μM for wild-type InlC and 

InlC.K173A, respectively. P = 0.0007. (ii). Relative binding of wild-type (wt) InlC and 

InlC.K173A to SH36. The data is average ± s.e.m. (n=3). (f) An RxxK sequence in InlC is 

needed for efficient spreading. Average relative plaque diameters (i) or surface areas (ii) ± 

s.d. (n=3) of wild-type (wt), ΔinlC, or inlC.K173A strains of Listeria are presented. (g) InlC 

displaces N-WASP from SH3-6. 10 nM GST-SH36 was incubated with 10 nM of N-WASP 

in the presence of the indicated concentrations of wild-type InlC (InlCwt) or InlC.K173A for 

2.5 h. GST-SH36 was precipitated, and N-WASP (left panels) or InlC (right panels) detected 

by immunoblotting.

Rajabian et al. Page 15

Nat Cell Biol. Author manuscript; available in PMC 2010 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Tuba and N-WASP control protrusion formation
Caco-2 BBE1 cells were treated with control (C) siRNA or siRNA molecules targeting Tuba 

or N-WASP. About 72 h after transfection, cells were infected with wild-type (wt) or ΔinlC 

strains of Listeria for ∼ 5 h prior to Western blotting (a) or fixation and labeling for analysis 

of protrusions (b) or F-actin tails (c). (a) siRNA-mediated depletion of Tuba or N-WASP. 

Western blots were performed using lysates from cells treated with ‘siTuba-1’ or 

‘siNWASP-1’ siRNA (Methods). Top panels display anti-Tuba or anti-N-WASP 

immunoblots, whereas the bottom panels show anti-tubulin blots of the stripped membranes. 

(b) Quantification of recruitment of ezrin to comets. Protrusion efficiency is expressed as 

the average percentage ± s.d. of F-actin tails that contain ezrin (Y-axis). The data are from 

3-4 experiments, depending on the condition. Statistical analysis revealed significant 

differences (p<0.05) in the following column pairs: i+iv, iv+v, and iv+vi. *Note that the 

apparent difference in protrusions in cells treated with control or N-WASP siRNA (columns 

i and iii) is not statistically significant (p>0.05). (c) Comet tail lengths in Caco-2 BBE1 cells 

depleted for Tuba or N-WASP. Tail lengths (μm) are average ± s.d. values from three 

experiments. Statistical analysis revealed no significant difference between any of the 

columns (p = 0.53). The data in parts a, b, and c are from experiments using ‘siTuba-1’ or 

‘siNWASP-1’ siRNA molecules (Methods). siRNA molecules that targeted different regions 

in Tuba or N-WASP mRNA (‘siTuba-2’ or ‘siNWASP-2; Methods) produced similar results 

(data not shown).
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Figure 4. InlC, Tuba, and N-WASP control the morphology of apical junctions
(a) Role of Tuba, N-WASP, and InlC in junction structure. (i). Effect of depletion of Tuba 

or N-WASP. Caco-2 BBE1 cells were treated with control siRNA (C SR) or Tuba-1 siRNA 

(Tuba SR) for ∼ 72 h prior to labeling for ZO1. Left Panel: Average linearity indices (LI) ± 

s.d. from three experiments. Differences in the column pairs 1+2 and 1+3 are statistically 

significant (p<0.001). Top right panels: ZO1 staining in cells transfected with control, Tuba, 

or N-WASP siRNA. Note cells in the Tuba- or N-WASP- depleted populations with curved 

junctions (marked with *). Bottom right panels: Examples of junction analysis. The linear 

index (LI) is the ratio of junction length (blue lines) to the distance between vertices (red 

lines). (ii). Infection with Listeria expressing InlC perturbs apical junction morphology. 

Caco-2 BBE1 cells were left uninfected or infected with wild-type (wt), ΔinlC, or 

inlC.K173A strains of L. monocytogenes (LM) for 5 h. Left panel: LI analysis of junctions 

from 3-6 experiments. Differences in the pairs 1+2, 2+3, and 2+4 are statistically significant 
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(p<0.001). Top right panels: Representative images of uninfected or infected cells. Bacteria 

are in red, F-actin is in green, and ZO1 is in blue. Bottom right panels: ZO1 staining from 

the same fields of view. Asterisks indicate cells containing intracellular bacteria decorated 

with F-actin. Note curved junctions in cells infected with wild-type Listeria. Junctions in 

cells with ΔinlC or inlC.K173A bacteria have markedly less curvature. (b) Myosin II 

restrains Listeria protrusion formation. Caco-2 BBE1 cells were treated with DMSO or 50 

μM blebbistatin for 1 h, prior to analysis of apical junctions (i) or protrusions (ii). (i). Effect 

of blebbistatin on junctions. Right panel: Typical images of apical junctions. Left panel: 

Average linear index values ± s.d. from three experiments. P = 0.0026. (ii) Effect of 

blebbistatin on Listeria protrusions. Average percentages of comet tails with ezrin ± s.d. 

from three experiments are presented. Differences in the pairs 1+3, 2+3, and 3+4 are 

statistically significant (p<0.05). All scale bars are 5 μm.
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Fig. 5. Model for InlC-mediated cell-cell spread of Listeria
(a) InlC controls protrusion formation by altering the morphology of apical junctions in 

polarized epithelial cells. Left panel: Uninfected host cells or cells infected with the ΔinlC 

mutant of Listeria exhibit linear apical junctions. Junction linearity is likely due to cortical 

tension, which inhibits the ability of motile bacteria to deform the plasma membrane into 

protrusions. Right panel: cells infected with wild-type Listeria. InlC causes normally taut 

apical junctions to become slack, most likely by attenuating cortical tension. Diminished 

tension allows more efficient protrusion formation by motile bacteria. (b) Putative molecular 

mechanism of InlC-mediated protrusion formation. Left panel: In the absence of InlC, Tuba 

and N-WASP form a complex in the host cell that generates cortical tension at apical 

junctions. Right panel, InlC alleviates Tuba- N-WASP –mediated tension by disrupting 

Tuba- N-WASP complexes.
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