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ABSTRACT. The virulence of the opportunistic pathogéseudomonas aeruginoéaa) is in part mediated

by the type lll secretion (TTS) of bacterial proteins into eukaryotic hosts. Exoenzyme S (Exo0S) is a
bifunctionalPaTTS effector protein, with GTPase-activating (GAP) and ADP-ribosyltransferase (ADPRT)
activities. Known cellular substrates of TTS-translocated ExoS (TTS-ExoS) ADPRT activity include proteins
in the Ras superfamily and ERM family proteins. This study describes the ADP-ribosylation of a non-
G-protein substrate of TTS-ExoS, cyclophilin A (CpA), a peptidyl-prolyl isomerase (PPlase). Four novel
17 kDa proteins (p6.5—-6.8) were recognized in a proteomic screen of lysates of human epithelial cells
that had been exposed to ExoS-produddagbut not an isogenic non-ExoS producing strain. The proteins
were identified as isoforms of CpA using MALDI-TOF mass spectrometry and confirmed by Western
blotting. Mutagenesis analysis identified arginine 55 and 69 of CpA as sites of ExoS ADP-ribosylation.
Examination of the effect of ExoS ADP-ribosylation on CpA function found a moderate (19%) decrease
in prolyl isomerization of a Xaa-Pro containing peptides. In comparison, GST-CpA co-immunoprecipitation
studies found ExoS ADP-ribosylation of CpA to efficiently inhibit CpA binding to calcineurin/PP2B
phosphatase. Our results support that ExoS ADP-ribosylates and affects the function of the cytosolic
protein, CpA, with the predominant functional effect relating to interference of CpA-cellular protein
interactions.

Pseudomonas aeruginosa an opportunistic pathogen (4—9). The intracellular ADPRT substrate specificity of TTS-
with the ability to cause life-threatening infection to indi- ExoS has been found to differ from that observed in vitro.
viduals with compromised immunity, cystic fibrosis, or Currently known cellular substrates of bacterially translocated
extensive burns or woundd)( The pathogenesis dPa ExoS ADPRT activity include the LMWG-proteins, H-Ras,
relates to its regulated production of multiple virulence N-Ras, and K-Ras, RalA, Rab5, 7, 8, and 11, Racl, Cdc42,
factors, one of which is the TTS-effector, ExoS. Direct andthe ERM family proteins, ezrin, radixin, and moes&if (
contact ofPawith eukaryotic cells activates the TTS process, 12). Notably, Rab4 and RhoA, B, and D, which are substrates
leading to the translocation of ExoS and other TTS-effectors of ExoS ADPRT activity in vitro, are not substrates of TTS-
into the eukaryotic host celly. ExoS ADPRT activity. ExoS ADPRT-substrate specificity

ExoS includes an ADP-ribosyltransferase activity, which has also been found to vary in a cell line-dependent manner.
catalyzes the transfer of an ADP-ribose moiety from NAD For example, Rab proteins, Racl and Cdc42 are ADP-
to specific arginine residues of target protei®s4). In vitro ribosylated by ExoS in human epithelial, endothelial, and
studies have identified multiple substrates for ExoS ADPRT fibroblastic cell lines but are not ADP-ribosylated in rodent
activity, including the cytoskeletal protein vimentin, soybean cell lines or macrophages of either rodent or human origin
trypsin inhibitor, 1gG, apolipoprotein A1, and the low (13, 14). Together, the data support that the host cell directs
molecular G- (LMWG-) proteins, Ras, RalA, Rab3, 4, 5, 7, the intracellular targeting of ExoS ADPRT activity after its
8, and 11, Rap1A and 2, Rac1, Cdc42, and RhoA, B, and D TTS-mediated translocation.

Functional studies found that treatment of mammalian cells

* Corresponding author. Mailing address: Department of Microbi- With ExoS-producingPastrains results in inhibition of DNA
ology, Immunology and Cell Biology, Health Sciences North, P.O. Box synthesis, alterations in cytoskeletal structure, and over time
9177, West Virginia University, Morgantown, WV 26506. Phone: (304) g reduction in cell adherence and viability5( 16). Proteins

293-5843. Fax: (304) 2937823. E-mail: jolson@hsc.wvu.edu. s . . .
¥ Department of Pathology and Laboratory Medicine, Medical within the Ras superfamily are involved in extracellular to

University of South Carolina. intracellular signaling processes that can regulate cellular
¥ Departments of Cell and Molecular Pharmacology and Experi- proliferation, differentiation, morphology, adherence, and
mental Therapeutics, Medical University of South Carolina. apoptosis, providing an explanation for the diverse effects
' Coastal Carolina University. ’ .
% College of Charleston. of ExoS on cell function. ExoS has also been found to exert
#West Virginia University. different effects on LMWG-protein function, depending on

10.1021/bi0513554 CCC: $33.50 © 2006 American Chemical Society
Published on Web 03/21/2006



ExoS ADP-Ribosylation of Cyclophilin A

the site (or sites) of ADP-ribosylation. The ADP-ribosylation
of Ras by ExoS at Arg41 interferes with Ras GDP to GTP
exchange, affecting Ras signaling processs 17, 18).
ExoS ADP-ribosylates RalA at three sites, with Arg52 being
the preferred site, and interferes with RalA activatidd, (
14). In contrast to Ras and RalA, ExoS ADP-ribosylation
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School) and LNCaP cells (ATCC CRL-1740), which were
cultured as previously describe@2j or as specified by
ATCC.

Identification of Cellular Targets of ExoS ADPRT Adtij.
Protein substrates of TTS-ExoS ADPRT activity were
detected based on the transfer of radiolabeled ADP-ribose

of Racl leads to Racl activation, which reflects the preferred from intracellular NAD pools, radiolabeled using $&-

targeting of ExoS to Arg66 and Arg68 within the GAP region
of Racl (L9). Another recently identified family of cellular
targets of TTS-ExoS ADPRT activity is the ERM proteins
that influence cytoskeletal dynamic$2j.

In vitro and cell culture studies support that ExoS ADPRT
activity can target other eukaryaotic cell proteins in addition
to LMWG- and ERM proteins. Studies described in this
paper used the bacteriainammalian cell culture infection
model (5), in conjunction with two-dimensional electro-
phoretic (2DE) analysis, to identify novel cellular substrates
of TTS-ExoS ADPRT activity. In these analyses, a group
of 17 kDa proteins was detected by 2DE in extracts of cells
cocultured with ExoS producinga, but not in extracts from
cells exposed to non-ExoS producif@. Analysis of the

adenosine (21 Ci/mmol, GE Healthcare (formerly Amersham
Biosciences), Piscataway, NJ). For these studies, HT-29 cells
were seeded at & 10° cells/mL in 6-well plates, cultured

in McCoy’s-FBS for 24 h, and serum starved in McCoy's
0.4% BSA for 8 h. Monolayers were then treated with 5
ug/mL actinomycin D for 30 min to inhibit RNA synthesis,
washed, and incubated with &Ci/mL of [*H]adenosine for

18 h. Monolayers were again washed and then cocultured
with strains 388 or 388exoSor no bacteria for 3 h. Cells
were lysed in Laemmli sample buffe23), and when
indicated, further treated with 2 mg/mL RNase ioh at 37

°C. Samples were resolved by SBBAGE, fixed, treated
with Amplify (GE Healthcare), dried, and analyzed by
autoradiography.

17 kDa proteins by matrix-assisted laser desorption/ionization Two-Dimensional Electrophoresi2DE analysis was

time-of-flight mass spectrometry (MALDI-TOF MS) and

Western blotting identified the proteins as isoforms of
cyclophilin A. CpA is a ubiquitous, predominantly cytosolic
protein thought to be involved in protein folding, molecular

chaperone functions, and signal transduction. The ADP-

ribosylation of CpA by TTS-ExoS identifies CpA as another
cellular target of ExoS ADPRT activity that works in concert

performed according to previously described procedés (
25). Following bacteriat-eukaryotic coculture, cells were
lysed and solubilized in 2DE lysis buffer [8 M urea, 2%
Triton X-100, 0.3% dithiothreitol (DTT), and 0.5% Phar-
malytes (Pfizer-Pharmacia, NY)]. Proteins were separated
based on pusing immobilized pH gradient (IPG) isoelectric
focusing (IEF) gel strips (Pfizer-Pharmacia or laboratory

to cause the cytopathic phenotype of ExoS in mammalian prepared) by focusing f& h at 300 V followed by 21 h at

host cells.

MATERIALS AND METHODS

Materials. Difco reagents were used for bacterial culture
(BD Biosciences, Franklin Lakes, NJ), and reagents for
mammalian cell culture were obtained from Gibco-BRL

3500 V. The focused strips were equilibrated for 15 min in
SDS equilibration buffer (50 mM Tris-HCI, pH 6.8, 6 M
urea, 30% glycerol, 2% SDS) containing 20 mg/mL DTT,
followed by 15 min with SDS equilibration buffer containing
25 mg/mL iodoacetamide. Proteins in the IPG strips were
separated by size on +20% polyacrylamide gradient gels
(23). Gels were silver stained2), or proteins were

(Gaithersburg, MD). All other chemicals and reagents were transferred, using the method of Towbin et &7y to

from Sigma-Aldrich (St. Louis, MO), except where indicated.

Bacterial Strains. P. aeruginosstrain 388 8) and the
isogenic ExoS mutant strain 388x0S(20) were provided
by Dara Frank (Medical College of Wisconsin, Milwaukee,
WI). Bacteria were grown as described previousl$)(at
37 °C in chelated tryptic soy broth dialysate medium,
supplemented with 1% glycerol, 0.1 M monosodium
glutamate, and 10 mM nitrilotriacetic acid. Prior to bactefial
eukaryotic cell coculture, late-log phase culturePastrains
were diluted to 10or 1 cfu/mL in eukaryotic cell line-
specific culture medium, supplemented with 0.6% bovine
serum albumin (BSA).

Eukaryotic Cell Culture and TreatmentslT-29 colon
(American Type Culture Collection, Manassas, VA, ATCC
HTB-38) and T24 bladder (ATCC HTB-4) adenocarcinoma
cells were cultured in McCoy’s medium containing 10% fetal
bovine serum, 100 units/mL penicillin, 1Q@/mL strepto-
mycin (McCoy’s-FBS) at 37C in 5% CQ-95% air. For
bacteriat-eukaryotic cell coculture studies, eukaryotic cells
were grown to approximately 80% confluency and then
exposed tdPa strains at a MOI of 50 to 100 for 2, 4, or 6 h,

polyvinylidene fluoride (PVDF) membranes (Millipore,
Bedford, MA), and immunoblotted for CpA using rabbit anti-
cyclophilin A antibody (Upstate Biotechnology, Lake Placid,
NY) and HRP-conjugated goat anti-rabbit IgG (Transduction
Laboratories, San Diego, CA). Proteins were visualized by
enhanced chemiluminescence (ECL) (GE Healthcare).
MALDI-TOF Mass SpectrometrDE gels were stained
using 0.1% Coomassie R-250, 40% ethanol, 10% acetic acid
for 10 min and destained in a solution of 5% methanol and
7% acetic acid for 1 h. The protein spots were excised and
destained three times in siliconized microfuge tubes with 700
uL of 1:1 (viv) 10 mM ammonium bicarbonate/methanol
and by rotation for 30 min. For dehydration, 700 of 10
mM ammonium bicarbonate was added to each tube for 1
h, followed by a brief wash with 70@L of 1:1 (v/v) 10
mM ammonium bicarbonate/acetonitrile, and the addition of
700 uL of acetonitrile. After 15 min, the acetonitrile was
removed, and the gel spots were dried in a Speed Vac for
30 min. Proteins were digested by the addition ofu10of
50 ngil trypsin in 10 mM ammonium bicarbonate. After
10 min, 60uL of 10 mM ammonium bicarbonate was added,

as indicated. Other cell lines examined in these studies forand reactions were allowed to proceed at°87for 18 h.

comparison include CFT1 cell21) (provided by Gerald
Pier, Brigham & Women’s Hospital, Harvard Medical

The trypsin digest supernatant was removed, and gels were
extracted with 5QuL of 50% acetonitrile:5% formic acid
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and sonication for 20 min, followed by the addition of 50 CcGGGTTTATGTGTCAG-3 R69K, forward 5>GGGTG-
uL of 95% acetonitrile:5% formic acid and sonication for GTGACTTCACAAAACATAATGGCACTGGTG-3; R148K,
20 min. The combined extract was dried in a Speed Vac. forward 3-CATGGAGCGCTTTGGATCCAaGAATGGCA-
Protein samples were reconstituted i3 of 50% aceto- AGACCAG-3; and their respective reverse complement
nitrile, 0.5% trifluoroacetic acid (TFA). A LL volume was primers. The PCR reaction conditions included denaturation
removed from each sample and mixed 1:3 with 50 mM for 5 min at 94°C, followed by 18 cycles of 94C for 30
o-cyano-4-hydroxycinnamic acid in 70% acetonitrile, 0.1% s, 60°C for 30 s, 72°C for 12 min, and a final extension at
TFA. A 1 uL volume of this mixture was then spotted onto 72 °C for 60 min. The PCR reaction product was digested
a MALDI plate and analyzed by MALDI-TOF MS using a with 20 units of Dpnl (New England Biolabs), ethanol
Voyager-DE MALDI mass spectrometer (PerSeptive Bio- precipitated and electroporated irEscherichia coli DH5a.
systems, Foster City, CA). Resultant colonies were screened by restriction enzyme
In Vitro ADP-Ribosylation of CpA by Exo3n vitro analysis for introduction of the mutation, and CpA mutations
ADPRT reactions were performed using recombinant CpA were confirmed by DNA sequence analysis.
(BIOMOL, Plymouth Meeting, PA) and purified His-tagged Expression of CpA MutantpET15b, encoding wild type
ExoS @8). The 100uL reaction mixture contained 200 mM  (WT) His-CpA and His-CpA mutants, was isolated and
Tris acetate, pH 6.0, 10 mM NAD, 68 nM 14-3-3 (the ExoS electroporated int&. coli strain BL21(DE3) (Novagen) for
cofactor @9)), 1 uM CpA, and 10 or 40 nM Exo0S, as protein production. Bacterial cultures were induced for
indicated, with no ExoS added to negative control reactions. protein expression with 1 mM IPTG, and bacteria were lysed
Reactions were incubated rf@ h at room temperature. either by passage through a French pressure cell (Thermo
Depending upon the method of analysis, reactions werelEC, Needham Heights, MA) or chemically using Bacterial
terminated either by the addition of 4X Laemmli sample Protein Extraction Reagent (B-PER, Pierce Biotechnology,
buffer and heating for 3 min at 9%C (for SDS-PAGE Rockford, IL). Following lysis, samples were centrifuged at
analysis) or by the addition of 2DE lysis buffer (for 2DE 1700@ at 4 °C. Subcellular analyses found that His-CpA
analysis), or alternatively, samples were analyzed in a CpA resided and was the predominant protein within the cellular
cis-transisomerase assay or in a CpA co-immunoprecipi- pellet. To isolate His-CpA and His-CpA mutants, the pellet
tation (Co-IP) assay (as described below). In SIPAGE was redissolvedni 8 M urea, and residual precipitate was
analyses, 2Q:L of sample was resolved on 12% or 14% removed by centrifugation. CpA was subsequently found to
polyacrylamide gels, and proteins were visualized by be purified to near homogeneity by passage of the protein/
Coomassie or silver staining. In 2DE analyses, the sampleurea mixture through a PD-10 column (GE Healthcare),
volume was increased to 130 with 2DE lysis buffer, and equilibrated with PBS. This form of His-CpA, without further
samples were loaded onto IPG strips and resolved by 2DE,purification, was used in most analyses.
as described above. CpA Peptidyl-Prolyl Cis-trans-isomerase Enzymatic Assay.
To monitor the incorporation of ADP-ribose into CpA, 2 Recombinant His-CpA and ADP-ribosylated His-CpA pep-
uCi of nicotinamide adenine [adenylat#?] dinucleotide tidyl-prolyl cis-transisomerase activity was assessed spec-
(32P-NAD) (200 Ci/mmol, GE Healthcare) was added to 15 trophotometrically using a chymotrypsin cleavable synthetic
uL reaction mixtures containing 200 mM Tris acetate, 100 chromophoreN-succinyl-AAPFp-nitroanilide.N-succinyl-
uM NAD, 10 nM ExoS, 150 ng of His-CpA or His-CpA  AAPF-p-nitroanilide was prepared as a 250 mM stock
mutant (see below), and 250 nM 14-3-3. The reaction was solution in trifluoroethanol (TFE) with 470 mM LiCl.
terminated with 4x Laemmli sample buffer and heating for Enzymatic reactions were performed & 1 mL reaction
3 min at 95°C, resolved by SDSPAGE, and analyzed by  volume containing 33 mM HEPES, pH 7.8, 100 mM NacCl,
autoradiography. The auto-ADP-ribosylation of ExoS served 150ug/mL chymotrypsin, and 12 nM of CpA, obtained from
as a positive control in each reactiaB0y. ADPRT reactions incubated with or without ExoS. The
CpA MutagenesisThe cDNA for CpA, including 5Ndd reaction mixture was chilled to 1TC in a cuvette, and 250
and 3 BanHlI restriction enzyme sites, was generated by uM of peptide was added and mixed quickly. Absorbance
PCR using the I.M.A.G.E. Consortium Clone ID 4281376 readings at 430 nm were collected every second for 5 min
(ATCC 6265707) as template and the forward priméf, 5 and analyzed using a Beckman DU 640 spectrophotometer
GGGAATTCCATATGGTCAACCCCACCG-3andreverse  (Fullerton, CA), equipped with an Auto 6 water cooled
primer, 3-GCAGCCGGATCCTTATTCGAGTTGTCCA- sampler accessory and a Brinkman water recirculation unit
CAGTC-3 (restriction sites are underlined). The PCR (Westbury, NY). All reactions were performed in duplicate,
reaction conditions included denaturation for 2 min at 94 and the percentage of peptide in the cis conformation was
°C, followed by 35 cycles at 92C for 30 s, 62°C for 30 s, determined prior to each experimental procedure using 75
72 °C for 90 s, and a final extension at 7€ for 10 min. uM peptide and 50 nM CpA. Enzymatic reactions containing
The PCR product was digested witldd andBanHI (New 530 nM cyclosporin A (CsA) were included in analyses as
England Biolabs, Beverly, MA) and ligated into pET15b a positive inhibition control.
(Novagen, Madison, WI). The pET15b vector introduces an  CpA-calcineurin (CN) Co-immunoprecipitation Ass@p.
N-terminal 6xHis-tag, which was added to facilitate protein determine if ADP-ribosylation of CpA interfered with the
purification. ability of CpA or the CpA/CsA complex to bind to protein
A PCR-based site-directed mutagenesis method (Stratephosphatase PP2B (calcineurin), a co-immunoprecipitation
gene, La Jolla, CA) was used to generate arginine to lysine (pull-down) reaction was performed using sepharose-GSH/
mutations in theCpA gene at residues encoding R55, R69, GST-CpA coupled beads (GST-CpA) or ADP-ribosylated
and R148. Oligonucleotides used for the mutagenesis wereGSH/GST-CpA beads (GST-CpA-ADPRT). GST-CpA was
R55K, forward 5-GTTCCTGCTTTCACAAAATTATTC- generated by PCR as described in the CpA Mutagenesis
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section using I.M.A.G.E. Consortium Clone ID 4281376 as + Actinomycin D
template and the forward primer'-6GCGGATCCGT- ' _+RNase  _ -RNase
CAACCCCACCGTGTTC-3 and reverse primer 8- MW 0 388 AS 0 388 AS
CGAATTCTTATTCGAGTTGTCCACAGTC-3(restriction 97 -
sites are underlined). The PCR product was digested with
BanHI and EcaRl (New England Biolabs) and ligated into
pGEX-4T-1 (GE Healthcare). The pGEX-4T-1 vector intro- 48 -
duces an N-terminal glutathione S-transferase (GST) se-
quence, which was added to facilitate protein pull-downs.
GST-CpA beads were ADP-ribosylated in vitro as described
above, using 200 nM ExoS and 100 ag/GST-CpA beads

in a 350uL reaction volume.

For the pull-down reactions, T24 cells were treated with
or without 40uM CsA, just prior to the addition of TQcfu/
mL strain 388 or 388ex0$ and cultured for 4 h. Bacteria
were removed, and cells were lysed on ice for 20 min in
Co-IP lysis buffer [30 mM HEPES, pH 7.5, 1% Triton ini
X-100, 10 mM NaCl, 10% glycerol, 1 mM EGTA, 25 mM
NaF, 1 mM NaVO, 10 mM g-glycerophospate, 1:1000
protease inhibitor cocktail (Sigma P8340)]. Lysates were
f:leared by centrifugation at 160g(nd the supernatant was FiGure 1: Analysis TTS-ExoS ADPRT cellular substrates. Serum
e o e waahad e e i Samved HT 29 cle wee teaed for 30 min wihgint

: actinomycin D, radiolabeled for 18 h witt*H]adenosine, an

lysis buffer, resuspended in Laemmli sample buffer, heated cocultur)ed fo 3 h with ExoS producing s:rlg\in 388 or strain
for 3 min at 95°C, resolved by SDSPAGE, and immun- 388Aex0S(AS) or with no bacteria (0). Cells were lysed and when
blotted for CN using rabbit anti-PP2B (Santa Cruz Biotech- mglgi?itceadtigr?axgg L"égfr‘]’q"#‘gg g‘gé TtlegyiﬁsfeAhDPEert Srlijsl?lfstr%tgrk
nology, Sante Cruz, CA), follov_ved by HRP-conjugated anti- -4 unique to TTS-Ex0S tre)allted cells. grapny.
rabbit IgG (Sigma) and visualized by ECL.

- ERM

69 -
-7

= ExoS/ExoT

-7
30 -
]LMWG
-17 kDa

=P

=7
=7

shift in the p of target proteins that is observable on 2DE

RESULTS gels @, 10). Consistent with®[H]adenosine radiolabeling
studies in Figure 1, a series of four 17 kDa proteins were
. : i apparent in the Iprange of 6.2-7.2 in 2DE analyses of
ity. The identification of cellular targets of TTS-ExoS lysates from HT-29 cells exposed R strain 388, but not
ADPRT activity is technically difficult due to the lack ofa lysates from cells exposed to strain 2&8&oS(Figure 2A).
direct means of detecting ADP-ribosylated proteins in intact Tjme_course analysis revealed that the appearance of the 17
cells. NAD, which is the source of ADP-ribose in the pa proteins requirta 4 to 6 hcoculture period, which is
ADPRT reactlo_n, is not membrane_ permeable. Thls precludes.gnsistent with the time required for TTS-ExoS to ADP-
the use of radiolabeled NAD to identify ADP-ribosylated |jnqqyiate cellular substrates (Figure 2B). A similar alteration
cellular substrates of TTS-ExoS ADPRT activity. Also, n 17'kDa protein mobility was observed in lysates of CFT1,
unlike phosphorylated proteins, no antibodies are com-| Ncap, and T24 cells in response to strain 388, indicating
mercially available to detect ADP-ribosylated proteins. that this effect was not unique to the HT-29 cell line (data

The approach we chose to identify cellular proteins ADP- not shown).
ribosylated by ExoS was to radiolabel intracellular NAD  To identify the 17 kDa proteins modified by ExoS, lysates
pools usingf{H]adenosine, then detect proteins labeled with  from ADP-ribosylated cells were separated on 2DE gels, and
ADP-ribose after coculture witRa expressing ExoS. Since  three of the four protein spots (referred to as isoformp/I
¥[H]adenosine can be incorporated into multiple compounds pased on increasingl in Figure 2A) were excised and
within the cell, such as AMP, ADP, or ATP, as well as NAD, digested in-gel with trypsin. The masses of the extracted
considerable background reactivity was associated with thesepeptides were determined by MALDI-TOF mass spectrom-
analyses. Experimental variations introduced to help reduceetry, and a database search, using the Multildent (http:/
this background included (i) serum starving cells, (i) us.expasy.org/tools/multiident) search engine, revealed that
treatment with actinomycin D, prior to incorporation3fifl]- cyclophilin A (CpA) closely matched 4 of the peptide masses
adenosine to inhibit RNA transcription, and (iii) treatment in all three isoforms (739, 1381, 1834, and 1948) (Table 1A).
with RNase to further decrease RNA radiolabeling. These To confirm whether the 17 kDa proteins were CpA, Western
treatments led to the detection of at least 13 distinct bandsplots of 2DE gels were performed using CpA specific
in extracts of cells exposed Rastrain 388, as comparedto  antiserum (Figure 3). In these analyses, broad, pH range
cells exposed to strain 33@xoS(Figure 1). ExoS substrates  4—10, IPG IEF strips were used to allow the potential
that have been identified are labeled. The focus of thesedetection of parental (non-ADP-ribosylated) CpA. Four CpA
studies was the 17 kDa radiolabeled protein. spots, corresponding to apparent masses of 17 kDal&nd p

Identification of 17 kDa ExoS ADP-Ribosylated Protein from 6.5 to 6.8, were observed in lysates of cells treated
A proteomic approach was used to identify the 17 kDa with strain 388, confirming that the four 17 kDa proteins
cellular target of ExoS ADPRT activity. We have previously were isoforms of CpA. Two additional isoforms of CpA,
shown that ADP-ribosylation of proteins causes a net acidic with a p of 7.5 and 8.0, were also detected in lysates of

Identification Cellular Targets of TTS-ExoS ADPRT Acti
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A oo m o allow matches of the unidentified peptides with CpA,
6.68 6.77 7.07 7.18 precluding the direct identification of the site of ExoS ADP-
e v . ribosylation in CpA. ExoS ADP-ribosylates arginine residues

AS - 17 kDa on target proteins4j. Since the ADP-ribosylation of arginine

§e * residues is likely to prevent tryptic cleavage at these sites,
— we explored which arginine residues might be sites of ExoS
# ADP-ribosylation by comparing CpA peptides generated
208 e .—‘.“ s following digestion with chymotrypsin and trypsin (Table
O 1B). In these comparisons, peptides corresponding to those
B. 6.6 6.7 7.0 7.1 containing Arg19, Arg37, and Argl44 were found in both
" m 08 digests, ruling out these residues as sites of ADP-ribosylation.
R By deduction, this left Arg55, Arg69, and Argl48 as
T P candidate sites for ExoS ADP-ribosylation.
2 m =liGkE Mutational Analysis of Sites of CpA ADP-Ribosylation by
— - Exo0S.To further investigate the ADP-ribosylation of CpA
4hM'1? kDa at sites Arg55, Arg69, or Arg148, His-tagged CpA and His-

i i CpA R55K, R69K, and R148K mutants were constructed
ma-w kDa and tested for ADP-ribosylation by ExoS in vitro. Previous
. ] ] . studies found LMWG-proteins to exhibit characteristic shifts

FIGURE 2: Alteration of 17 kDa proteins following exposure to i, mobility by SDS-PAGE analyses in association with

ExoS-producing bacteria. (A) Detection of four 17 kDa proteins. . . L L
Subconfluent HT-29 cells were cocultured with® T@u/mL strain ADP-ribosylation by Ex0S in vitro or within the celB). A

388 or 382\ex0(AS) for 4 h. Cells were lysed in 2DE lysis buffer ~ shift in mobility of His-CpA was also detected by SBS
and separated byl pising pH 6.2-7.2 IPG IEF strips, followed by ~ PAGE following ADP-ribosylation by ExoS in vitro (Figure
SDS-PAGE on 14-20% polyacrylmide gradient gels. (B) Time-  5A). Comparisons of the in vitro ADP-ribosylation of His-
course analysis of appearance of 17 kDa proteins. HT-29 cells werecp A by ExoS with that of the His-CpA mutants found the

exposed to strain 388 for 0, 2, 4, and 6 h. Lysates were prepared iy - . L
and resolved by 2DE as described in (A). Silver stained 2DE gels R148K mutant to exhibit a shift in mobility similar to that

are shown. Black arrowheads indicate novel 17 kDa proteins. Of WT CpA. This compared with a less efficient shift in
Apparent p of isoforms IV and molecular mass are indicated. mobility of the R55K and R69K His-CpA mutants, consistent

with these mutations affecting the efficiency of ExoS ADP-

cells treated with strain 388 or 388x0S The d and mass  ribosylation. Similar results were obtained usii§-NAD
of these latter two isoforms is consistent with their being to examine the incorporation of radiolabeled ADP-ribose over
parental, non-ADP-ribosylated CpA. time in in vitro ExoS ADPRT reactions. As shown in Figure

In Vitro ADP-Ribosylation of Recombinant CpA by ExoS. 5B, efficient ADP-ribosylation of His-CpA and the His-CpA
It was noticed in the above studies that the two parental CpA R148K mutant was detected after a 10 min reaction.
isoforms did not disappear with the appearance of modified However,3?P-ADP-ribose incorporation was markedly re-
isoforms (Figure 3). It therefore remained possible that the duced in His-CpA R55K and R69K mutants. The increase
novel isoforms of CpA were induced by TTS-ExoS, but were in auto-ADP-ribosylation of ExoS with time served as an
not direct substrates of ExoS. To confirm that CpA was a internal control for each set of reactions. The results support
substrate of ExoS ADPRT activity, in vitro ADPRT reactions that Arg55 and Arg69 in CpA function as sites of ExoS ADP-
were performed using recombinant human CpA and purified ribosylation.
His-Ex0S. As shown in Figure 4, recombinant, unmodified  Effects of ExoS ADP-Ribosylation on CpA FunctiopA
CpA presents aslp7.8 and a more basic isoform on 2DE is included among a large family of proteins, collectively
gels. Upon treatment with ExoS, the unmodified forms referred to as immunophilins, which have peptidyl-praig-
disappeared, and two new acidic isoforms, which have transisomerase (PPlase) activity and function as receptors
electrophoretic mobilities and gquivalent to ADP-ribosy-  for immunosuppressive drugs, such as cyclosporin A. While
lated isoforms | and lll, appeared. This provides evidence immunophilins have been identified in all organisms exam-
that the appearance of two of the four CpA isoform®am ined, including bacteria, fungi, animals, and plants, the
388 coculture experiments (Figure 2) relates to the ADP- physiological function of immunophilins is poorly under-
ribosylation of CpA by ExoS. The other CpA isoforms are stood. The lack of an understanding of the cellular function
suspected to represent posttranslational modifications of CpA,of CpA precludes directly assessing the cellular consequences
such as N-terminal acetylation, as discussed below. of ExoS ADP-ribosylation of CpA. Alternatively, two

Analysis of the Site of ADP-Ribosylation on CpA by ExoS. approaches were used as a means of indirectly assessing the
CpA isoforms | and Il had identical trypsin digest peptide potential of ExoS ADP-ribosylation of CpA to alter cell
mass profiles, while the trypsin digests of isoform Il yielded function.
peptides that were shared by isoforms | and II, but also First, we examined the effect of ExoS ADP-ribosylation
included peptides unique to isoform Ill (data not shown). on CpA PPlase activity in an in vitro PPlase spectrophoto-
This suggested that peptide differences might be due tometric assay. This assay was developed using a chymo-
posttranslational modification(s). In support of this possibil- trypsin-cleavable chromogenic peptide to follow the PPlase
ity, tryptic peptide 1989 did not match predicted masses for activity of CpA and ADP-ribosylated CpA. CsA, which binds
CpA peptides, but the 1989 mass would be consistent withto and inhibits CpA PPlase activity, was included as a
an acetylated N-terminus (194841) (Table 1A). Notably, positive inhibition control. ADP-ribosylation of CpA was
subtraction for an ADP-ribose moiety (mass 541) did not found to reduce the amount of peptide conversion by 19%
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Table 1: MALDI-TOF Mass Spectrometry Analysis of the 17 KDa Protein Peptide Fragients

A. Trypsin Digest Masses (Average MH")

Observed Theoretical Difference Residues Sequence

739.56 737.79 1.77 31-36 TAENFR

1279.41 1279.47 -0.06 133-143 EGMNIVEAMER

1311.83 1311.47 0.36 133-143* EGM*NIVEAM*ER

1381.68 138063 1.05 19-30 VSFELFADKVPK

1569.35 1558.81 0.54 55-68* IIPGFM*CQGGDFTR

1834.16 1833.05 1i11 76-90 SIYGEKFEDENFILK

1948.03 1946.19 1.84 37-54 ALSTGEKGFGYKGSC*FHR

1948.95 1947.20 1.75 1-18 VNPTVFFDIAVDGEPLGR

1989.97 1989.23 0.73 1-18** Ac-VNPTVFFDIAVDGEPLGR

2753.24 2752.09 1.15 a1-117* HTGPGILSM*ANAGPNTNGSQFFICTAI

B. Chymotrypsin Digest Masses (Average MH")

Observed Theoretical Difference Residues Sequence

1287.42 1286.43 0.99 36-47 RALSTGEKGFGY

1611.14 1609.82 1.32 22-35 ELFADKVPKTAENF

1624.09 1622.82 1.27 7-21 FDIAVDGEPLGRVSF

1872.70 1871.18 1.52 129-144* GKVKEGM*NIVEAM*ERF

2594.57 2594.06 0.51 113-135* ICTAKTEWLDGKHVVFGKVKEGM*

C. Sequence Coverage+

VNPTVFFDIA VDGEPLGRVS FELFADEKEVPEK TAENFRALST GEKGFGYEGS CFHEIIPGFM
CQGGDFTRHN GTGGKSIYGE KFEDENFILK HTGPGILSMA NAGPNTNGSQ FFICTAKTEW
LDGEHVVFGE VEEGMNIVEA MERFGSRENGE TSEKITIADC GQLE

a*QOxidized methionine. **Acetylated N-terminug:Bolded residues indicate sequences corresponding to peptides from trypsin digests, and
underlined residues correspond to peptides from chymotrypsin digests. Arginine residues are shaded.

CpA
A 6.6 78 pl
‘ Sl 7.8 9.0

AS 17 kDa - ExoS 4

ADPR-CpA
6.6 7.0

~ 17 kDa fid
+Exosu

FiGure 4: In vitro ADP-ribosylation of recombinant CpA using
purified ExoS. Recombinant CpA (AM) was incubated with 40
nM ExoS (+ExoS) or without ExoS-{ExoS) fa 2 h in an invitro
ADPRT reaction. The reaction was terminated by the addition of
2DE lysis buffer and was analyzed by 2DE as described in Figure
2, using pH 6-9 IPG IEF strips and 14% polyacrylamide gels.

activity, it is unlikely that ADP-ribosylation produces large
structural changes in the catalytic region of the protein.

Second, we examined whether ExoS ADP-ribosylation
FicurRe 3: 2DE-Western blot identification of the 17 kDa proteins.  disrupted CpA/CsA complex interaction with CN, a?Ca
HT-29 cells were cocultured with strain 388 or 288 (AS) and calmodulin dependent protein phosphatase. The CpA/CsA

analyzed by 2DE as described in Figure 2, except pH@&IPG ; ; SRk
IEF strips were used. Two 2DE gels were performed in parallel complex is known to bind CN and inhibit its phosphatase

and analyzed by (A) silver staining or (B) Western blotting, by 2activity in vitro and in vivo 81, 32). CpA, alone, binds
transferring proteins to PVDF membranes and immunoblotting for weakly to CN, but it is not yet clear whether this interaction
cyclophilin A. White arrowheads indicate unmodified cellular CpA s inhibitory or stimulatory 83). Mutating Arg69 in CpA to
isoforms. Black arrowheads indicate novel CpA isoforms generated 5 neytral or acidic residue was found to cause a reduction
‘;gg?&'ﬂlgreégzzugfet?nEixcg?eg_mduc'ng bacteria. Apparenaspd (13-fold) in the effectiveness of CpA/CsA inhibition of CN
(34). Since our studies support that Arg69 is a site of ADP
ribosylation, we examined whether ADP-ribosylation of CpA
after 60 s, which compared with a complete inhibition of might interfere with its interaction with CN using an in vitro
CpA PPlase activity by CsA (Figure 6). ADP-ribosylated pull-down reaction. In these studies, T24 cells were either
CpA used in these studies was evaluated by 2DE and foundtreated with 4QuM CsA or treated with no drug, just prior
to be modified at both sites of ADP-ribosylation, indicating to coculture with strain 388 or 38&x0S and the binding
that the limited PPlase inhibition did not relate to inefficient of GST-CpA or GST-CpA-ADPRT to CN/PP2B was deter-
CpA ADP-ribosylation. CsA binds to a region of CpA close mined. As represented in the first panel in Figure 7, GST-
to, but distinct from, its PPlase active site, which interferes CpA was able to pull-down PP2B in both strain 388 and
with substrate binding and inhibits CpA PPlase activity. 388AexoStreated cells, with this interaction being consis-
Since ADP-ribosylated CpA retained most of its PPlase tently more pronounced in 388 treated cells. One interpreta-
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A. Western blot

CpA R55K RE9K  R148K
+ - + -+ + ExoS
-,
—-_-- -t e - -y CPA

B. Radiolabeled NAD incorporation
CpA R55K

0 10 20 30 0 10 20 30 min
C e - B B R - ExoS

= CpA

ae

REOK R148K
0 10 20 30 0 10 20 30 min

R ) Niq-Ems
- m":"“

FIGURE 5: In vitro ADP-ribosylation of recombinant CpA mutants
using purified ExoS. (A) Recombinant CpA, or CpA R55K, R69K,
or R148K mutants (150 ng of each) were incubated withe)tqr
with 10 nM ExoS ) in an in vitro ADPRT reaction. The reaction
was terminated by the addition of 4X Laemmli sample buffer, and
ADP-ribosylation was analyzed based on the shift in CpA mobility
by SDS-PAGE and Western blot analysis. ADP-ribose modified
(m) and unmodified (u) CpA are labeled. (B) Time course in vitro
ExoS ADPRT reactions were performed as in (A), but including 2
uCi of 32P NAD to assess the incorporation of radiolabed ADP-

DiNovo et al.

CpA
CpA+Ex0S

CpA+CsA

Percent Cis Peptide Converted

5 10 15 20 25 30 35 40 45 50 55
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Ficure 6: Effect of ExoS ADP-ribosylation of CpA on PPlase
activity. CpA or ADP-ribosylated CpA was examined for peptidyl-
propyl cis-transisomerase activity in a spectrophotometeric assay
using a chymotrypsin cleavable synthetic peptide chromophore,
N-succinyl-AAPFp-nitroanilide. Enzymatic reactions contained 12
nM CpA, 40 nM ExoS or no ExoS, 250M peptide, and 15@g/

mL chymotrypsin. Absorbance readings were obtained every 5 s,
and all reactions were performed in duplicate. Samples containing
530 nM cyclosporin (CsA) served as a positive control for CpA
PPlase inhibition and produced readings equivalent to controls
without CpA. A single assay representative of multiple assays is
shown. (CpA Vo= 2.4 £ 0.4; CpA+ExoS Vo= 1.9 £ 0.6;
CpA+CsA Vo= 0.4.)

CpA CpA  CpA-ADPRT
- - + + - - CsA
AS 388 AS 388 AS 388 C

PD — w - PP2B

Total B SR BN S8 e e e PP2B

ribose into CpA. Reactions were performed in the absence of ExoSFIGURE 7:  Effect of ExoS ADP-ribosylation of CpA on its
(0) or in the presence of ExoS for 10, 20, and 30 min. The reaction interaction with CN/PP2B. T24 cells were treated with or without

was terminated with 4X Laemmli sample buffer, resolved by SDS
PAGE, and visualized by autoradiography. Auto-ADP-ribosylated

40 uM of CsA (+ or —) just prior © a 4 hcoculture period with
strain 388 or 388ex0S(AS). Bacteria were removed, cells were

ExoS and CpA are labeled. Auto-ADP-ribosylated ExoS served as lysed, and CpA was examined for its ability to interact with

an internal control in these studies for monitoring the relative
increase in incorporation of radiolabeled ADP-ribose with time.

tion of the latter finding is that ADP-ribosylation of CpA in

388 treated cells blocks endogenous CpA binding to PP2B

increasing the availability of PP2B to bind to the GST-CpA

pull-down probe. In the second panel in Figure 7, treatment

of cells with CsA was found to have minimal effect on GST-

endogenous CN/PP2B in pull-down reactions usingy®f GST-

CpA (CpA) or ADP-ribosylated GST-CpA (CpA-ADPRT) beads.
Beads were washed, resuspended in Laemmli sample buffer,
resolved by SDSPAGE, and immunoblotted for CN using rabbit
anti-PP2B, followed by HRP-conjugated anti-rabbit IgG. CN/PP2B

'associating with CpA or CpA-ADPRT beads (PD), relative to total

PP2B, and a PP2B control (C) are shown.

family proteins 8, 9, 11, 12, 28). Studies comparing the

CpA binding to PP2B. In contrast, as shown in the third panel coordinate function of the GAP and ADPRT activity of TTS-

of Figure 7, ExoS ADP-ribosylation of GST-CpA probe,
prior to its incubation with cell lysates, severely inhibited
its ability to bind to cellular PP2B. The studies support that
ExoS ADP-ribosylation can affect CpA function by interfer-
ing with its ability to interact with CN/PP2B phosphatase.

DISCUSSION

ExoS is among the virulence factors utilized By to

promote the infectious process. TTS-ExoS is able to exert

diverse effects on eukaryotic cell function that alter cell

ExoS found the ADPRT activity to be responsible for the
severe effects of ExoS on cell morphology, growth, and
adherencel, 37). Alternatively, ExoS-GAP activity was
linked to the anti-phagocytic function of ExoS in J774A.1
macrophagesld). Although ExoS GAP and ADPRT activi-
ties have been extensively studied, the precise mechanism
by which ExoS causes its diverse effects on eukaryotic cell
function remains unclear.

To further elucidate the cellular mechanism of ExoS,
bacteriat-eukaryotic cell coculture studies using cells with

growth, cytoskeletal structure, and adherence properties. Themetabolically radiolabeled NAD were performed to assess

diverse cellular effects of ExoS relate to it having both GAP
and ADPRT activities, and to the ability of these activities
to target multiple eukaryotic cell proteins. ExoS GAP activity
targets LMWG-proteins in the Rho familyd%, 36), and,

while the substrate specificity of ExoS ADPRT activity has

the potential cellular substrate repertoire of TTS-ExoS
ADPRT activity. In these analyses, a minimum of thirteen
distinct ADP-ribose radiolabeled protein bands was detected,
which included bands that correspond to ERM protelrd3, (
auto-ADP-ribosylated ExoS3(), multiple LMWG-proteins

not been completely elucidated, it is currently known to target (8, 9, 11, 28), and at least six other unidentified proteins.

LMWG-proteins in the Ras and Rho families and ERM

Our focus was the 17 kDa ExoS ADP-ribosylated substrate.
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In initial studies using 2DE to monitor the ADP-ribosy- mented to associate with cellular membranes in the renal
lation of the 17 kDa protein bia-TTS-ExoS, four protein cortex, and membrane disassociation occurs upon interaction
spots were apparent in cell lysates in tHagnge of 6.6 to with CsA or a substrate of CpA PPlase activit5).

7.1. Kinetic analysis revealed that the 17 kDa spots required Together these findings support the notion that the limited
a minimun 4 h exposure to ExoS producing bacteria for efficiency of CpA ADP-ribosylation by ExoS within the cell
detection, which is consistent with the 17 kDa protein being may reflect the accessibility of only a subpopulation of CpA,
a later target of TTS-ExoS ADPRT activity during thea possibly membrane associated, to TTS-ExoS.

infectious process. It should also be noted though that at this A comparison of peptide maps of CpA and ADP-
time in our studies it was unclear whether the appearance ofribosylated CpA did not reveal any peptide masses suggestive
the 17 kDa spots was the result of TTS-ExoS ADP- of ADP-ribosylation, precluding the direct identification of
ribosylation of constitutive proteins, or related to new protein the site(s) on CpA ADP-ribosylated by TTS-Exo0S. ExoS is
synthesis or posttranslational modifications induced by ExoS. known to ADP-ribosylate arginine residues within substrates

To further clarify the origin of the 17 kDa spots, 3 of the (4) and comparisons of peptide masses from trypsin and
4 spots were excised, digested with trypsin, and analyzedchymotrypsin digests eliminated Arg19, Arg37, and Arg144
by MALDI-TOF-MS. The peptide maps of spots | and Il  as sites of ADP-ribosylation. Using site-directed mutagenesis
were identical, while spot Ill yielded both shared and unique to examine whether the remaining arginine residues, Arg55,
peptide masses. Further characterization of all four spotsArg69, and Arg148, were sites of ExoS ADP-ribosylation,
through analyses of peptide digests supported that all 4 spotsn vitro ADPRT reactions found the R55K and R69K CpA
were the same protein, determined based on a proteinmutants to be less efficiently ADP-ribosylated by ExoS than
database search to be cyclophilin A. The identity of the 4 WT CpA or R148K CpA mutant.
spots as isoforms of CpA was confirmed by Western blot  Sites of ADP-ribosylation detected in vitro generally
analyses. CpA has previously been characterized as severatorrespond to preferred sites of ADP-ribosylation within the
isoforms within the cell, with apparent’p ranging from cell (11, 46). To further explore the possibility that Arg55
6.4 to 8.1 (SWISS-2DPAGE accession number P05092; and Arg69 in CpA were sites of ExoS ADP-ribosylation,
http://au.expasy.org/ch2d). 2DE Western blot analysis using specific CpA functional assays were performed. Structural
a broad p (pH 4—10) range, revealed 7.5 and 8.0 isoforms and functional studies support the role of Arg55 in the
of CpA in both strain 388-treated and control cell lysates. peptidyl-propylcis-transisomerase reaction of CpAT, 48).
These results are consistent with the two predominate cellularUsing an in vitro PPl isomerase reaction to examine whether
isoforms of CpA, at p7.5 and 8.0, being ADP-ribosylated  Arg55 function is affected by ExoS ADP-ribosylation, a 19%
by ExoS at two sites, producing CpA isoformslV. The reduction in CpA PPlase activity was detected following in
continued presence of the 7.5 and 8.0 CpA isoforms in cells vitro ExoS ADPRT reactions. This reduction was much less
exposed to TTS-ExoS indicated that only a subset of CpA than that observed in CpA R55K mutational studies, where
was being ADP-ribosylated by TTS-ExoS. only 1% of CpA PPI activity was retained 7). The modest

In further support of CpA functioning as a cellular target inhibition in PPlase activity would support that Arg55 is not
of Ex0S, in vitro ExoS ADPRT reactions using purified CpA the preferred site of ExoS ADP-ribosylation. The other site
and ExoS found CpA to shift inlpn an identical manner as  of ExoS ADP-ribosylation on CpA, Arg69, appears to
CpA isoforms | and IIl detected in bacterial coculture function in interactions presenting CsA for CN phosphatase
experiments. The detection of four ADP-ribosylated CpA inhibition (34). When GST-CpA or ADP-ribosylated GST-
isoforms in coculture experiments, as compared to two CpA pull-down assays were performed to assess if ExoS
isoforms detected in vitro ADPRT reactions, can be explained ADP-ribosylation affected its ability to interact with CN/
by the previously reported posttranslational glycosylation and PP2B, both cellular and in vitro analyses supported that ExoS
N-terminal acetylation of CpA 38—40). It was also of ADP-ribosylation interfered with CpA binding to CN/PP2B.
interest to examine why CpA ADP-ribosylation within the The efficiency of this inhibition is consistent with Arg69
cell did not reach completion. To assess whether a cellularbeing a preferred target of ExoS ADP-ribosylation, and
component might be preventing or inhibiting ExoS ADP- supports the potential of ExoS ADP-ribosylation to alter CpA
ribosylation of CpA, HT-29 lysates were ADP-ribosylated function by interfering with CpA-cellular protein interactions.
by recombinant ExoS in vitro and analyzed by 2DE. Inthese As with other immunophilins, an understanding of the
studies, the p7.5 and 8.0 isoforms of CpA were found to cellular function of CpA remains limited. CpA is generally
disappear in ExoS-treated lysates in association with theviewed as a housekeeping protein involved in chaperone-
appearance of isoforms-1V, indicating that no soluble like functions, and important for proper protein folding.
cellular factor was interfering with the ADPRT reaction (data Consistent with this role, CpA production has been shown
not shown). A limitation of this approach is that it does not to be upregulated in cells in response to heat stress, hypoxia,
rule out the possibility that cellular architecture or another and exposure to heavy metak9( 50). CpA has also been
cellular constraint might be preventing TTS-ExoS from shown to be an essential component of a heat-shock protein
interacting with subpopulations of CpA. In this regard, CpA immunophilin chaperone complex involved in the transport
has been found to be translocated into the nucleus whenof newly synthesized cholesterobl). One of the best
bound to zinc 41), which may make this subpopulation of characterized functions of CpA is its binding to the immu-
CpA inaccessible to TTS-ExoS. Another factor that might nosuppressive drug, CsA, which in T-cells suppresses
influence the efficiency of CpA ADP-ribosylation by ExoS mitogen-activated proliferation through inhibition of CN/
is that CpA is predominately a cytosolic proteii2( 43), PP2B @2, 52, 53). Interestingly, while CpA/CsA complex
and ExoS has been found to localize and preferentially targetinhibition of CN phosphatase activity in T-cells has been
membrane associated substra#4).(CpA has been docu-  well studied, little is known about the involvement of CpA
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in this pathway in the absence of CsA. Less well-character-
ized activities of CpA include a calcium dependent nuclease
activity, that is associated with apoptosis in rat thymocytes
(54), and a zinc dependent binding to DNA in macrophages,
which has as yet unknown physiological consequeng®s (
Each of these proposed functions implicates the involvement
of CpA—protein interactions in the cellular role of CpA. The
evidence that ExoS ADP-ribosylation of CpA has a modest
effect on its enzymatic activity, but efficiently inhibits CpA
interaction with CN/PP2B, suggests that the more significant
functional consequence of CpA ADP-ribosylation relates to
its potential to interfere with CpA-protein interactions.

The identification of the predominantly cytosolic protein,
CpA, as a cellular substrate of TTS-ExoS was an unexpected
finding. All other identified cellular targets of ExoS ADPRT
activity are proteins that mediate signal transduction, and
their modification by ExoS has the potential to produce
cellular changes that are beneficial to tRa infectious
process. Interestingly, of the identified cellular targets of
TTS-ExoS ADPRT activity, only subtle effects on protein
function occur in association with ExoS ADP-ribosylation,
and no known target yet accounts for the observed effects
of ExoS on cell function1, 12, 19, 46). The targeting by
ExoS to a housekeeping protein, such as CpA, and the
potential of ExoS ADP-ribosylation to interfere with CpA
protein interactions adds another level of complexity to the
generalized cellular effects of ExoS. In this regard, as an
understanding of the cellular targeting of ExoS ADPRT
activity progresses, a picture unfolds of a versatile toxin that
can facilitatePa survival through the targeting and inter-
ruption of multiple host cell processes, and the importance
of specific targets will vary depending on the eukaryotic cell
environment.
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