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Escherichia coli Cytotoxic Necrotizing Factor and Pasteurella multocida
Toxin Induce Focal Adhesion Kinase Autophosphorylation
and Src Association
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Cytotoxic necrotizing factor 1 and Pasteurella multocida toxin induced dose- and time-dependent increases in
focal adhesion kinase (FAK) Tyr**” phosphorylation in Swiss 3T3 cells. FAK autophosphorylation was sensi-
tive to inhibitors of p160/ROCK and coincided with the formation of stable complexes between FAK and Src

family members.

Bacterial toxins that modify proteins involved in cell signal-
ing cascades have dramatic effects on target cells. Cytotoxic
necrotizing factor 1 (CNF1) is produced by some Escherichia
coli isolates that can cause extraintestinal infections in humans
(4). The principal biological effects of this toxin are the for-
mation of giant, multinucleated cells in tissue culture and a
strong necrotic reaction following intradermal injection (5, 8).
CNF1 directly activates members of the Rho family of small
GTPases: RhoA, Racl, and Cdc42 (10, 24, 25, 42, 43). CNF1
deamidates a glutamine residue near the active site of the Rho
proteins, thereby blocking the hydrolysis of GTP to GDP and
constitutively activating the GTPases (11, 25, 43). More re-
cently, the transglutamination of Rho GIn®* by CNF1 through
the addition of ethylenediamine, putrescine, or dansyl cada-
varine has been described and also linked to constitutive acti-
vation (42).

Pasteurella multocida toxin (PMT) causes the turbinate bone
atrophy associated with porcine atrophic rhinitis. PMT is an
extremely potent mitogen for Swiss 3T3 cells, other fibroblast
cell lines, and early-passage cultures and promotes anchorage-
independent growth of Rat-1 cells (16, 40). Although the pre-
cise biochemical activity and target of PMT are still unknown,
several lines of evidence indicate that PMT enters cells and
acts intracellularly to initiate signaling and sustain DNA syn-
thesis (40, 47). PMT is known to activate the alpha subunit of
the heterotrimeric G protein G, (29, 44, 53), to induce inositol
phosphate signaling, protein kinase C activation, intracellular
calcium mobilization, and extracellularly stimulated receptor
kinase cascade activation (23, 46).

CNF1 and PMT share the ability to induce Rho-dependent
actin stress fiber formation, focal adhesion assembly, and ty-
rosine phosphorylation of focal adhesion kinase (FAK) in
Swiss 3T3 cells (22, 23). The serine/threonine protein kinases
of the Rho-associated coiled-coil-forming protein kinase
(p160/ROCK) family have been identified as downstream tar-

* Corresponding author. Mailing address: Oral Microbiology Unit,
King’s College London, Floor 28, Guy’s Hospital, London Bridge,
London SE1 9RT, United Kingdom. Phone: (44) 020 7955 2848. Fax:
(44) 020 7955 2847. E-mail: alistair.lax@kcl.ac.uk.

5931

gets of Rho-GTP (1, 26, 50) that transduce Rho activation into
stress fiber formation and focal adhesion assembly (2, 21).
PMT has been shown to induce a Rho-dependent increase in
endothelial cell permeability mediated by p160/ROCK phos-
phorylation and inactivation of myosin light-chain phosphatase
(9). Phosphorylation of FAK and stress fiber formation also
occur in response to a large number of stimuli, including bio-
active lipids such as lysophosphatidic acid, polypeptide growth
factors such as platelet-derived growth factor and insulin
growth factor, neuropeptides such as bombesin (36, 38), inte-
grin engagement, and activated variants of Src (31). These
observations indicate that FAK is a point of convergence in a
variety of signal transduction pathways (3, 37, 55).

Tyrosine phosphorylation plays a critical role in promoting
the recruitment of active signaling molecules into multiprotein
signaling networks (32). The major site of FAK autophosphor-
ylation, Tyr**?, is potentially a high-affinity binding site for the
SH2 domain of Src family proteins (collectively referred to as
Src). Phosphorylation of this site can facilitate the formation of
an FAK-Src signaling complex in which both kinases are active
(14, 31, 35).

In this study, we investigated FAK Tyr”’ phosphorylation in
quiescent Swiss 3T3 cells treated with CNF1 or PMT. Swiss
3T3 cells were plated in 100-mm-diameter dishes or eight-well
chamber slides with Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal calf serum and were used when
the cells were confluent and quiescent (39). Lysates from E.
coli XL1 Blue harboring plasmid pISS392 (expressing CNF1)
and E. coli XL1 Blue harboring the plasmid pBluescript SK(—)
were prepared (23). Recombinant PMT and inactive, mutant
(C1165S) PMT were expressed and purified (51).

The stimulation of FAK phosphorylation at Tyr**” by PMT
or CNF1 was investigated, as described previously (41), by
exposing quiescent Swiss 3T3 cells to each of the toxins at
different concentrations for 4 h. After treatment, the cells were
solubilized and FAK was immunoprecipitated from the cleared
lysate by using polyclonal rabbit anti-FAK antibody C-20 (San-
ta Cruz Biotechnology). The immunoprecipitated proteins
were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to a polyvinylidene
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FIG. 1. Dose- and time-dependent induction of tyrosine 397 autophosphorylation of FAK by CNF1 and PMT. (A) Quiescent Swiss 3T3 cells
were treated with purified PMT over a concentration range of 0.01 to 5 ng ml™?, with lysates from recombinant E. coli expressing CNF1 over a
concentration range of 0.01 to 5 pg ml™’, or with lysates from E. coli harboring pBluescript (pBS) for 4 h. The cellular FAK was immunopre-
cipitated, and the isolated proteins were separated by SDS-PAGE. A Western blot of the gel was probed with a polyclonal antiserum specific for
the Tyr*” autophosphorylation site (FAKPY?"’). The antibodies were stripped from the membranes and probed with the anti-FAK antibody
(FAK). (B) Quiescent Swiss 3T3 cells were treated with lysates from E. coli expressing CNF1 or harboring control pBluescript plasmid at a final
concentration of 0.5 g ml~! or with PMT or the C1165S mutant PMT (PMTc-s) at a final concentration of 5 ng ml~ . Cells were harvested before
the toxin preparations were added and at 1, 2, 3, 4, 6, and 8 h after addition of the toxins. The cellular FAK was immunoprecipitated, and the

isolated proteins were separated by SDS-PAGE. A Western blot of the gel was probed with a polyclonal antiserum specific for the Tyr

397

autophosphorylation site. The antibodies were stripped from the membranes and probed with the anti-FAK antibody.

difluoride membrane, and probed with a specific rabbit anti-
FAKpTyr**” antibody (Biosource). Bound antibody was de-
tected by enhanced chemiluminescence, using donkey anti-
immunoglobulin G rabbit antibody conjugated to horseradish
peroxidase (Amersham Pharmacia). Stripping the membrane
of antibody and reprobing with anti-FAK antibody C-20 con-
firmed that equal amounts of FAK were recovered after im-
munoprecipitation.

Treatment with PMT induced a striking dose-dependent
increase in the phosphorylation of FAK at Tyr**” (Fig. 1A).
PMT elicited a detectable increase in FAK Tyr**” phosphory-
lation at concentrations as low as 10 pg ml™', and a maximal
effect was achieved at 1 ng ml~!. Treatment with bacterial
lysates containing CNF1 also induced phosphorylation of FAK
at Tyr*®’ in a dose-dependent manner, with an effect being
detectable at 200 ng ml™' of bacterial lysate (Fig. 1A). A
control E. coli lysate harboring pBluescript stimulated a low
level of phosphorylation only at concentrations above 1 pg
ml~!. For subsequent experiments, the lysates were diluted in
DMEM to a protein concentration of 0.5 pg ml ™.

The induction of FAK Tyr**’ phosphorylation following
CNF1 or PMT treatment was also examined as a function of
time (Fig. 1B). Quiescent cultures of Swiss 3T3 cells were
exposed to PMT, the nonmitogenic C1165S PMT mutant (51),
or CNF1 for up to 8 h and then analyzed for FAK Tyr**’
phosphorylation as described above. There was a lag period of

1 to 2 h between toxin addition and a detectable increase in the
phosphorylation of FAK at Tyr**” (Fig. 1B). This lag period
did not reflect a requirement for de novo FAK protein synthe-
sis, since we verified that similar amounts of FAK protein were
recovered after different lengths of treatment with PMT,
C1165S PMT, or CNF1 (Fig. 1B). The delay was probably due
to the period required for the toxins to bind to the cell surface,
become internalized, and perhaps be processed to an active
form. The enhanced phosphorylation of FAK at Tyr**7 in-
duced by these toxins was maximal at 4 h and persisted for at
least 8 h, presumably because the toxins constitutively activate
targets upstream of FAK. In contrast, FAK autophosphoryla-
tion induced by bombesin is a rapid consequence of receptor
stimulation, reaching a peak 10 to 15 min after treatment, with
the level of FAK Tyr**” phosphorylation returning to almost
baseline levels after 30 min (data not shown). The biologically
inactive C1165S PMT did not induce a significant increase in
FAK autophosphorylation at any time point examined.

The phosphorylation of FAK Tyr**” in response to bombesin
and other agonists facilitates the formation of a stable FAK-
Src signaling complex (41). The formation of such a complex in
cells treated with PMT or CNF1 for 4 h was investigated as
described previously (41). The cells were solubilized in ice-cold
lysis buffer, and the cleared lysates were then immunoprecipi-
tated with protein A-agarose linked to polyclonal antibody
SRC-2 (Santa Cruz), which recognizes the C-terminal se-
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FIG. 2. Induction of FAK-Src association by CNF1 and PMT. (A)
Quiescent Swiss 3T3 cells were either left untreated (Unt) or were
treated with PMT or the C1165S mutant (PMTc-s) at a final concen-
tration of 5 ng ml™! or with lysates from E. coli expressing CNF1 or
harboring the control pBluescript plasmid (pBS) at a final concentra-
tion of 1 wg ml~'. Cells were harvested after 4 h. The cellular Src was
immunoprecipitated, and the isolated proteins were separated by SDS-
PAGE. A Western blot of the gel was probed with a polyclonal anti-
FAK antibody (FAK) to detect FAK that had coimmunoprecipitated
with Src. (B) Quiescent Swiss 3T3 cells were treated with bombesin at
a final concentration of 10 nM or with lysates from E. coli expressing
CNF1 at a final concentration of 1 wg ml~! for 15 min or 4 h, respec-
tively, or were left untreated for 4 h. FAK coimmunoprecipitating with
Src was detected as described above for panel A.

quence (residues 509 to 533) of Src, Yes, and Fyn (the Src
family members expressed in fibroblasts). The immune com-
plexes were separated by SDS-PAGE prior to Western blotting
with anti-FAK polyclonal antibody (C-20). Both PMT and
CNF1 induced the formation of a complex between FAK and
Src which could be immunoprecipitated with the anti-Src fam-
ily antibody (Fig. 2A). Formation of such a complex was not
induced in cells treated with C1165S PMT or the control E. coli
lysate. In agreement with recent results (41), Western blotting
of Src immunoprecipitates with anti-FAK revealed an associ-
ation of endogenous FAK with Src in cells stimulated with
bombesin for 10 min (Fig. 2B). An even larger amount of FAK
became complexed with Src following treatment with CNF1
over a 4-h period than with bombesin after 10 min. Conse-
quently, the signaling events initiated by the toxin-induced
FAK-Src complexes are of greater intensity and longer dura-
tion than signals from complexes formed in response to a
transient stimulation of a receptor by its agonist.

We investigated whether pl60/ROCK activation was re-
quired for PMT and CNF1 to induce autophosphorylation of
FAK. Quiescent cultures of Swiss 3T3 cells were treated with
two inhibitors of pl60/ROCK, HA1077 (Calbiochem) and
Y-27632 (Welfide), individually. HA1077 inhibits a number of
serine/threonine protein kinases, including p160/ROCK (30).
Y-27632 is a specific inhibitor of p160/ROCK that blocks Rho-
induced reorganization of the cytoskeleton (27). After 1 h, the
cells were stimulated with toxin for a further 4 h. The two
inhibitors attenuated the increase in the phosphorylation of
FAK at Tyr*®” induced by either CNF1 or PMT (Fig. 3A to C).
Thus, the increase in the autophosphorylation of FAK induced
by either CNF1 or PMT is mediated by protein kinases of the
p160/ROCK family.

CNF1 and PMT both induced the formation of parallel
arrays of actin stress fibers in quiescent Swiss 3T3 fibroblasts
within 4 h of toxin treatment (22, 23), and these stress fibers
persisted for at least 18 h (Fig. 3D). Quiescent Swiss 3T3 cells
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were incubated in medium containing 10 uM Y-27632 for 1 h
and then treated for 16 h with CNF1 lysate, purified PMT, or
purified mutant C1165S PMT, which is known to have lost the
ability to induce actin stress fiber formation (51). The poly-
merization state of the actin cytoskeleton was analyzed by
using phalloidin conjugated to rhodamine (22). The results
showed for the first time that exposure of the cells to the
p160/ROCK inhibitor Y-27632 strongly inhibited the forma-
tion of actin stress fibers in response to either CNF1 or PMT
(Fig. 3D). Thus, PMT and CNF1 both activate signaling path-
ways that converge at pl60/ROCK, thereby stimulating the
formation of actin stress fibers and leading to the autophos-
phorylation of FAK in Swiss 3T3 cells.

Like other toxins that act intracellularly, PMT and CNF1
have highly specific molecular targets that are modified to
affect the physiology of those cells. Although the two toxins
have different primary targets and induce different cellular
outcomes, they both stimulate the Rho family of small GT-
Pases, particularly RhoA. PMT and CNF1 have previously
been shown to induce tyrosine phosphorylation of focal adhe-
sion proteins, including FAK, via a Rho-dependent pathway
that leads to the formation of actin stress fibers and to the
assembly of focal adhesions (22, 23). Considerable evidence
indicates that translocation of FAK to nascent focal adhesions
promotes its autophosphorylation as a result of clustering
and/or conformational changes (38). Because the major site of
FAK autophosphorylation, Tyr**’, is potentially a high-affinity
binding site for the SH2 domain of Src, the phosphorylation of
this site facilitates the formation of an FAK-Src signaling com-
plex (41). FAK and Src are thought to promote tyrosine phos-
phorylation of downstream targets, including the adapter pro-
teins paxillin and Cas (6, 15, 33, 48, 49). The importance of
FAK-mediated signal transduction is underscored by recent
experiments showing that this tyrosine kinase is involved in
embryonic development (18), the control of cell migration (7,
13, 19), cell proliferation (13, 45), and apoptosis (12, 17, 54).

Activated RhoA interacts with a number of targets that
mediate intracellular signaling, including p160/ROCK (1, 20),
protein kinase N (52), rhotekin, and rhophilin (34). We found
that two structurally unrelated inhibitors of p160/ROCK activ-
ity attenuated the autophosphorylation of FAK and the for-
mation of actin stress fibers induced by PMT or CNF1. Thus,
the formation of stress fibers and the phosphorylation of FAK
at Tyr**” in Swiss 3T3 cells treated with PMT or CNF1 are
dependent on a pathway involving p160/ROCK. GDP-bound
RhoA, which has been modified by Bordetella dermonecrotic
toxin, a molecule with activity similar to that of CNF1, has a
higher affinity for p160/ROCK than GTP-bound RhoA (28).
The strength and duration of cell signals issuing from the
FAK-Src complex induced by PMT and CNF1 may also be
different from those observed under normal routes of stimu-
lation, in view of the stable nature of the complex whose
formation is induced by the toxins. CNF1 is known to simul-
taneously activate different members of the Rho family and
thereby perhaps induce conflicting signaling processes. Conse-
quently, CNF1 and PMT not only may activate pathways that
are normally regulated by active Rho proteins but also may
stimulate pathways that are unique to toxin-treated cells and,
hence, unique to their respective bacterial infections. With
increased understanding of the molecular processes that are
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FIG. 3. Effect of p160/ROCK inhibitors on CNF1- and PMT-induced FAK autophosphorylation and actin stress fiber formation. (A) Quiescent
Swiss 3T3 cells were incubated in DMEM with p160/ROCK inhibitors HA1077 (2.0 and 10 pM) and Y-27632 (0.5, 2.0, and 10 uM) for 1 h prior
to the addition of a lysate from E. coli expressing CNF1 at a final concentration of 0.5 wg ml~'. Cells were harvested after 4 h. The cellular FAK
was immunoprecipitated, and the isolated proteins were separated by SDS-PAGE. A Western blot of the gel was probed with a polyclonal
antiserum specific for the Tyr**” autophosphorylation site (FAKPY>*’). The antibodies were stripped from the membranes and reprobed with the
anti-FAK antibody (FAK). Cells were similarly pretreated (+) or not pretreated (—) for 4 h with Y-27632 (B) or HA1077 (C) at a final
concentration of 10 wM prior to the addition of wild-type PMT or mutant C1165S PMT (PMTc-s) at a final concentration of 5 ng ml~'. The basal
level of Tyr**” phosphorylation was determined from cells not treated with toxin (Unt). (D) Quiescent Swiss 3T3 cells were incubated in DMEM
with (+) or without (—) p160/ROCK inhibitor Y-27632 (10 uM) for 1 h prior to the addition of lysate from E. coli harboring control pBluescript
plasmid or expressing CNF1 at a final concentration of 0.5 wg ml~" or wild-type or mutant PMT at a final concentration of 5 ng ml~! or not treated
with a toxin. After 16 h, the cells were fixed in paraformaldehyde (3.7%), permeabilized, and stained with phalloidin-rhodamine to demonstrate
actin organization. The cells were examined by fluorescence microscopy.

initiated by these toxins, their role in pathogenicity will become tion by hemolytic strains of Escherichia coli causing extraintestinal infections.
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