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(Bacl(ground: SpyA is a streptoccocal ADP-ribosyltransferase that modifies vimentin.
Results: Vimentin is modified in the regulatory N-terminal head domain, and treatment with SpyA results in a defect in

Conclusion: Vimentin is a target substrate of SpyA, and ADP-ribosylation affects polymerization dynamics.
Significance: Vimentin filaments are disrupted by a bacterial ADP-ribosyltransferase, SpyA, and ADP-ribosylation of vimentin
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The Gram-positive bacterial pathogen Streptococcus pyogenes
produces a C3 family ADP-ribosyltransferase designated SpyA
(S. pyogenes ADP-ribosyltransferase). Our laboratory has iden-
tified a number of eukaryotic protein targets for SpyA, promi-
nent among which are the cytoskeletal proteins actin and
vimentin. Because vimentin is an unusual target for modifica-
tion by bacterial ADP-ribosyltransferases, we quantitatively
compared the activity of SpyA on vimentin and actin. Vimentin
was the preferred substrate for SpyA (k.,, 58.5 * 3.4 min~?)
relative to actin (k_,,, 10.1 = 0.6 min~"), and vimentin was mod-
ified at a rate 9.48 * 1.95-fold greater than actin. We employed
tandem mass spectrometry analysis to identify sites of ADP-
ribosylation on vimentin. The primary sites of modification
were Arg-44 and -49 in the head domain, with several additional
secondary sites identified. Because the primary sites are located
in a domain of vimentin known to be important for the regula-
tion of polymerization by phosphorylation, we investigated the
effects of SpyA activity on vimentin polymerization, utilizing an
in vitro NaCl-induced filamentation assay. SpyA inhibited
vimentin filamentation, whereas a catalytic site mutant of SpyA
had no effect. Additionally, we demonstrated that expression of
SpyA in HeLa cells resulted in collapse of the vimentin cytoskel-
eton, whereas expression in RAW 264.7 cells impeded vimentin
reorganization upon stimulation of this macrophage-like cell
line with LPS. We conclude that SpyA modification of vimentin
occurs in an important regulatory region of the head domain
and has significant functional effects on vimentin assembly.
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Streptococcus pyogenes (group A streptococcus) is a Gram-
positive bacterial pathogen responsible for a number of human
diseases, the most common being mild skin infections and
pharyngitis, though more serious infections, such as necrotiz-
ing fasciitis, can occur (1). S. pyogenes produces numerous tox-
ins, including superantigens, proteases, and potent cytolysins.
Recently, we described a novel NAD™ glycohydrolase and
mono-ADP-ribosyltransferase (ADPRT),> SpyA (2), and dem-
onstrated a role for SpyA in streptococcal pathogenesis (3).

Although ADPRTSs serve diverse functions, they all maintain
a similar mechanism of action, the covalent transfer of an ADP-
ribose moiety, donated from NAD™, onto a target protein,
modifying target activity. Endogenous eukaryotic ADPRTSs
function as regulatory enzymes and can modify both intra- and
extracellular proteins. Intracellular protein targets include the
intermediate filament desmin, heterotrimeric G protein By
subunit, and elongation factor 2 (4-10). A member of the
ectoenzyme family of vertebrate mono-ADPRTSs, ART-1, mod-
ifies the defensin human neutrophil peptide-1, regulating its
antimicrobial and cytotoxic activities (11, 12).

ADPRTs also represent a class of potent bacterial toxins.
Among them are cholera, diphtheria, and pertussis toxins. The
clostridial C2 and C3 toxin families represent a class of bacterial
ADPRT s that target cytoskeletal proteins. The actin cytoskele-
ton is a well characterized target of the C2 toxins; ADP-ribo-
sylated actin subunits are sterically unable to form filaments
and furthermore act as capping proteins on existing filaments,
leading to the eventual collapse of the actin cytoskeleton (13—
16). There is also evidence of C2 family toxin-mediated micro-
tubular reorganization (17). The C3 family of toxins, including
the Staphylococcus aureus EDIN (also termed C3stau) toxin,
are small enzymes that lack a known translocation domain.
These toxins inactivate Rho GTPases, resulting in a down-
stream massive and lethal reorganization of the actin cytoskel-

2The abbreviations used are: ADPRT, ADP-ribosyltransferase; e-NAD™,
etheno-NAD™; e-AMP, etheno-AMP; ECD, electron capture dissociation; IF,
intermediate filament.
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eton (18-24). Finally, the promiscuous bacterial effector pro-
tein ExoS of Pseudomonas aeruginosa has been shown to ADP-
ribosylate numerous targets, including the intermediate
filament vimentin (25).

Previously, we identified vimentin as a substrate for SpyA (2).
Vimentin is an intermediate filament (IF) protein found in cells
of mesenchymal origin and forms filaments 10 nm in diameter.
Like other IF proteins, vimentin is composed of a globular
“head” domain at the N terminus followed by two coiled-coil
regions and a globular “tail” domain. Although the role of
vimentin is currently being fully elucidated, it is known to be
important in cellular stability to mechanical stress, cell move-
ment during wound healing, and leukocyte adhesion and
migration (26 —29). There is also evidence for an important role
of vimentin in organelle positioning and membrane protein
trafficking (30). Like other cytoskeletal proteins, vimentin
appears to have a role in cell signal transduction, potentially as
a scaffold for signaling molecules, and caspase-cleaved vimen-
tin promotes apoptosis (31-34). Vimentin production has also
been implicated in the maturation and full bactericidal function
of macrophages (35, 36).

The effects of SpyA on vimentin function have not been
described; however, vimentin was recently identified as a target
in a screen of endogenously ADP-ribosylated proteins (37).
Although the effect of ADP-ribosylation on actin by bacterial
ADPRTs has been studied extensively, the effect of this modi-
fication on vimentin has not been previously elucidated. How-
ever, ADP-ribosylation of the related IF protein desmin by an
endogenous muscle ADPRT has been reported and was found
to cause impairment in IF formation (4, 5, 38). The two major
sites of modification of desmin, determined by MALDI analy-
sis, were located in the N-terminal head domain in the same
region containing regulatory phosphorylation sites, important
for the regulation of polymerization (6, 39, 40).

The current study seeks to characterize the SpyA-mediated
ADP-ribosylation of vimentin. Although SpyA was shown to be
a promiscuous ADPRT, modifying a number of proteins in a
two-dimensional gel analysis, vimentin appeared to be a major
target (2). We present enzyme kinetic data for SpyA modifica-
tion of vimentin and actin, which supports the hypothesis that
vimentin is an important target of SpyA. To understand the
nature of the ADP-ribosylation of vimentin, we determined pri-
mary sites of modification using tandem mass spectrometry.
We demonstrate the effect of SpyA-mediated ADP-ribosyla-
tion on the ability of vimentin to form filaments ix vitro and the
in vivo effects of SpyA on the vimentin cytoskeleton in HeLa
cells and activated RAW 264.7 macrophages.

EXPERIMENTAL PROCEDURES

Materials—Restriction enzymes, T4 DNA ligase, Taqg DNA
polymerase, and Pfu Turbo DNA polymerase were purchased
from New England Biolabs. [**P]NAD™, etheno-NAD (e-
NAD™), and biotinylated NAD* were purchased from Ameri-
can Radiolabeled Chemicals (St. Louis, MO), Biolog Inc. (Hay-
ward, CA), and Trevigen (Gaithersburg, MD), respectively. All
tissue culture supplies were purchased from Invitrogen, and all
chemicals were acquired from Sigma-Aldrich unless indicated
otherwise. Bovine cardiac actin and Syrian hamster vimentin
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were purchased from Cytoskeleton (Denver, CO). Chemicon
(Temecula, CA) produced all antibodies except where indi-
cated. Protective antigen was acquired from List Biologicals
(Campbell, CA), and Slow Fade light Antifade reagent was from
Molecular Probes, Inc. (Grand Island, NY). Ultrapure Salmo-
nella minnesota R595 lipopolysaccharide (LPS) was a gift from
Dr. Brad Cookson and Dr. Tessa Bergsbaken (List Biologicials).

Bacterial Strains and Growth Conditions—S. pyogenes SF370
was purchased from the ATCC (The Global Bioresource Cen-
ter™). Escherichia coli strains BL21(DE3), DH5q, and Rosetta
(DE3) were acquired from Novagen (Philadelphia, PA). E. coli
DH5a was the host strain for all recombinant plasmids, unless
otherwise noted. E. coli cultures were grown in Luria broth (LB)
with aeration at 37 °C, in the presence of either kanamycin (30
pg/ml) or carbenicillin (50 pg/ml) when needed.

Construction of Plasmid for Expression of Human Vimentin—
Human ¢cDNA (LM.A.G.E. Clone ID 4823475) was used to
amplify a 1,401-bp PCR product consisting of the gene encod-
ing vimentin. The primer pair GCCATGGGATCCACCAG-
GTCCGTGTCCT (forward, Ncol site in boldface type) and
GAAGCTTCTTCAAGGTCATCGTGATG (reverse, HindIII
site in boldface type) was employed for PCR. The PCR product
was digested with Ncol and HindIIl and ligated into Ncol/
HindIII-digested pET21d (Novagen). The resulting plasmid
was designated pET21Vim and transformed into competent
E. coli Rosetta (DE3) using the manufacturer’s protocol.

Construction of Plasmids for Transfection of Eukaryotic
Cells—For transfection of HeLa cells, transfection plasmids
pCMV-myc-SpyA and pCMV-myc-SpyA-E187A were con-
structed by PCR-amplifying the spyA and spyA-E187A using
pET15b-SpyA and pET15b-SpyAE187A template, respectively,
and primers GAGAGAGAGAATTCTGGTCTGTGAGCAC-
TATGAGCGGGC (forward primer) and GAGAGAGACTCG-
AGTTACAAACTGCCCTTGAAATACGCTTC (reverse pri-
mer). The PCR product was digested with EcoRI and Xhol and
ligated into the eukaryotic expression vector pCMV-myc
(Clontech, Mountain View, CA) also digested with EcoRI and
Xhol and transformed into E. coli. A second SpyA expression
plasmid utilizing the bicistronic expression plasmid pEFla-
IRES-DsRed-Express2 (Clontech) was created for use in the
RAW 264.7 cells. The spyA and spyA-EI187A inserts were cre-
ated as described above, using forward primer GAGAGAGA-
GAATTCGCCACCATGGTCTGTGAGCACTATGAGCGG
and reverse primer GAGAGAGAGGATCCTCACAAACTG-
CCCTTGAAATACGCTTCTATG. The resulting PCR prod-
uct was digested with EcoRI and BamH]I, ligated into similarly
digested pEF1a-IRES-DsRed-Express2, and transformed into
E. coli. The resulting plasmids were pEF1a-IRES-DsRed-Ex-
press2-SpyA and pEF1a-IRES-DsRed-Express2-SpyAg;g7a-

Recombinant Protein Expression, Purification, and Activity—
For expression and purification of SpyA and the catalytic site
mutant SpyAg, g, the expression plasmids pET15bSpyA and
pET15bSpyA-E187A were utilized as described (2).

All enzymes were subsequently assayed for activity via a
vimentin modification assay. 877 nm vimentin, 100 mm biotinyl-
ated NAD, 0.5 uM SpyA, 100 pm biotinylated NAD ™ in 100 mm
HEPES, pH 7.2, was reacted for 1 h at 37 °C. The samples were
then resolved on a 15% SDS-polyacrylamide gel. Biotinylated
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samples were analyzed via Western blot against biotinylated
ADP-ribose using streptavidin-HRP (1:10,000) (Pierce).

To express human vimentin, E. coli BL21(DE3) Rosetta was
transformed with pET21Vim and grown in LB with carbenicil-
lin (50 ug/ml) overnight with aeration at 37 °C. The trans-
formed cells were subcultured and grown to an Ay, of 0.6.
Isopropyl B-p-thiogalactoside was added to a final concentra-
tion of 1 mM. Vimentin was expressed for 6 h at 37 °C. Cells
were then centrifuged for 10 min at 4,400 X g at 4 °C and then
frozen at —20°C. The pellets were defrosted and passed
through a French press to lyse cells. Lysates were centrifuged
for 10 min at 4,400 X g at 4 °C, and pelleted inclusion bodies
were collected. The inclusion bodies were then washed twice in
0.1% Triton X-100 in PBS. The final pellet was dissolved over-
night in 8 M urea in vimentin subunit buffer (10 mm Tris, pH
8.4). This and all subsequent steps were done at 4 °C with stir-
ring. The urea was removed by stepwise dialysis, beginning with
dialysis against 4 M urea in vimentin subunit buffer for 4 h. The
vimentin solution was subsequently dialyzed against 2, 1, and
0.5 M and finally 0 M urea in vimentin subunit buffer, each for a
minimum of 4 h.

Determination of Kinetic Constants—Unless otherwise
stated, all constants were expressed as averaged values = S.D. of
three independent experiments, each done in triplicate. To
determine the kinetic constants, the fluorescent NAD™ analog,
e-NAD™, was used as described (41), with the following modi-
fications. The ADP-ribosylation reaction was performed as fol-
lows: 8.77 uMm human vimentin or actin was added to 0.085 um
SpyA in 100 mm HEPES buffer at 37 °C. Nine concentrations of
e-NAD™" were added for final concentrations of 300, 200, 100,
50, 25, 12.5, 6.25, 1, or 0 uMm. Control experiments were also
performed in the absence of vimentin or actin to determine the
rate of NAD " -glycohydrolysis. To create a standard calibration
curve, concentrations of e-AMP identical to those used for
e-NAD™ were also analyzed under the same conditions. Reac-
tions were then run on an Envision Multilabel plate reader
(PerkinElmer Life Sciences) at 300-nm excitation and 415-nm
emission. Readings were taken for a minimum of 30 min. Prior
to data analysis, the background glycohydrolase activity was
subtracted from the ADP-ribosylation reactions. Fluorescence
intensity was converted to micromolar of product formed using
the e-AMP calibration curve as previously described (42, 43).
The linear range, 0 —5 min, was determined, and the rates of the
reactions were measured for each concentration of e-NAD™,
These rates were subsequently analyzed using nonlinear regres-
sion analysis by Prism software. The data were fit to a standard
Michaelis-Menten model. Statistical significance was meas-
ured by an unpaired ¢ test, and the two-tailed p value was
reported as less than 0.0001 (GraphPad).

Competition Assay—Equimolar amounts of hamster vimen-
tin and actin (877 nm) were added to 0.5 um SpyA, 100 um
biotinylated NAD™ or [**P][NAD™" in 100 mm HEPES. Reac-
tions were incubated at 37 °C, and 20-ul aliquots were taken at
0, 0.25, 5, 10, 30, and 90 min. Proteins were then resolved via
SDS-PAGE, and biotinylated samples were assessed by West-
ern blot as described under “Recombinant Protein Expression,
Purification, and Activity.” Radiolabeled samples, in triplicate,
were subjected to phosphorimaging using a Storm 840
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Phosphorlmager (GE Healthcare) and analyzed using Image]J
software (44).

Chemical Sensitivity Assay—Hydroxylamine (NH,OH) and
mercuric chloride (HgCl,) were used to probe the chemical
sensitivity of SpyA-modified vimentin. SpyA (0.5 um) was
reacted with 4.5 um hamster vimentin and 100 um biotinylated
NAD™ in 100 mm HEPES for 1 h at 37 °C. The reaction was
terminated by boiling for 5 min, and samples were incubated
with either 0.5 M NaCl (control), 1 mm HgCl,, or 0.5 M NH,OH
for 90 min at 30 °C. Samples were then resolved by 15% SDS-
PAGE and analyzed via Western blot as describe under “Com-
petition Assay.”

Stoichiometric Analysis—A time course, with time points at
0, 5, 10, 20, 30, 60, 90, 120, 150, and 180 min, was run to deter-
mine ADP-ribose incorporation into vimentin. 2.3 um hamster
vimentin was incubated at 37 °C with 0.3 um SpyA and a 100 um
mixture of NAD™ and [**P]NAD™ in 100 mm HEPES. Reac-
tions were terminated by the addition of 6X SDS-PAGE loading
buffer with B-mercaptoethanol. Proteins were resolved by 15%
SDS-PAGE. The gel was fixed and dried, and vimentin bands
were excised and subjected to scintillation counting. A calibra-
tion curve was created using serial dilutions of the NAD™/
[**P]NAD™ mixture, and counts/min were converted to um
radiolabeled ADP-ribose incorporated/um vimentin.

Mass Spectrometry Analysis—An 877 nM concentration of
either hamster or human vimentin was incubated with SpyA (1,
0.5, or 0.2 um) and 100 um NAD™ in 100 mm HEPES buffer for
5, 15, or 30 min. Following protein incubation with SpyA, urea
was added to a final concentration of 6 M, and 1.5 ul of 1.5 M
Tris, pH 8.8, was added to maintain a basic pH during reduc-
tion. Proteins were reduced for 1 h at 37 °C with 5 mm tris(2-
carboxyethyl)phosphine. Alkylation of cysteine residues was
performed with 30 mMm iodoacetamide for 1 h in the dark at
room temperature, followed by the addition of dithiothreitol
(DTT) to a final concentration of 30 mM and a 1-h incubation at
room temperature. Samples were then diluted with 900 ul of 50
mM ammonium bicarbonate, and sequencing grade trypsin
(Promega, Madison, WI) or GluC (Roche Applied Science) was
added at a protein/enzyme ratio of 1:50. Digestion proceeded
overnight at room temperature. Samples were desalted using a
Vydac silica C,4 macrospin column (The Nest Group, South-
borough, MA).

ADP-ribosylated peptides were analyzed using the “marker
ion” approach previously described by Hengel et al. (45, 46).
Briefly, peptides were analyzed using electrospray ionization in
a linear ion trap Fourier transform ion cyclotron resonance
mass spectrometer or linear ion trap Orbitrap (Thermo Elec-
tron Corp., SanJose, CA). HPLC columns were packed in house
(0.75-um inner diameter X 11 cm; 100 A Magic C18AQ:
Michrom Bioresources, Auburn, CA), and separations were
performed with an inline Agilent 1100 binary HPLC pump or
nanoAcquity (Waters, Milford, MA), using a linear gradient of
5-35% acetonitrile over 60 min. Electrospray ionization voltage
was applied with a liquid junction prior to the analytical column
using a gold wire and a micro-tee junction (47). All ions were
measured in positive ion mode, and precursor ion masses were
detected in the Fourier transform mass analyzer. Source
parameters were set as follows: electrospray ionization voltage,
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2.5 kV; capillary temperature, 265 °C; capillary voltage, 13 V;
tube lens, 35 V. For all fragmentation methods, the resolution
was set to 5.0e* and 2.0e* for MS and MS?, respectively. Auto-
matic gain control was used to maintain constant ion popula-
tions at 5e” and 2e” for MS and MS?, respectively. For linear ion
trap tandem mass spectrometric acquisitions, the top five most
intense multiply charged ions per MS spectrum were selected
for fragmentation. When fragment ion data were collected in
the Fourier transform ion cyclotron resonance mass spectrom-
eter or Orbitrap, the top four most intense multiply charged
ions per MS spectrum were selected for fragmentation. Frag-
ment ion spectra acquired with collision-induced dissociation
were produced using 35% collision energy and a 2.0 Da isolation
window. Electron capture dissociation (ECD) tandem mass
spectra were acquired using a 5-eV fragmentation energy for 70
ms with a delay of 0.3 ms and a 3.0 Da isolation window. Data
were analyzed using SEQUEST, specifying an optional arginine
modification of 541 daltons (48). For ECD data searches,
SEQUEST was modified to search for both cand zions. Proteins
were identified from the complete IPI database for human or
Syrian hamster depending on the origin of vimentin.

To identify precursor ions of peptides containing m, mg, and
ps, ADP-ribose, PERL scripts were used to search for ions
assuming singly charged ADP-ribose fragments in collision-in-
duced dissociation data as previously described (45). To reduce
false positive identifications using the marker ion strategy,
scans that correlated to an unmodified peptide identification
with a probability greater than or equal to 0.9 from the
SEQUEST/Interact files were removed from the marker ion
scan lists. For ECD targeting experiments, marker ions were
required to be observed at an ion intensity of greater than 1,000
with the associated scan containing p5 and mg, mg, or both mg
and mg. Approximately 10% of scans used to generate ECD
target lists were manually validated for marker ions prior to
ECD analysis.

In Vitro Polymerization of Vimentin—Polymerization of
vimentin was accomplished as described (49) with the following
modifications. Hamster vimentin at 0.02 ug/ul (350 nm) was
incubated with 40 nM SpyA, SpyAg; g4, or SpyA buffer and 100
M NAD™ in HEPES buffer for 3 h at 37 °C. The reactions were
split into two equal aliquots; to induce polymerization, NaCl to
150 mm was added to one, water to the other. Polymerization
was allowed to proceed for 60 min at room temperature. Fila-
ments were separated from soluble subunits via ultracentrifu-
gation (100,000 X g, 30 min, 20 °C). A 20-ul volume of super-
natant was then carefully pipetted from the reactions and
subjected to 15% SDS-PAGE. Proteins were transferred to
nitrocellulose membrane and probed for vimentin using goat
anti-human vimentin and bovine anti-goat HRP.

Analysis of Eukaryotic Cells Expressing SpyA—HeLa cells
obtained from ATCC were grown in DMEM supplemented
with 4 mm L-glutamine, 4,500 mg/liter glucose, 10% FCS, and
1% streptomycin/penicillin. They were maintained in 75-cm®
cell culture flasks at 37 °C, 5% CO,,. Cells were seeded at 5 X 10*
cells/ml and left overnight on coverslips in 24-well tissue cul-
ture plates. Murine macrophage-like cells RAW 264.7 were a
gift from Dr. Brad Cookson and were grown as described for the
HelLa cells.
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HeLa cells were transfected with 0.3 g of DNA using Fugene
6 (Roche Applied Science) according to the manufacturer’s
directions and left for 20 h. The BD cytofix/cytoperm kit (BD
Biosciences) was used for fixation and permeabilization of the
cells. The cells were then stained with rabbit anti-human
vimentin (Stemgent) and monoclonal mouse anti-Myc (Sigma)
for 1 h. The cells were washed three times with BD Perm/Wash
buffer and then incubated for 1 h with cy5 anti-rabbit antibody
(Jackson Immunoresearch Laboratories, Inc.) and Dylight 488
goat anti-mouse IgG (KPL). The cells were washed three times
with BD Perm/Wash buffer. The coverslips were then mounted
in VECTASHIELD (Vector Laboratories). Fluorescence was
visualized using a deconvolution microscope (Applied Preci-
sion Deltavision/Softworx, Universal Imaging Metamorph,
University of Washington Keck Imaging Center). Cells were
then visually assessed for an intact vimentin cytoskeleton, and
the percentage of transfected cells with collapsed vimentin fil-
aments was calculated (cells undergoing cell death, as deter-
mined by membrane blebbing and disrupted nuclei, were not
counted). Results were subjected to an unpaired ¢ test, two-
tailed p value.

RAW 264.7 cells were transfected with either pEFla-
IRES-DsRed-Express2-SpyA or pEF1a-IRES-DsRed-Express2-
SpyAg,g7a as described for HeLa cells. After 18 h of transfec-
tion, the cells were then activated by treatment with 100 ng/ml
LPS for 4 h and fixed using 10% formalin solution. After fixa-
tion, the cells were gently permeabilized with Tween 20 deter-
gent and stained for 1 h with rabbit anti-vimentin antibodies
followed by anti-rabbit FITC-conjugated IgG. Cells were
mounted in VECTASHIELD and analyzed using a Nikon spin-
ning disk confocal microscope. Transfected cells were identi-
fied by expression of dsRed-Express2, assessed for the presence
of extracellular vimentin, and analyzed via NIS Elements Anal-
ysis software. Cells displaying gross morphological changes
under differential interference contrast microscopy, such as
loss of volume, membrane blebbing, or rupture, or other signs
of cell death were excluded from analysis. The number of trans-
fected cells with abnormal vimentin staining was determined,
with the observer blinded to the nature (mutant versus wild
type) of the transfected spyA. A Fisher exact test with a two-
tailed p value was used to interpret the results.

RESULTS

SpyA Preferentially ADP-ribosylates Vimentin—Previously,
our laboratory identified the cytoskeletal proteins vimentin and
actin as SpyA substrates (2). Actin is a well known target of
cytotoxic ADP-ribosylation by the C2 bacterial ADPRT toxins;
however, modification of vimentin is relatively rare and has not
been characterized (25, 51). To delineate the relative rates of
activity of SpyA on vimentin and actin, Michaelis-Menten
kinetic analyses were used to determine the turnover number,
k.., and the Michaelis-Menten constant, K. In our studies,
NAD™ was the varied substrate because actin and vimentin
polymerize at concentrations necessary to determine their
kinetic constants.

ADPRT activity against vimentin and actin was determined
using the e-NAD™ fluorescence assay (41). The release of nic-
otinamide during catalysis abolished the intrinsic fluorescent
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quenching, leading to an increase in fluorescence, and was used
as a proxy to measure the formation of ADP-ribosylated vimen-
tin and actin. The increase in fluorescence from the NAD™-
glycohydrolase activity of SpyA, in the absence of modification
substrate, was low and subtracted as background. The e-ADP-
ribose analog e-AMP was used to create a calibration curve as a
standard for ADP-ribosylated product (42, 43). After defining a
time point in the linear range, 5 min, the initial velocities were
measured and plotted against e-NAD™ concentrations, and the
data were fit to a standard Michaelis-Menten curve (Fig. 1). The
measured K, values were 76.2 * 9.3 and 79.6 = 3.5 um for
vimentin and actin, respectively, comparable with other bacte-
rial ADPRT toxins (Table 1). The close K, values indicate that
NAD™ binding is similar during the catalysis of NAD " to ADP-
ribose for both vimentin and actin. The k_,, for vimentin was

cat

found to be 58.5 = 3.4 min ', whereas this value for actin was

60 -~ Vimentin

- Actin

V,, (uM/min/uM)
w
Q

—e ]

200 300

0 100
[-NAD*], uM

FIGURE 1. Rate of substrate modification by SpyA. Recombinant human
vimentin or bovine actin (8.77 um) was incubated with SpyA (0.085 um) at the
indicated concentrations of e-NAD™ for 5 min at 37 °C. The increase in fluo-
rescence was measured and plotted to determine initial velocity (V) as a
function of um product formed/min/um SpyA. Initial velocity was plotted
against [e-NAD "] and analyzed by Prism statistical software using the nonlin-
ear regression analysis fit to a standard Michaelis-Menten model. Data pre-
sented are for a representative experiment of three independent experi-
ments done in triplicate (vimentin) or duplicate (actin). Error bars, S.D.

TABLEI
K,, and k_,, values for bacterial ADPRTs

lower, 10.1 = 0.6 min~ ' (Table 1). The k_,, values for vimentin
and actin were found to be significantly different (p = 0.0001).
The turnover number for vimentin was comparable with,
although slightly higher than, than reported for the Rho-target-
ing C3 enzymes (Table 1). Unlike the other actin-targeting
ADPRTS, iota and Photox toxins, the SpyA k_,, value for actin
was considerably lower. The SpyA catalytic rate for vimentin
was nearly 6 times greater that than for actin, and the k_,, for
vimentin was within the same order of magnitude as for other
characterized ADPRTs and their substrates.

Because the k_,, values suggested that vimentin was the pre-
ferred target for SpyA-mediated ADP-ribosylation, a modified
competitive assay was performed. SpyA was reacted with
equimolar amounts of actin and vimentin in the presence of
radiolabeled NAD™, and the relative rates of modification of
vimentin and actin were determined for the linear range (Fig.
2). SpyA modified vimentin at a rate 9.48 = 1.95 times faster
than actin. Taken together, these results suggest that vimentin
is a relevant and preferred target of SpyA.

Vimentin Is Modified on Arginines in Serine-rich N-terminal
Head Domain—SpyA contains a biglutamate catalytic site
(EXE), a feature specific to arginine-targeting ADPRTSs (2, 52).
To verify the amino acid involved in the linkage between
vimentin and ADP-ribose, the linkage was chemically chal-
lenged with hydroxylamine. Hydroxylamine has been shown to
specifically cleave the ADP-ribose moiety from arginine resi-
dues while leaving intact bonds between ADP-ribose and other
known acceptor residues, asparagine and cysteine (53). Treat-
ment with hydroxylamine resulted in the release of labeled
ADP-ribose from modified vimentin, whereas treatment with
neither mercuric chloride, which cleaves linkages to cysteine,
nor the NaCl control resulted in a loss of signal (Fig. 3). Based
on the specific chemical sensitivity, the amino acid residues
modified were concluded to be arginines.

The amount of SpyA-mediated incorporation of ADP-ribose
into vimentin was quantitatively analyzed by determining the

Values for kinetic parameters of SpyA were determined as described in the legend to Fig. 1. All values were determined in the presence of excess substrate and variable
[e-NAD™]. Data represent the mean +S.D. of at least three independent experiments. ND, not determined. DT, diphtheria toxin; PT, pertussis toxin; SBTL, soybean trypsin

inhibitor; eEF-2, eukaryotic elongation factor 2.

Bacteria Toxin Substrate(s) K, Ko Reference/Source
M min~!
S. pyogenes SpyA Vimentin 762+ 9.3 585 *+ 3.4 This paper
Actin 79.6 = 3.5 10.1 £ 0.6
Photorhabdus luminescens Photox Actin 274 * 4.4 1,680 = 75 Ref. 41
Clostridium botulinum C21¢ Actin 21312 ND Ref. 74
Clostridium perfringens Iota a” Actin 3.8-6.0 2,024 = <15% Refs. 61 and 74
Salmonella enterica C/SpvB* Actin 44 * 0.6 ND Ref. 74
C. botulinum C3bot RhoA 8 15° Ref. 75
Clostridium limosum C3lim RhoA 52 = <15% 0.28 = <15% Ref. 76
Bacillus cereus C3cer RhoA 20.8 £ 1.6 22.25 £ 0.9 Ref. 77
RhoB 56.4 * 3.6 4.19 = 0.65
RhoC 17.1 £ 3.3 0.99 = 0.08
P. aeruginosa ExoS SBTI 30 =10 25+ 20 Refs. 78 and 79
Ras 9 ND
P. aeruginosa ExoA eEF-2 275+ 52 675 + 85 Ref. 42
Corynebacterium diphtheriae DT eEF-2 2-9 58.8-182 Refs. 80—82
Bordetella pertussis PT (HSC‘%U" 27.0 3.0 Refs. 83 and 84
Ga 23.0 40.0

“ C2I and v a are the enzymatic components of C2 and ¢ toxin, respectively. C/SpvB is the C terminal enzyme domain of SpvB.

? Calculated from V,

max

from Ref. 75.

¢ C-terminal 20 amino acids of the a-subunit of the pertussis toxin target G-protein Gjs.

¢ @-Subunit of the pertussis toxin target G;, protein.
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FIGURE 2. SpyA preferentially modifies vimentin. Equimolar amounts of
recombinant hamster vimentin and bovine actin (877 nm) were incubated
with SpyA (0.5 um) and biotinylated NAD™" (4) or [>*PINAD* (B) for the indi-
cated time. Reactions were subjected to 8-16% SDS-PAGE. A, the gel was
transferred to a nitrocellulose membrane and probed for biotin with strepta-
vidin-HRP. B, the gel was subjected to phosphorimaging, and the resulting
bands were quantitatively analyzed with ImageJ software. The band intensi-
ties in arbitrary units (AU) were plotted against time. Data presented are for a
representative experiment. Error bars, S.D. Three independent experiments
were conducted.

amount of radiolabeled APD-ribose transferred to vimentin.
Analysis of the stoichiometry of ADP-ribosylation of vimentin
by SpyA indicated that there are multiple modification sites
(Fig. 4). Based on these calculations, SpyA transferred 2 mol of
ADP-ribose/mol of vimentin, suggesting an average of two
ADP-ribosylation events per vimentin subunit. Tandem mass
spectrometric analysis was subsequently undertaken to identify
the modified amino acids. Identification of ADP-ribose-modi-
fied peptides relied upon detection of ADP-ribose-specific
marker ions from collision-induced dissociation analysis fol-
lowed by peptide sequencing with ECD (46). All ions were
observed within the mass analyzer mass accuracy specifications
(i.e. >10 ppm for Orbitrap acquisitions). After analysis of mul-
tiple preparations, a single peptide was consistently identified
at the limit of detection (SpyA =1 um, time point =30 min),
containing arginines at positions 44 and 49, termed P44/49
(Table 2). Although both Arg-44 and Arg-49 were modified,
only a single arginine was modified on any given peptide (i.e. we
did not observe any peptides modified with two ADP-ribose
moieties). Three additional peptides were identified less fre-
quently than P44/49; these peptides contained Arg-63, -303,
and -449. Arg-44, -49, and -63 reside within the N-terminal
head domain, which contains multiple regulatory serine phos-
phorylation sites (Fig. 5). Peptides containing these ADP-ri-
bose-modified arginines were identified in both human and
hamster vimentin preparations.

ADP-ribosylated Vimentin Exhibits Defect in in Vitro
Polymerization—The modifications of vimentin in the serine-
rich head domain suggested that SpyA-mediated ADP-ribosyl-
ation of vimentin may cause a defect in polymerization of
vimentin into filaments, similar to that caused by phosphory-
lation of regulatory serines (54). The ability of modified vimen-
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Treatment NaCl NH,OH HgCl,

Vimentin — gy R

FIGURE 3. Vimentin is modified on arginine residues. Recombinant ham-
ster vimentin (4.5 um) was incubated with biotinylated NAD™ (100 um) and
SpyA (0.5 um) at 37 °C. The reactions were terminated by boiling for 10 min.
The indicated chemical was added (hydroxylamine (0.5 m), mercuric chloride
(1 mm), or NaCl (1 m)) and incubated for 60 min at room temperature. The
vimentin was subjected to SDS-PAGE, transferred, and probed with
streptavidin.

2.5+

mol ADPR/mol vimentin

0.0 T
0 50

100 150
Time (mins)

FIGURE 4. SpyA modifies vimentin at two sites. Recombinant wild type
SpyA (0.3 um) was incubated with vimentin (2.3 um) in the presence of
[*2PINAD™ (100 um) in buffer (100 um HEPES) for the indicated amount of
time. The reaction was stopped by the addition of 5X SDS-protein sample
buffer. Reactions were subjected to an 8-16% gradient SDS-PAGE, and the
radioactive vimentin bands were excised and quantified via scintillation
counting. [*?P]JADP-ribose incorporation into vimentin was determined as a
percentage of the total radioactivity per reaction volume and converted into
moles. Mol of ADP-ribose (ADPR)/mol of vimentin were calculated and plot-
ted against time. Approximately 2 mol of [*2P]JADP-ribose ware incorporated/
mol of vimentin. Data represent the averages of four experiments presented
as means = S.D. (error bars).

tin to form filaments was assayed utilizing the inherent nature
of vimentin to polymerize in vitro in high NaCl buffer (150 mm).
Controls included the SpyA catalytic site mutant, SpyAg g,
and buffer (0.5 M NaCl, 0.1 m MES). Filamentation was assayed
using the well established sedimentation assay. Vimentin
polymerization was induced by the addition of NaCl, and ultra-
centrifugation was utilized to separate polymers from soluble
subunits (49). When subjected to SpyA treatment prior to
NaCl-induced filamentation, soluble vimentin subunits were
retained in the supernatants, whereas vimentin treated with
SpYApg,g,4 or buffer completely polymerized into filaments
(Fig. 6, lanes 1-3). Minimal background filamentation occurs
due to the presence of the NaCl in the buffer used. Although all
three treatments of vimentin (SpyA, SpyA;,g,4, and buffer)
maintained soluble subunits prior to the addition of additional
NaCl, SpyA-treated vimentin retained more soluble subunits
than either SpyAg; 4,4 or buffer-treated vimentin (Fig. 6, lanes
4-6), recapitulating the results observed in the high salt con-
dition (lanes 1-3).

Effect of SpyA on Vimentin Cytoskeleton of HeLa and RAW
264.7 Cells—Studies on the effects of C3 family ADPRT' are
complicated by the absence of known binding and transloca-
tion domains and poor uptake of the toxins by cells. A variety of
modifications to the toxins have therefore been employed to
allow efficient access of the toxin to intracellular targets for
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TABLE 2
Sites of modification on vimentin

Modified arginines are in boldface type and denoted by R*. Peptides were identified using the mass spectrometry ion marker identification method (46). All peptides were
identified at the lowest limit of detection for each independent assay. Numbering refers to the human vimentin sequence.

Peptide name Peptide Modified arginine(s)
P44/49 TYSLGSALR*PSTSR*SLYASSPGGVYATR Arginines 44 and 49
P63 SLYASSPGGVYATR*SSAVR Arginine 63
P303 FADLSEAANR*NNDALR Arginine 303
P449 TVETR*DGQVINETSQHHDDLE Arginine 449
STRSVSSSST RRMFGGPGTA ~ SRPSSSRSYV ~ TTSTRTYSLG  SALR*PSTSR*S NaCl + + + - -
10 20 30 40 50 SpyA  wild type E187A Control wild type E187A Control
LYASSPGGVY ATR*SSAVRLR  SSVPGVRLLQ  DSVDFSLADA  INTE L) :
60 70 80 90 94 s o

FIGURE 5. SpyA modifies arginines in the head domain of vimentin. The
sequence represents the primary sequence of the N-terminal head domain of
vimentin. Modified arginines are marked in boldface type as R, and phosphor-
ylation sites are denoted by underlining (40, 54, 71-73).

functional studies (55—57). To allow expression of SpyA within
cells, the eukaryotic expression vector pCMV-myc-SpyA was
used. This construct expresses SpyA, lacking the N-terminal
30-amino acid putative signal sequence (2), fused to a 13-amino
acid c-Myc epitope at the N terminus. Upon transfection of
HeLa cells with pPCMV-myc-SpyA, a pronounced collapse of
the vimentin cytoskeleton around the nucleus (Fig. 7, D and F)
was observed in transfected cells expressing SpyA (indicated by
green immunofluorescence staining of myc-SpyA; Fig. 7, E and
F), similar to the perinuclear collapse of vimentin observed after
treatment of fibroblasts with the PKC activator phorbol 12-my-
ristate 13-acetate (58). Transfection with plasmid containing
catalytically inactive SpyA, pCMV-myc-SpyAE187A, had no
apparent effect on the vimentin cytoskeleton (Fig. 7, A and C).
72.9 = 7.3% of cells transfected with wild type SpyA showed
vimentin collapse, as defined by retraction of the cytoskeleton
from the cell membrane, whereas 24.9 = 8.5% of cells in the
presence of the catalytic mutant showed some collapse (p =
0.0018). Extensive and complete vimentin collapse around the
nucleus was observed only in wild type SpyA transfectants. For
this analysis, cells appearing to be undergoing cell death, char-
acterized by cells appearing to produce apoptotic bodies and
nuclear fragmentation, were not enumerated.

It has previously been shown that up-regulation and secre-
tion of vimentin are important steps in the proper differentia-
tion and activation of macrophages (35, 36, 59, 60). To test the
effect of SpyA on the vimentin cytoskeleton of the murine mac-
rophage-like cell line RAW 264.7, these cells were transfected
with the bicistronic expression vector pEFla-IRES-DsRed-
Express2-SpyA or pEFla-IRES-DsRed-Express2-SpyAg g a.
After allowing protein expression for 18 h, LPS was then added
(100 ng/ml) to differentiate and activate the macrophages. The
cells were then analyzed for the presence of an intact vimentin
cytoskeleton via immunofluorescent microscopy. Although
inactive (no LPS treatment) cells contained nearly unobserv-
able levels of vimentin, activated, untransfected cells exhibited
extensive vimentin polymerization, forming a network of fila-
ment-like structures within the cell. Cells transfected with
DNA encoding the catalytic mutant SpyAr, 4, were predomi-
nantly indistinguishable from the control cells (Fig. 8, A-C).
The majority of cells transfected with DNA encoding the wild
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FIGURE 6. Treatment with SpyA causes a defect in filament formation.
Vimentin (0.02 ng/ul, 350 nm) was treated with wild type SpyA (40 nwm), inac-
tive mutant SpyAg, g, (40 nm), or buffer (25 mm NaCl and 5 mm MES) in the
presence of NAD ™. NaCl was added to a final concentration of 150 um where
indicated. Polymerization was allowed to occur for 1 h at 22 °C. Because SpyA
buffer contains some NaCl, background filamentation occurred in the
absence of additional NaCl. Filaments were separated from soluble subunits
by ultracentrifugation (100,000 X g) for 30 min at 22 °C. Soluble subunits
were then subjected to SDS-PAGE analysis, transferred to nitrocellulose, and
probed with goat anti-vimentin antibody and secondary mouse-anti-goat
HRP antibody. Soluble subunits were absent upon induction of filamentation
unless modified by wild type SpyA.

A

Vimentin

D

Vimentin

FIGURE 7. SpyA disrupts vimentin filaments. Catalytic mutant SpyA¢,g,a
(A-C) or wild type SpyA (D-F) was expressed from the pCMV-myc-SpyAg;g7a
or pCMV-myc-SpyA plasmid, respectively. Visualization of vimentin was
accomplished by staining with anti-vimentin antibody and immunofluores-
cence (Aand D). The presence of SpyA was detected by immunofluorescence
staining of the N-terminal c-Myc tag (B and E). Merged images show both SpyA
and vimentin (C and F). Expression of SpyA in cells transfected with pCMV-
myc-SpyA (C), but not SpyAg, g, (F), showed a marked collapse of the vimen-
tin cytoskeletal filaments. Cells were observed for retraction of the vimentin
cytoskeleton and statistically analyzed (72.9 = 7.3% of cells transfected with
pCMV-myc-SpyA showed vimentin retraction, and 24.9 = 8.5% of cells trans-
fected with pCMV-myc-SpyAE187A showed some retraction (p = 0.0018),
with complete collapse observed only in cells transfected with the gene
encoding active SpyA). Scale bar, 10 um.

type SpyA exhibited either a complete loss or significant reduc-
tion of vimentin filaments (Fig. 8, D-I), with a minority of cells
exhibiting an intact vimentin network (Fig. 8, /-L). Complete
loss of the vimentin cytoskeleton was never observed in the cells
expressing the catalytic mutant SpyAg4,,. In a blinded test,
80.0% of wild type SpyA-transfected cells were identified as
having either reduced or no vimentin filaments, whereas 10.3%
of cells transfected with the catalytic mutant were identified as
having reduced staining compared with untransfected controls
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FIGURE 8. Vimentin filamentation in SpyA-transfected RAW 264.7 cells.
RAW cells were transfected with the mammalian expression vector pEF1a-
IRES-DsRed-Express2-SpyAg, 5,4, €xpressing dsRed-Express2 and either wild
type SpyA or SpyAg, 5,4 bicistronically. 18 h after expression, the cells were
stimulated with 100 ng/ml LPS to induce vimentin expression and filamenta-
tion, fixed, permeabilized, and stained for vimentin. Transfectants were iden-
tified by the expression of intracellular fluorescent protein dsRed-Express2.
A-C, transfected cell expressing dsRedExpress/SpyAg; 5,4 stained for vimen-
tin. Staining was identical to that of control (non-transfected, mock-trans-
fected, or empty vector) cells. D-F, a subset of SpyA-transfected cells had only
partial vimentin staining. G-/, the majority of wild type SpyA-transfected cells
exhibited little to no vimentin staining, some of which exhibited a flattened
morphology. J-L, a minority of cells transfected with the wild type SpyA
expression vector pEF1a-IRES-DsRed-Express2-SpyA were consistent with
and indistinguishable from control cells. 28 of 35 cells transfected with the
wild type SpyA exhibited decreased or no vimentin staining compared with 4
of 39 cells transfected with the SpyAg, 5,4 catalytic mutant (p < 0.0001).

K

(p <0.0001). These results indicated that expression of the wild
type SpyA, but not the active site mutant toxin, caused a defect
in vimentin polymerization.

DISCUSSION

SpyA has been shown to be a promiscuous ADPRT, modify-
ing a number of proteins in eukaryotic cell extracts (2). Promi-
nent among these were actin, a previously described target of
other bacterial ADPRTSs, and vimentin, an uncharacterized
bacterial ADPRT target (2, 25). The actin cytoskeleton is a com-
mon target of bacterial toxins, and SpyA was shown to cause
depolymerization of the actin cytoskeleton in vivo (2). In this
report, to resolve the affinity of SpyA for vimentin relative to
actin, we quantitatively analyzed the ADP-ribosylation of
vimentin and actin by SpyA by determining the enzyme kinetics
(K,, and k,,) of SpyA for NAD™" in the presence of actin and
vimentin. We observed a significantly higher k_,, value of SpyA
for vimentin and noted that the activity of SpyA for vimentin
was in the range of activities of other bacterial ADPRTs for their
targets. The K, values for NAD™ in the presence of both actin
and vimentin were similar, indicating that SpyA was able to
bind NAD™ with comparable affinity in the presence of both
actin and vimentin. Thus, the difference in k., values was not
due to alteration of NAD™ affinity upon binding of different
substrates, although the nature of substrate specificity was not
determined in this study.

Although both k_,, values were within the same order of
magnitude as a number of other known ADPRT substrates, the
turnover number for vimentin was nearly 6 times that of actin.
When exposed to equimolar amounts of vimentin and actin
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within the same reaction, SpyA modified vimentin at a nearly
10-fold greater rate than actin. Taken together, the higher
vimentin k_,, value and the faster rate of modification of vimen-
tin relative to actin suggested that vimentin was the preferred
target of SpyA.

In comparison with other bacterial ADPRT toxins, the k_,,
values were similar to those of the C3 exoenzymes (Table 1).
The k_,, value of actin for the actin-targeting toxins Photox and
iota was relatively high, whereas for SpyA, the actin k_,, was
significantly lower (41, 61). The greater SpyA k_,, value for
vimentin indicated that vimentin was a more highly modified
substrate than actin.

Vimentin is a dynamic structure that is regulated by a com-
plex cell cycle-dependent endogenous phosphorylation. Phos-
phorylation generally occurs in the N-terminal head domain,
resulting in disassembly of vimentin filaments, and is mediated
by a number of kinases, including PKA, PKC, CaM-kinase II,
PAK, and Cdc2 kinase (for reviews, see Refs. 62 and 63). There
is also precedence for bacterial dephosphorylation of the
vimentin cytoskeleton; the Salmonella typhimurium SptP
effector tyrosine phosphatase protein binds to, and may
dephosphorylate, vimentin, leading to disruption of the vimen-
tin cytoskeleton (64).

Similar to phosphorylation events, we find the vimentin head
domain to be a target of modification by SpyA, with the primary
site of modification found on Arg-44/49 and a secondary mod-
ification on Arg-63. The additional two ADP-ribosylation sites
were Arg-303 and Arg-449, which lie at the beginning of the
second (2b) coiled-coil region and the tail domain, respectively.
Relatively little is known about the region surrounding Arg-
303, and although two phosphorylation sites (Thr-456 and Ser-
457) have been identified, they are currently uncharacterized
(65).

The head domain of all intermediate filaments is crucial for
filament assembly, and a recent study of vimentin structure
suggests phosphorylation of this domain prevents the associa-
tion of tetramers into higher order structures (66). This disrup-
tion was mediated by movement of the head domain upon
phosphorylation, potentially caused by steric hindrance or a
local change in charge due to the addition of a phosphate group.
ADP-ribosylation of arginines in the head domain, including
Arg-44, -49, and -63, may cause dissociation of subunits via a
similar mechanism of action as phosphorylation on vimentin
tetramer association.

Vimentin was recently shown to be endogenously ADP-ribo-
sylated, although little is currently known about the nature of
that modification (37). However, desmin, a related intermedi-
ate filament, was shown to be modified by mammalian muscle
ADPRT at several positions, resulting in the disruption of
desmin assembly (4, 5, 38). The major site of modification was
determined to be Arg-48, with Arg-68 as a secondary site, and
both lie in the head domain, similar to arginines 44, 49, and 63
of vimentin (6). Similar to endogenous ADP-ribosylation of
desmin, SpyA-mediated ADP-ribosylation of soluble vimentin
subunits resulted in a defect in filamentation (Fig. 6). It is highly
likely that SpyA functions similarly to the desmin-specific
endogenous ADPRT, where the modification of one or more of
the identified head domain arginine residues results in the inhi-
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bition of filament formation. This study presents further evi-
dence that ADP-ribosylation of the head domain of intermedi-
ate filaments may represent a novel form of cytoskeletal
regulation, beyond phosphorylation.

Although its role in bacterial infection has not been eluci-
dated, the vimentin cytoskeleton may play an important role.
The effect of modification of the vimentin cytoskeleton by
SpyA was investigated in the context of live cells and led to a
collapse of the vimentin filaments around the nucleus (Fig. 7).
Although this study cannot rule out the effect of other SpyA
ADP-ribosylated targets on this collapse, it is possible that
SpyA-mediated modification was directly responsible for the
collapse in light of the in vitro effect of ADP-ribosylation on
vimentin filamentation. The vimentin cytoskeletal network has
been found to be an important component in fibroblast motility
and contractile ability, both important for wound closure (26).
When subjected to mechanical injury, vimentin~/~ mice were
shown to have a defect in the wound healing process (27).
Recently, in a mouse skin infection model, we found that mice
infected with spyA™~ S. pyogenes produced smaller lesions than
those infected with wild type S. pyogenes, (3). It is an intriguing
possibility that modification and disruption of the vimentin
cytoskeleton may be a molecular mechanism by which S. pyo-
genes inhibits the healing of lesions. Furthermore, reorganiza-
tion of the vimentin cytoskeleton, via phosphorylation of the
head domain, has been shown to be involved in proper neutro-
phil granule secretion, suggesting an important regulatory role
of vimentin that potentially could be affected by ADP-ribosyla-
tion of the head domain (67, 68).The ADP-ribosylation of
vimentin presented here, resulting in an in vitro defect in
polymerization and probably responsible for the collapse of the
in vivo cytoskeleton, may aid in preventing wound healing and
proper neutrophil function at sites destroyed by the numerous
toxins secreted by S. pyogenes, leading to further dissemination
of the bacteria.

ADP-ribosylation and/or disruption of normal vimentin reg-
ulation may also affect the reorganization of the vimentin cyto-
skeleton in LPS-activated RAW 264.7 cells. Endogenous
vimentin regulation has recently been shown to be involved in
macrophage maturation, and vimentin secretion has been
shown to be important for intracellular survival of phagocy-
tized E. coli (35, 36). Utilizing the murine macrophage cell line
RAW 264.7, we showed transfection of these cells by wild type
SpyA resulted in a reduction or absence of vimentin intra- and
extracellular staining in a majority of transfected cells. Because
intracellular vimentin is up-regulated during monocyte differ-
entiation and extracellular vimentin has been shown to have an
important role in intracellular killing of phagocytized bacteria,
an intriguing possibility is that SpyA may have a role in reduc-
ing the microbicidal activity of macrophages. Although SpyA
appeared to reduce filamentous vimentin of a macrophage-like
cell line, it is unknown what effect SpyA may have on other cell
types. Interestingly, S. pyogenes has been shown to bind to
vimentin secreted by injured skeletal muscle cells, potentially
allowing “homing” of disseminated S. pyogenes to areas of soft
tissue injury, which are associated with necrotizing fasciitis (69,
70). The effect of ADP-ribosylation of vimentin on this activity
of S. pyogenes remains to be seen.
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The in vivo disorganization of the vimentin cytoskeleton sug-
gests that SpyA may affect numerous cellular functions, poten-
tially including macrophage maturation and generation of the
oxidative burst, neutrophil granule secretion, and fibroblast
contraction and motility involved in wound healing. Future
studies will focus on the elucidation of the effects of SpyA on
these cellular processes.
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