

















Interaction of the Chlamydia Virulence Factor TarP with FAK

FIGURE 3. Plasma membrane-localized TarP functions to recruit FAK. A and B, DRAQ5-labeled Atir EPEC (red) bound to cells co-expressing full-length TarP
(TirM-TarP-FL; A) or TirM-Pax-LD2 (B) with pEGFP-FAK (green) induced a highly localized and transient recruitment event. The images were obtained by live cell
microscopy at 30-s intervals. Pixel intensities for representative areas of EGFP-FAK recruitment in TarP-FL- or Pax-LD2-expressing cells were enumerated and
plotted as pixel intensity in arbitrary units (a.u.) over time. Background fluorescence intensity for neighboring regions was obtained to adjust pixel intensities
atthe regions of interest. The dotted line represents the average intensity for EGFP-FAK recruitment by Atir EPEC in cells expressing the negative control, TirM.

Scale bar, 5 pm.

consistent with the results obtained from two independent
RNA interference screens (27, 28). Collectively, the highly
localized recruitment of FAK, its early induction of phosphoac-
tivation, and the reduction of invasion efficiency in FAK /=
cells all point to an essential role of FAK in Chlamydia invasion.

Ectopically Expressed LD Motif Colocalized with pY397-FAK
and Actin at Stress Fibers—During Chlamydia invasion, the
recruitment of some of the host signaling molecules to the sites
of adhesion could be attributed to TarP. For example, in C. tra-
chomatis, the recruitment of Sos1 and Vav2 guanine nucleotide
exchange factors (GEFs) and the p85 subunit of the phosphati-
dylinositol 3-kinase was dependent on specific phosphoty-
rosine residues found in the N-terminal half of TarP (16). Thus,
there is precedent for TarP acting as a molecular scaffold to
which signaling molecules can be recruited.

The interaction of FAK with a variety of binding partners
either depends on phosphorylation (on tyrosine, serine, and/or
threonine) or on signaling domains (FERM and FAT) (45).
Amino acid sequence analysis of TarP orthologues from vari-
ous chlamydial species for mammalian-like signaling motifs
identified a domain (LD) similar to paxillin and thus potentially
could be recognized by the FAT domain of FAK (Fig. 24). These
highly conserved LD-like motifs overlapped a region originally
characterized as non-functional globular actin binding domain.
In addition to the amino acid sequence conservation, the positions
along the TarP orthologs were also conserved, with only the most
C-terminal of the actin binding domains harboring the LD-like
motifs. Thus, there appears to be both sequence and position con-
servation among the TarP-LD motifs found in various TarP ortho-
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logues. The most distinct feature of the TarP-LD sequences (LEX-
LLPXLRAHL) was the conserved leucine residues, which in
paxillin LD2 are critical for FAK binding. The putative signaling
function would be in contrast to the F-actin binding activity pre-
viously assigned to this region of TarP (18). Therefore, it was nec-
essary to address this potential discrepancy. Using a similar
approach used by the Jiwani et al. (18), ectopically expressed
TarP-LD colocalized with F-actin as previously reported. How-
ever, when the duration of expression was limited to 8 h, colocal-
ization was predominantly at the tips of stress fibers, which coin-
cidentally were also positive for pY397-FAK (Fig. 2B). Overall, the
data raised the possibility that the FAB1 motif may have an alter-
nate function, which is to mediate TarP/FAK interaction at the
plasma membrane during invasion.

The Highly Localized and Transient Recruitment of FAK to
the Plasma Membrane Depended on TarP—Mutagenesis of a
putative invasion factor of an obligate intracellular pathogen
would make impossible the isolation of such mutants. There-
fore, we utilized an EPEC-based heterologous system (38) that
enabled the expression and plasma membrane targeting of var-
ious TarP mutants for downstream functional analyses. In brief,
TarP (or various deletion derivatives in subsequent experi-
ments) was fused with a truncated version of the translocated
intimin receptor (Tir) from EPEC. The truncated version of Tir
used in this assay lacked any original signaling components
while maintaining the extracellular intimin binding domain to
allow adherence of Atir or AescN EPEC to the host cell. A viral
membrane-targeting sequence replaced the NH, terminus of
Tir to promote sufficient expression of the fusion protein at the

VOLUME 289-NUMBER 44+-OCTOBER 31,2014

GTOZ ‘9 Afenuge4 uo usapleqy Jo A1sieaiun e /610°0q mmmy/:dny woly pepeojumod



Interaction of the Chlamydia Virulence Factor TarP with FAK

A C 45 - .
250 X 40
C(.L *
35 *
%‘ 200- g *
b el X
£ £ i
3 1501 . 25
X I3 v
3 ® 20 @
< 100- 4
E S 15 []
h =
© *
50- 510 1 I
o
- 7 7 7 7 R 5
TirM PaxLD2 TarP-FL* TarP'7%  TarP16% LD mutLD o
j j Ab ) D j $Q j 0
<\\\~‘\ *\p ‘?(,\, (3"1 ?.\.a e N
Q2" <2 <2 <2 @‘?

B

I I
TiM-GPIC TarP-FL™ |l T ] i L1 c

Tir-GPIC TarPs ] Twasse | I'T 11 l Ha-epitope tag
oM 1-639 N Tir 260395 c
TirM-GPIC TarP { W v ] T} 1 Lo domain
Ti-GPIC LDsoro ] [ Tweess M I
TirM-GPIC TarpP714-880 N-| I Tir 26039 |-c I:I Newcastle disease

virus HN surface protein '-6¢

I Actin binding domain

D pY397-FAK Atir EPEC HA-tag Merged
5.8 - ~- —_— k-

TirM-GPIC-LD

TirM

17 500 7 %
~ =7 i TarP LD 5450 { ] -
5 081 5 400 1
K 0.7 4 ]
£ 350
2 06 1 s
2 05 .;. 300
% 0.4 1 G 250 1 1
x 031 & 200 1 I
T
& o2 2 150 1
pesssenr . LA ‘e . ...........C....... ‘5
01 S 100 -
©
0 = ¢ — >
o 2 4 6 8 10 12 14 16 @ 507
: 0
Frame number (30-s intervals) LD  Pax-LD2 muttD  Empty

OCTOBER 31,2014-VOLUME 289-NUMBER 44 SASBMB JOURNAL OF BIOLOGICAL CHEMISTRY 30433

GTOZ ‘9 Afeniged uo usspieqy Jo AiseAluN e /Bi00g[ mmmy/:dny wouy papeojumoq


http://www.jbc.org/

Interaction of the Chlamydia Virulence Factor TarP with FAK

plasma membrane. This was followed by an HA tag for immu-
nofluorescence detection. By fusing this truncated Tir to TarP
or various TarP deletion derivatives, we could ascertain the
signaling and actin assembly functions of individual motifs of
TarP. In this assay cells expressing full-length TarP (TirM-
TarP-FL) (Fig. 3A) were infected with Atir EPEC and monitored
for EGFP-FAK recruitment under live cell conditions. As a pos-
itive control, the LD2 motif of paxillin, the FAK in vivo binding
partner, was also investigated (Fig. 3B). From the series of
images, paxillin LD2 was capable of recruiting FAK. Monitor-
ing the recruitment of EGFP-FAK by live-cell imaging revealed
transient recruitment kinetics for both TarP-FL and paxillin
LD2. Quantification of EGFP-FAK fluorescence intensities
revealed a recruitment duration of ~180s and with the peak
occurring 90s from the time of EGFP-FAK appearance. In the
majority of cases (>85%), FAK recruitment in TarP-FL- or
LD2-expressing cells was found to be transient following a sim-
ilar profile to that observed during Chlamydia infection (Fig.
1A). The data indicated that TarP was sufficient to recruit FAK
to the plasma membrane. In all cases the HA signal intensities
associated with the clustered TirM-TarP-FL and TirM-LD2
were found to be similar (Fig. 4A4), ensuring that any observed
differences in pY397-FAK recruitment were not due to varia-
tions in the expression levels.

FAK Recruitment by TarP Requires the LD Domain—Having
established that TarP was sufficient to recruit FAK and a puta-
tive region (LD) was identified, various derivatives of TarP
deleted at the region harboring the LD motif were constructed
(Fig. 4B). By analyzing the various deletion derivatives, the
FAK-binding role of the putative LD motif in Tarp could be
confirmed. Furthermore, this approach would enable the iden-
tification of regions outside the LD motif that could interact
with FAK. As above, Cos7 cells were transfected with the vari-
ous constructs infected with Atir or AescN EPEC, and FAK
recruitment was monitored. Data for or Atir EPEC are shown.
First, the levels of recruitment of the TirM-TarP deletion deriv-
atives to the plasma membrane were quantified by immunofluo-
rescence microscopy of anti-HA-stained samples and found to
be similar (Fig. 44). Untransfected cells were devoid of adhered
Atir EPEC and HA staining at the plasma membrane. We
observed that the full-length construct and TarP*~"** retained
the ability to recruit pY397-FAK, whereas deletion further into
the protein, as in TarP'~%*%, led to the loss of this recruitment.
Therefore, the region between residues 639 and 714 mediated
FAK recruitment (Fig. 4C). Indeed, TarP®*°~7*® (herein termed

as TarP-LD) was sufficient in recruiting pY397-FAK to the
plasma membrane. Scoring individual EPEC particles for
colocalization with pY397-FAK showed an increase for
TarP-FL (2.7-fold), TarP'~7'* (2.5-fold), TarP-LD (2.4-fold),
and paxillin LD2 (2.4-fold) relative to the TirM-only nega-
tive control (Fig. 4C; p < 0.005; ANOVA and Tukey Kramer
post hoc test). Interestingly, TarP-LD yielded a similar
recruitment frequency value as paxillin LD2. Representative
images from which the data were derived are shown in Fig.
4D.

To examine the kinetics of FAK recruitment by TarP-LD, we
conducted a series of short-term (<10 min) live-cell imaging
experiment using cells expressing pEGFP-C1-FAK and TirM-
TarP-LD. Green cells with >20 adhered bacteria were chosen
for live-cell imaging. We found that the majority of FAK
recruitment incidences in LD-expressing cells were transient
(Fig. 4E), consistent with observations from imaging of Chla-
mydia infection and in EPEC-based assays. The transient
nature of FAK association made it technically difficult to cap-
ture all of the recruitment events in fixed cells, and therefore,
values obtained for the steady-state incidence of recruitment
were likely to be underestimates.

The LD Domain of TarP Bound to FAK in a Manner That
Required the Conserved Leucine Residues—The apparent TarP-
LD-dependent recruitment of FAK to the plasma membrane
strongly suggested interaction. Therefore, we employed the
bacterial two-hybrid system to investigate quantitatively the
FAK binding of TarP-LD in comparison to that of paxillin LD2
and TarP-mutLD in which the conserved Leu residues were
changed to Ala via site-directed mutagenesis. Mutating the
conserved leucine residues within paxillin LD2 abrogated FAK
interaction (33, 46). In this assay, interaction was reported by
the in trans reassembly of the active Bordetella pertussis adeny-
late cyclase (Cya) from two constituent fragments (termed
18- and 25-), which are fused to the target and bait proteins,
respectively. Target-bait interaction allowed Cya-dependent
conversion of ATP to cAMP, reported here as 3-galactosidase
(B-gal) production. To quantify interaction strength, B-galac-
tosidase-dependent conversion of ONPG to the colorimetric
molecule ONP was measured and standardized as Miller units.
TarP-LD interaction with FAT was evaluated and directly com-
pared with paxillin LD2 and TarP-mutLD. A positive control
Cyal8-Zip/Cya25-Zip was included. By measuring 3-gal pro-
duction, it was clear that Cyal8-TarP-LD/Cya25-FAT or
Cyal8-Pax-LD2/Cya25-FAT-co-expressing bacteria exhibited

FIGURE 4. TarP-mediated FAK recruitment is direct and requires the LD domain. A, the clustering ability of the various constructs upon infection by EPEC
was evaluated by quantifying pixel intensity and found to be similar. The plasma membrane-clustered labels were specifically monitored because they were
the functional subpopulation with regard to signaling and recruitment of FAK and actin. B, diagram of the various TirM-TarP fusion constructs used to identify
the region in TarP required for FAK recruitment. The numbers indicate amino acid positions encoded within the C. caviae TarP gene. * denotes full-length TarP.
C,adhered EPEC able to recruit phospho-FAK were enumerated for the constructs indicated, and data are represented as a box and whisker plot. Approximately
500-750 particles were counted for each construct. The asterisks indicate significance relative to TirM control (ANOVA; p < 0.005 and post hoc testing
Tukey-Kramer; « = 0.01, g = 5.11). D, representative images analyzed to arrive at the data shown in C. Cos7 cells transfected with plasmids encoding
progressive TirM-TarP-LD and TirM negative control were infected with Atir EPEC to induce clustering of the fusion protein. The white arrowheads indicate
colocalization phospho-active FAK (pY397-FAK; green) with Atir EPEC (blue). Anti-FAK (phospho-Tyr-397) and anti-HA antibodies were used to visualize
pY397-FAK (green) or TarP'~""#/TarP'~%3%/TarP-LD (red), respectively. Insets show a magnification of a selected area of the cell. Scale bars, 10 um. E, the kinetics
of EGFP-FAK recruitment was found to be rapid and transient. Pixel intensities for representative areas of EGFP-FAK recruitment to Atir EPEC in TarP-LD-
expressing cells were enumerated from live cells and plotted as pixel intensity in arbitrary units (a.u.) over time. Background fluorescence intensity for
neighboring regions was used to normalize the data. Scale bar, 10 um. E, B-galactosidase activity of E. coli DHM1 strains co-expressing Cya25-FAT and
Cya18-TarP-LD, Cya18-Pax-LD2, Cya18-TarP-mutLD, or Cya18-Empty. Activity is expressed as Miller units. ANOVA; p < 0.01 and post hoc testing Tukey-Kramer;
o« =001,q=491).
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FIGURE 5. Recruitment of FAK by TarP-LD domain requires conserved leucine residues. A, Cos7 cells transfected with the indicated plasmid were infected
with Atir EPEC. Arrowheads indicate examples of colocalization or lack thereof in the mutantand negative control. Anti-pY397-FAK and anti-HA antibodies were
used to visualize pY397-FAK (green) or TarP-LD/mutLD (red), respectively. Bacteria were visualized by DAPI staining (blue). Insets show a magnification of a
selected area of the cell. Scale bars, 10 um. B,adhered EPEC able to recruit pY397-FAK were enumerated, and data are represented as a box and whisker plot. Data
compiled from three independent experiments. A range of 650-1300 particles was counted. The asterisk indicates statistical significance relative to TirM
control (ANOVA; p < 0.005 and post hoc testing Tukey-Kramer; « = 0.01, g = 4.59). C, oligopeptide pulldown using Hela cell lysates showed that FAK
specifically recognizes the TarP-LD motif, whereas amino acid substitutions abrogated interaction. Lane 1, 10% input; lane 2, wild type LD, lane 3, Leu-to-Ala
substitution mutant, lane 4, streptavidin beads only.

activity that differed significantly from the negative control
strain (Fig. 4F; p < 0.01 ANOVA and Tukey-Kramer post hoc
test). Importantly, the Leu-to-Ala substitution mutant did not
interact with FAT. Taken together, the data from cell-based
assays, structural modeling, and bacterial two-hybrid experi-
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ments support a specific and direct interaction between
TarP-LD and FAK that required the conserved Leu residues.
Having narrowed down the FAK binding activity, we then
addressed the nature of the interaction between FAK and TarP-
LD. Structural modeling studies indicated binding could be via
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FIGURE 6. The TarP-LD domain mediates Arp2/3 complex and actin remodeling. A, Cos7 cells expressing TirM-TarP-LD or the negative control TirM were
infected with Atir EPEC to induce clustering. Transfected cells were identified by their ability to recruit actin (red) and pY397-FAK (green). The white arrowheads
indicate colocalization of Atir EPEC, pY397-FAK, and actin. B, as above except p34”™ (green) colocalization with bacteria and actin was monitored. Scale bars,

10 um. Insets show a magnification of a selected area of the cell.

hydrophobic interactions between the amphipathic a-helices
of TarP-LD and that of FAK FAT domain. The a-helices of the
Tarp-LD motifs of C. trachomatis and C. caviae were superim-
posed on that of paxillin LD2. A near-perfect coincidence of the
hydrophobic residues was observed, including the conserved
leucines (data not shown).

The mutant (TarP-mutLD) was evaluated for the recruit-
ment of pY397-FAK in the EPEC system and the co-precipita-
tion of FAK using custom-synthesized oligopeptides with wild
type or mutant LD amino acid sequences. Both experiments
were performed in parallel with the wild type TarP-LD and
paxillin LD2. As shown in the images in Fig. 54 and quantifica-
tion in Fig. 5B, TarP-mutLD exhibited a low level of recruit-
ment similar to the negative TirM control and significantly differ-
ent to TarP-LD and paxillin LD2. The importance of the leucine
residues was further confirmed in a co-precipitation experiment
where the N-terminal biotinylated oligopeptide bait containing
the Leu-to-Ala-substituted mutant form failed to pull down FAK
from whole cell lysates (Fig. 5C). Lysates were obtained from cells
not treated in any way to induce FAK phosphorylation. Together,
the data indicated that, similar to paxillin LD2, the binding of
TarP-LD to FAK required the conserved leucine residues.

The TarP-LD Domain Recruited the p34°"® Subunit of the
Arp2/3 Complex in a FAK-dependent Manner—Using the EPEC
system described above, we investigated if TarP-LD could recruit
actin and the Arp2/3 complex. Cells expressing TarP-LD or the
negative control TirM were infected with Atir EPEC, and the sam-
ples were stained with fluorescent phalloidin to visualize recruited
actin. From confocal images, actin assembly in cells expressing
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TirM-LD was observed, which was in contrast to cells expressing
TirM alone (Fig. 6A). Furthermore, we observed >75% coinci-
dence of pY397-FAK or p34*™ with actin (Fig. 6, A and B), sup-
porting a signaling related recruitment of actin.

Next, the functional relationship between FAK and the TarP-
LD-dependent actin remodeling was investigated in FAK ™/~
MEFs. Demonstration of FAK-dependent actin remodeling by
TarP-LD would support a signaling function for this domain.
First, because of the potential actin-related signaling abnormal-
ities the FAK ™/~ MEFs may have, including the hyper-activa-
tion of the RhoA GTPase (47), it was necessary to confirm that
these cells remained competent in signaling from the plasma
membrane to the actin cytoskeleton. Early-passage FAK*'™
and FAK™/~ cells, directly obtained from the American Type
Culture Collection, were infected with wild type EPEC, and
actin-rich pedestal formation was monitored. As shown in Fig.
7A, FAK ™/~ cells supported EPEC pedestal formation, indicat-
ing that one or more signaling pathways to induce actin remod-
eling at the plasma membrane remained intact.

To confirm FAK involvement, FAK*'" and FAK~/~ MEFs
were transfected with TirM-TarP-LD, and the recruitment of
actin and p34”™ was monitored. First, the recruitment of both
actin and p34°" could be observed in the wild type cells (Fig.
7B). In contrast, TirM-LD-expressing FAK~/~ MEFs were
unable to support the recruitment of both actin and p34“™ to
the plasma membrane, indicating that FAK was essential for
their recruitment. As shown in Fig. 7, C and D, the recruit-
ments of actin and p34** by TirM-LD were largely FAK-de-
pendent, increasing 2.5- and 2.3-fold, respectively, in
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FIGURE 7. The TarP-LD domain does not recruit actin or p34* in cells lacking FAK. A, FAK™/~ cells can support pedestal structures induced by EPEC,
indicating that actin recruitment and polymerization (white arrows) to the plasma membrane remained functional in the FAK™’~ background. Scale bars,
10 wm. B, FAK*/* and FAK™/~ MEFs expressing TirM-LD were infected with Atir EPEC, and actin remodeling and p34”™ recruitment were monitored. The white
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and data are represented as a box and whisker plot. D, enumeration of Atir EPEC colocalization with p34”™ with data represented as a box and whisker plot. Data
were compiled from three independent experiments. A range of 550-700 particles for each was counted. The asterisk indicates statistical significance (ANOVA;
Actin and p34”": p < 0.005 and post hoc testing Tukey-Kramer; & = 0.01,q = 3.76).

FAK"'™" cells (actin and p34*™: p < 0.005, ANOVA and
Tukey-Kramer post hoc test). Together, we concluded that
TarP-LD signals to FAK to recruit the Arp2/3 complex and actin.
This would be consistent with previous published observation
demonstrating a requirement for the Arp2/3 complex by Chla-
mydia during invasion (14).

Actin Remodeling by TarP-LD Required a Functional Arp2/3
Complex—To address the potential Arp2/3 requirement, a cell-
permeable inhibitor (CK-666) that specifically targeted Arp2/
3-mediated actin filament nucleation was used. The inhibitor
prevented Arp2/3 from achieving an active conformation by
targeting the pocket formed by the subdomain 4 of Arp2 and
subdomain 1 of Arp3 without affecting its recruitment to the
complex (48). As above, FAK™/* cells were transfected with the
TirM-TarP-LD expression constructs. Recruitment of actin
and Arp2/3 were visualized with Alexa 488-phalloidin and anti-
p34°7¢, respectively. The cells were pretreated with 100 um
concentrations of either CK-666 or the inactive control,

SASBMB
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CK-689. In cells treated with the CK-689, recruitment of both
actin and p34“™ could be seen. In contrast, CK-666 treatment
led to the loss of F-actin aggregates (Fig. 84), indicating that
Arp2/3 activation was essential for TarP-LD-mediated actin
remodeling. The levels of colocalization of EPEC for either
actin or p34** were quantified for both CK-666- and CK-689-
treated cells. As shown in Fig. 8, B and C, recruitment of actin,
but not p34°*¢, was significantly reduced in cells treated with
CK-666 inhibitor (actin, p < 0.005; p34*™, p < 0.3, ANOVA,
and Tukey-Kramer post hoc test).

Finally, the effects of CK-666 on Chlamydia invasion were
evaluated to validate the above observations (Fig. 8D). The crit-
ical role of the Arp2/3 complex has already been shown in cells
expressing the C-terminal VCA (WA) domain of N-WASP
(14). Here, exposure to 100 um CK-666 dramatically reduced
the efficiency of chlamydial invasion at all time points investi-
gated (p < 0.005 ANOVA and Tukey-Kramer post hoc test).
The apparent increase in the invasion efficiency at the later
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time points, regardless of CK-666, was likely due to compensa- Cdc42 Functions Downstream of FAK and Upstream of the
tory pathways activated at later times. Taken together, these Arp2/3 Complex to Mediate Actin Remodeling—Subtil et al.
results supported a signaling function of the TarP-LD domain  (20) reported that the small GTPase Cdc42 was recruited at the
to recruit actin in a FAK- and Arp2/3-dependent manner. sites of entry and essential for invasion by C. caviae strain GPIC,
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but the molecular basis of recruitment remains unknown.
Cdc42 signals downstream of FAK (45). Therefore, its role in
TarP-LD/FAK signaling and its position within the signaling
pathway were investigated.

First, the recruitment of Cdc42 reported by Subtil et al. (20)
was verified by infecting EGFP-Cdc42-expressing cells with
CMTPX-labeled C. caviae strain GPIC and monitoring EGFP-
Cdc42 recruitment by live-cell microscopy (Fig. 94) at 30-s
intervals. As with EGFP-FAK, the recruitment was rapid and
transient. Having established Cdc42 recruitment during chla-
mydial invasion, the molecular basis for this event was investi-
gated using the EPEC system described above. Different dele-
tion derivatives of TarP were evaluated for their ability to
support the recruitment of EGFP-Cdc42 to the plasma mem-
brane. By enumerating the incidence of recruitment, we found
that those constructs that retained recruitment of FAK and
actin also were able to recruit Cdc42. Fig. 9B showed that
TarP'~7** was able to support Cdc42 recruitment, but progres-
sive deletion (TarP'~®*°) significantly reduced recruitment
incidence to the level of the negative control TirM (3-fold dif-
ference versus TirM; p < 0.005). Furthermore, TarP-LD was
sufficient to recruit Cdc42 (3-fold difference versus TirM; p <
0.001). Importantly, the conserved Leu residues were essential,
with TarP-mutLD displaying a 3-fold decrease in EGFP-Cdc42
recruitment (Fig. 9B). Fig. 9C shows representative images of
EGFP-Cdc42 recruitment by select TirM-TarP constructs.

To further establish the possible role of Cdc42 within the
TarP-LD/FAK pathway, Cdc42 recruitment by TarP-LD was
monitored in FAK™/~ and FAK*’" MEFs. Fig. 9D showed an
~3-fold difference in Cdc42 recruitment frequency in the WT
and KO cells, placing Cdc42 downstream of FAK in the
TarP-LD signaling pathway.

The role of Cdc42 in actin remodeling and p34*™ recruit-
ment was also investigated through the use of the dominant-
negative mutant (Cdc42N17) (40). Cells were co-transfected
with EGFP-Cdc42N17 and the various TirM-TarP constructs.
They were infected with Atir EPEC, fixed, and processed for
immunofluorescence staining and microscopy. Total adhered
bacteria and those recruiting p34*™ were enumerated. As
shown in Fig. 9E, the expression of the dominant negative
mutant of Cdc42 significantly reduced p34“™ recruitment and
actin remodeling at the sites of EPEC adhesion. The incidence
of EPEC-localized polymerized actin was reduced by 6-fold in
EGFP-Cdc42N17-expressing cells. Consistent with this was the
~4-fold reduction in p34* recruitment in cells expressing the
Cdc42N17 mutant (Fig. 9E).

Together, the data are consistent with the findings of Subtil
et al. (20) that Cdc42 is important for actin remodeling during

invasion by C. caviae serovar GPIC. Importantly, our data also
provided a molecular basis for Cdc42 recruitment by placing
this GTPase within the context of TarP signaling.

DISCUSSION

The FAK has been implicated in Chlamydia invasion, with
Coombes and Mahony (21) first reporting its phospho-activation
during infection by C. pneumoniae. Subsequently, an extensive
RNA interference screen identified FAK and other focal adhesion-
associated proteins as important in C. trachomatis infection of cul-
tured cells (27, 28). In this report we confirmed that FAK was
indeed important for Chlamydia invasion and provided a molec-
ular mechanism for its recruitment to the sites of entry. Through
deletion analysis of TarP, the mutagenesis of the putative FAK
binding site in TarP (TarP-LD) and the elimination of the binding
partner FAK through the use of FAK™/~ MEFs, we were able to
conclude that FAK recruitment at the sites of entry was due to the
recognition of a paxillin LD2-like motif in TarP by FAK and that
this interaction was important for the recruitment of actin in a
Cdc42- and Arp2/3-dependent manner.

Our data also further clarified the involvement of Cdc42 in
actin assembly and invasion by C. caviae by providing a molec-
ular basis for its recruitment. In addition, our findings also
placed Cdc42 within the TarP signaling pathway, having an
important role in the recruitment of the Arp2/3 complex.

The Arp2/3 complex can bind to the FERM domain of FAK,
and this binding is influenced by the phosphorylation state of
FAK at residue Tyr-397 (49). Although this may also function in
Chlamydia invasion, the Cdc42-dependent Arp2/3 recruitment
may be the preferred pathway based on two critical pieces of data.
First, the recruitment of the Arp2/3 complex was dependent on
Cdc42. Second, there was a robust phosphorylation of FAK at Tyr-
397, and this modification was reported to inhibit Arp2/3 complex
interaction with the FERM domain of FAK (50).

Direct binding of Cdc42 to FAK has not been reported (51) but
may nonetheless function within a signaling complex. Therefore,
how Cdc42 is activated in this pathway would likely involve the
recruitment of negative and positive regulators of Cdc42. One pos-
sibility is the DOCK family of proteins, which was recently dem-
onstrated to activate both Rac and Cdc42 (52). The RNA interfer-
ence screen conducted by Elwell et al. (27) identified DOCK180 as
essential in Chlamydia infection. It remains to be seen if Rac also
functions in the TarP-LD/FAK signaling pathway. This report
provides the framework for further detailed studies.

The findings of a signaling function for the LD motif of TarP
is in contrast to the findings by Jiwani et al. (18), who showed an
F-actin binding/bundling activity of TarP via the newly discov-
ered FAB1 and FAB2 domains, the former overlapping with the

FIGURE 9. Cdc42 is important in the TarP-LD- and FAK-dependent recruitment of p34*" and actin. A, binding of CMTPX-labeled C. caviae strain GPIC (red)
to cells induces a highly localized and transient recruitment of EGFP-Cdc42 (green). The images were obtained by live cell microscopy at 30-s intervals. Scale
bar = 5 um. B, adhered EPEC able to recruit EGFP-Cdc42 were enumerated for the constructs indicated, and data are represented as a box and whisker plot.
Approximately 500-800 particles were counted for each construct. The asterisks indicate significance relative to TirM control (ANOVA; p < 0.005 and post hoc
testing Tukey-Kramer; a = 0.01, g = 4.80). C, representative images analyzed to arrive at the data shown in B with a dotted square border indicating the region
represented in the insetimages; Insetimages are of HA-TirM-TarP derivative (red), EGFP-Cdc42 (green), Atir EPEC stained with DAPI (blue), and merged. Scale bar,
10 wm. D, EGFP-Cdc42 recruitment requires FAK, as determined using FAK*/* and FAK™/~ MEFs. E, cells expressing the dominant-negative mutant EGFP-
Cdc42N17 showed decreased incidence of actin remodeling and p34”™ recruitment at the sites of bacterial adherence. F, representative images analyzed to
arrive at the data shown in Ewith a dotted square border indicating the region represented in the inset images; insetimages are of HA-TirM-TarP derivative (red),
actin or p34Arc (green), Atir EPEC stained with DAPI (blue), and merged. An additional inset image (grayscale) is included to demonstrate expression of either
EGFP-Cdc42 or EGFP-Cdc42N17 mutant. Scale bar, 10 um.
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LD domain. The differences in results could be explained by the
nature of the experimental systems with F-actin binding dem-
onstrated primarily using in vitro assays, whereas the FAK
interaction and signaling functions were identified in a cell-
based experimental system. They also demonstrated F-actin
localization to TarP aggregates that formed upon overexpres-
sion (18). We conducted a similar experiment and found that in
addition to F-actin, FAK also associated with the TarP aggre-
gates (data not shown). Refining this experimental system by
shortening the transfection time to 6 —8 h revealed the prefer-
ential colocalization of TarP-LD with FAK in focal adhesions.

An important aspect of our EPEC/TirM-based experimental
model was that it enabled the functional evaluation of TarP at
the plasma membrane, where it functions during infection. In
this context we observed that actin remodeling was dependent
onan intact LD domain, FAK, Cdc42, and the Arp2/3 complex.
These observations favor a signaling function for the TarP-LD,
which is consistent with previous findings with the phospho-
domain of the C. trachomatis TarP orthologue and with
recent observations of TarP-vinculin association.® Further-
more, mathematical modeling based on quantitative imaging
data also indicated that the respective signaling pathways of
FAK and vinculin exhibited functional interactions,® reinforc-
ing our hypothesis that the TarP-LD motif has a signaling func-
tion. We would like to emphasize that we do not exclude an
F-actin binding function for this domain, as it may well be
relevant to post-invasion stages, specially with Chlamydia
seemingly capable of manipulating the host cell cytoskeleton
throughout its infection (51).

In summary, we present evidence for a signaling function of
the TarP-LD domain through its interaction with FAK in a sim-
ilar binding strategy as its native binding partner, paxillin. The
emerging modular architecture of TarP highlights a multifunc-
tional potential, possibly through the combined actions of the
different domains. Furthermore, TarP may also display func-
tional cooperation with host receptors previously implicated in
Chlamydia invasion (27, 52) to ensure efficient invasion, thus
benefiting the pathogen. A better understanding of the full
extent of TarP function and its regulation should contribute to
the breadth of our knowledge of the subversive strategies
employed by bacterial pathogens in addition to revealing
unique aspects of Chlamydia-host interactions.
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