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ABSTRACT. C3-like ADP-ribosyltransferases represent an expanding family of related exoenzymes, which
are produced b¢lostridiaand variousStaphylococcus auressrains. Here we report on the cloning and
biochemical characterization of an ADP-ribosyltransferase Bacillus cereustrain 2339. The transferase
encompasses 219 amino acids; it has a predicted mass of 25.2 kDa and a theoretical isoelectric point of
9.3. To indicate the relationship to the family of C3-like ADP-ribosyltransferases, we termed the enzyme
C3cer. The amino acid sequence of C3cer is 30 to 40% identical to other C3-like exoenzymes. By site-
directed mutagenesis, A Arg?’, Tyr5, Arg'®® Thri78 Tyr80 GIn'83 and GId®s of recombinant C3cer

were identified as pivotal residues of enzyme activity and/or protein substrate recognition. Precipitation
experiments with immobilized RhoA revealed that C3ceti%mwhich is located in the so-called “ADP-
ribosylating toxin turn-turn” (ARTT) motif, plays a major role in the recognition of RhoA. Like other
C3-like exoenzymes, C3cer ADP-ribosylates preferentially RhoA and RhoB and to a much lesser extent
RhoC. Because the cellular accessibility of recombinant C3cer is low, a fusion toxin {CAbkr),
consisting of the N-terminal 225 amino acid residues of the enzyme component of C2 toxin from
Clostridium botulinumand C3cer was used to study the cytotoxic effects of the transferase. This fusion
toxin caused rounding up of Vero cells comparable to the effects of Rho-inactivating toxins.

Various bacterial proteins interfere with eukaryotic cell NAD glycohydrolase activity of unknown biological sig-
functions by acting as ADP-ribosyl transferases on essentialnificance.
cellular proteins. A typical example for this type of protein
is the family of C3-like ADP-ribosyltransferase$—<3). It
comprises the prototyp€lostridium botulinumexoenzyme
C3bot @—6), including the isoforms C3botl and C3bot2,

Although C3-like ADP-ribosyltransferases share only lim-
ited sequence similarity, key amino acid residues and short
peptide stretches are conserved in all of them. Recently, the
the exoenzyme frontlostridium limosum(C3lim) (7), and crystal structures of C3bot1 either unbound or bound to NAD

various transferases froStaphylococcus auretsciuding were solved. Together with data derived from biochemical

C3staut, formerly known as EDIN A8], C3stau2 (EDIN studies and site-directed mutagenedi§, (L7), the crystal

B) (9), and C3stau3 (EDIN C)10). The members of this structure analysis largely improved our understanding of the
family are 23-25 kDa proteins with an isoelectric point mechanism of the ADP-ribosylation reaction of Rho-ADP-

between 9 and 9.6 and are-287% identical to each other  'bosylating transferases. Accordingly, the active site of the
in their amino acid sequences. Generally, the exoenzymesgX0enzymes is formed by @-helix bent over g3-strand,
are produced as single-chain proteins with a signal sequenceésurrounded by twg-strands, in which key amino acids are
of about 40 amino acids, which is cleaved during secretion located. The key residues include (i) a C-terminal located
into the medium. glutamate, termed “catalytic glutamate”, (i) a glutamine
C3-like ADP-ribosyltransferases specifically modify the residue two positions upstream, which is thought to increase
small GTP-binding proteins RhoA, B, and C by transferring the nucleophilicity of the acceptor residue asparagine, and
the ADP-ribose moiety of NAD onto the acceptor amino acid (iii) an aromatic residue (Phe or Tyr) three positions upstream
Asn4l (1, 11, 12). This leads to the biological inactivation of the glutamine, which appears to be involved in recognition
of the Rho proteins and to inhibition of signal processes of the substrate RhoA. Due to this architecture, the C3-like
governed by the GTPaseg (3—15). Additionally, C3stau2 ~ ADP-ribosyltransferases were grouped as toxins with an
from S. aureusstrain HMI6 modifies RhoE and Rnd3, which  “ADP-ribosylation-toxin turn-turn (ARTT) motif’ {8). A
are two recently identified GTP-binding proteir®).(Like further structural motif was postulated as being essential for
other ADP-ribosyltransferases, C3-like exoenzymes posses;NAD-binding. It was termed the phosphate nicotinamide
(PN) loop (19) and covers residues 13746 in C3bot (note
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Bacillus cereuss an important pathogen involved in local Expression of the Recombinant ADP-Ribosyltransferases
infections, bacteriemia, central nervous system infections, For expression of recombinant C3cer wild type (r'WT C3cer)
respiratory infections, and severe food poisoni2@).( The as glutathioné&-transferase fusion protein, the pGEX 2TGL-
pathogen produces several toxins including at least four C3cer vector was transformed irfischerichia coliTG1 cells
different hemolytic and non-hemolytic enterotoxins, several by standard method4 L of LB medium containing 1009/
phospholipases, proteases, and hemolysits-24). Re- mL ampicillin was inoculated with 30 mL of an overnight
cently, it was reported th&. cereusalso produces an ADP-  culture, and cells were grown at 3T until the optical
ribosyltransferase, which modifies Rho GTPases at Asn41density at 600 nm reached 0.8. IPTG was added to a final
(25). Previous partial protein sequencing suggested a ratherconcentration of 0.2 mM, and cells were grown for another
distant structural relationship to other C3-like transferases. 6 h at 37°C. Cells were collected by centrifugation, resus-
Here we report on the coding sequence of the ADP- pended in lysis buffer (50 mM HEPES [pH 7.5] and 1 mM
ribosyltransferase from strain 2339 showing that C3cer forms PMSF), and broken with a French press (SLM Aminco,
a distant subfamily of C3 transferases. We studied the Spectronic Instruments). The lysate was centrifuged, and
substrate specificity and the structafenction analysis of  glutathione-Sepharose beads were added to the supernatant
the enzyme by site-directed mutagenesis, and we investigated@nd incubated for 45 min at 4C. Beads were washed with
the cytotoxicity of C3cer using the fusion toxin C2HN 100-fold beads volume wash buffer (50 mM HEPES [pH

C3cert 7.5] and 150 mM NaCl). GST-C3 was eluted with a buffer
containing 10 mM reduced glutathione, 50 mM HEPES [pH
MATERIALS AND METHODS 7.5], and 100 mM NaCl. The GST-carrier was cleaved with

_ _ _ _ _ thrombin followed by its removal with benzamidine beads.
Material and ChemicalsOligonucleotides were obtained  C3bot1, C3lim, C3staul were purified as described elsewhere
from MWG (Ebersberg, Germany). The pGEX-2T vector and (4, 7, 9). All purification steps were checked by SDSAGE.
the glutat_hlonétransferase Gene Fusion system were from  SDS-PAGE SDS-polyacrylamide gel electrophoresis
Pharmacia Biotech (Uppsala, Sweden), and the Quick-was performed according to the method of Laemraii)(
Change kit was from Stratagene (Heidelberg, Germany). Gels were stained with Coomassie Brilliant Blue R250, dried,
Restriction endonucleases were from NEB (Schwalbach, and further analyzed.
Germany) and ¥P]-NAD was from NEN (Belgium). All Construction and Expression of Mutant Recombinant
other chemicals were from commercial sources. C3cer. C3cer mutants were constructed by site-directed
Cloning of the Recombinant C3cer ADP-Ribosyltrans- mutagenesis with the pGEX-2T-C3cer plasmid as a template
ferase Alignment of the peptides derived from protease- and the respective oligonucleotides using the Quick-Change
digested, native ADP-ribosyltransferase fr@ncereug26) kit according to the manufacturer’s instructions. From two
with other known C3-like ADP-ribosyltransferases showed complementary primers needed, only one is indicated: C19A,
that peptide 4 is probably located in the C-terminal part of 5-CAA ATA TAA GCT GGC TAC AAA CAA AG-3;
the transferase. First, we designed a primer related to theR59K, 3-GAA TTT TTA AAA ATG CAT GCG G-3;
N-terminus of the ADP-ribosyltransferase and a second oneR97K 5-TAT AAA AGT GTA TAA AGG GGA TGA
related to the C-terminally located glutamate of peptide 4. TGC-3; Y151V, 5-ATT GAT GCC GGA GTT GCC AAA
Both primers were constructed in consideration of the codon- ACA AGA CC-3', R155E, 5TAT GCC AAA ACA GAA
usage of severaBacillus strains. Using Tag-polymerase CCA GTT ATG ACA GAA-3; T178A, 3-CAG ATG ACT
(NEB, Germany), a 567-bp fragment was amplified from TGG CTG CGT ACC CAG-3 Y180T, 3-GAC TTG ACT
genomic DNA ofB. cereusstrain 2339. The fragment was GCG ACA CCA GGG CAA TAC G-3; Q183E, '8CGT
subcloned into the pCR2.1 vector (Invitrogen, The Nether- ACC CAG GGG AAT ACG AAT TAT TAT TG-3; E185Q,
lands) and sequenced with the Cycle Sequencing Readyd-CCA GGG CAA TAC CAA TTA TTA TTG C-3.
Reaction kit (Perkin-Elmer, USA). For determination of the Mutated plasmids were transformed in coli TG1 cells,
remaining base pairs, genomic DNA froBh cereus2339 and all mutations were confirmed by DNA sequencing.
was totally digested with Nsi | and separated on an agaroseProteins were expressed as thrombin-cleaved proteins as
gel. The fragments were extracted with the JetSorb kit described above.
(Genomed, Germany) and ligated in a Pst | digested puC18 ADP-Ribosylation Reactior2 uM recombinant RhoA,
vector. PCR was performed with a specific pUC18 primer RhoB, RhoC, or RhoC 143V, Racl, Cdc42, RalA, RhoE,
and a second primer, which was specific for the nucleotide Rnd3, or Ras were incubated with rwWT C3cer or mutant
sequence of the ADP-ribosyltransferase, covering base pairgProtein at various concentrations in a buffer containing 50
486-506 (3-GGTAGGC TCTGGGACTCATGG-3. PCR mM HEPES (pH 7.3), 2 mM MgGJ and various concentra-
products were subcloned into pCR 2.1 TOPO-TA vector and tions of [adenylaté?P] NAD at 37°C as indicated. Radio-
sequenced. By this method, we identified one clone carrying labeled proteins were analyzed by phosphorimaging, and the
the remaining 105 bp, followed by an in frame stop-codon. amount of incorporated{P] ADP-ribose was calculated from
The complete coding sequence of the mature ADP-ribosyl- Phosphorimager data.
transferase was amplified from genomic DNA and cloned  Glucosylation Reactior2 uM recombinant RhoA, B, and
into the pGEX 2TGL vector, followed by DNA sequencing. C were incubated with the enzymatically active fragment
CDB 1-546 (5 nM final concentration) fronClostridium

T AbDreviat W C3 bt wild o3 g difficile toxin B as described previousl2g). Radiolabeled
reviations: r cer, recombinant wild-type C3cer expresse ; ; ;

and purified fromE. coli; C2lla, activated C2lII toxin fronClostridium proteins were analyzed by phgsphonmagmg.

botulinum C2IN—C3cer, fusion toxin consisting of the N-terminal half NAD Glycohydrolase Reactiorfror detection of glyco-

of C2I toxin from C. botulinumand the complete rWT C3cer. hydrolase activity, 200uM [adenylate®’P] NAD were
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incubated with various concentrations of either rwT C3cer A a Mo WP

or mutant C3cer in a buffer containing 50 mM HEPES (pH cabot1 | 211 2356 9.0

7.3) and 2 mM MgGlat 37°C for up to 3 h. Three microliter cabotz | 208 2320 946

aliquots of the reaction mix were separated by TLC on Silica C3lim 205 2301 957

Gel 6Qo54 (Merck, Germany) with 66% 2—propano| and C3staul | 212 23.79 9.02

0.33% ammonium sulfate, followed by phosphor imaging. C3stau2 | 212 2364 942

The amount of cleaved [adenylat#] ADP-ribose was Cstau3 | 221 2507 899

calculated from Phosphorimager data. C3cer 219 2525 9.30

Precipitation AssayWild-type RhoA was expressed as

recombinant glutathion&transferase fusion protein iB. B Cabot1 Cabot2 Clim  Cistaul Cdstauz Cdstaud Cacer
coli and coupled to glutathione beads. About gsof RhoA Cabot1 | 100 o5 o " ” 3 s
was incubated with 300 ng of toxin (rWT C3cer or mutant) Cibot2 | 65 100 67 34 35 33 36

in a buffer containing 50 mM HEPES (pH 7.3), 2 mM C3lim 63 67 100 35 34 31 36
MgCly, 1 mM DTT, 1 mM EDTA, 1 mM PMSF and Nonidet C3staul | 34 34 35 100 77 65 29
P40 (final concentration 0.5%) for 45 min at°€. Beads C3stau2 | 34 35 34 77 100 69 29
were washed 3 times with buffer and subjected to SDS C3staus | 33 33 31 65 69 100 31
PAGE. After transferring proteins onto nitrocellulose, bound | C3cer 38 36 36 2 2 31 100

toxin was detected with a specific polyclonal antibody against Ficure 1: (A) Properties of C3-like ADP-ribosyltransferases. aa:

rWT C3cer (1:10 000 in PBST). . amino acids; IP: theoretical isoelectric point. Accession numbers
Construction of C2IN-C3cer Fusion ToxinThe C2IN- are P15879 [C3bot1], Q00901 [C3bot2], X87215 [C3lim], P24121

C3cer fusion toxin was constructed as described for G2IN  [C3staul], AJ277173 [C3stau2], AP003088 [C3stau3], AJ429241
C3lim fusion toxin @9) using the Bgl I/BamH | site flanking ~ [C3cerl- (B) Amino acid identity between C3-like ADP-ribosyl-

. . . transferases. Sequences (without signal sequence) were aligned
the ADP-ribosyltransferase gene. The recombinant fusion sing the program “pair wise blast” at NCBI and identity is given
toxin was expressed as glutathioi®transferase fusion  in 9.
protein and purified as thrombin-cleaved recombinant pro-
tein. Purification was checked by SBAGE. C3cer with related C3-like ADP-ribosylating enzymes re-

Cytotoxicity AssayVero cells were grown to subconflu-  vealed some characteristics of this family of enzymes: (i)
ency at 37°C, 5% CQ in Dulbecco’s minimum essential  all transferases have approximately the same size of-204
medium (DMEM) containing 10% FCS, 2 mM glutamate, 221 amino acids, (ii) their molecular masses range from 23
100 U of penicillin/mL, and 10Q:g/mL streptomycin. For  to 25 kDa, and (iii) all of them are basic proteins, having
cytotoxic assays, medium was changed to serum-free DMEM theoretical isoelectric points between 8.99 and 9.60 (Figure
and subconfluent cells were treated with either activated C2Il 1A). In contrast, their amino acid identity is rather weak,
or C2IN—C3cer alone or with activated C2Il in combination ranging from 29 to 77% (Figure 1B), although several
with increasing concentrations of C2HNC3cer or C2IN- residues are conserved between all C3-like ADP-ribosyl-
C3lim as control. Pictures were taken after 3.5 h. For transferases (Figure 2). From those, C3cer!hiTyr!e0,
differential ADP-ribosylation, Vero cells were treated as GIn'83 and Gld®° are localized at the C-terminus and are
described above. Cells were washed three times with PBS highly conserved between all C3-like exoenzymes. The
scraped off the plates, and lysed by sonication. About@0  glutamate residue is pivotal for enzymatic activity of all
of lysate (Bradford) was used fot?P]-ADP-ribosylation by known ADP-ribosyltransferases, while the glutamine residue
C2IN—C3cer as described above. For the quantification of is present in all transferases, which modify their target
the total amount of RhoA, about 8@ of lysate (Bradford)  proteins at an asparagine residue. The aromatic and the
was probed with a specific RhoA antibody (Clone 26C4, hydrophilic residue are part of the so-called “ARTT”-motif,
1:500, Santa Cruz Biotechnology). which is involved in the recognition of Rho/A(). A third
RESULTS region, described as the “STS” motif, which is critical for

enzymatic activity of several ADP-ribosylating toxins, covers

Nucleotide Sequence of C3cdhe native ADP-ribosyl-  residues C3cer S&f, Thr'43 and Se¥*. Furthermore, three
transferase frorB. cereusvas purified recently, and amino  arginine residues, C3cer Ay Arg®’, and Ard> are
acid sequences of peptide fragments were determined byconserved among the family of C3-like transferases.
peptide sequencin@). Here we cloned the transferase from Substrate Specificity of the Recombinant ADP-Ribosyl-
the genomic DNA ofB. cereusstrain 2339 with primers  transferase Using high concentrations of the transferases,
deduced from the N-terminus of the purified, native trans- we found that recombinant C3cer ADP-ribosylated only
ferase and the'3end of the complete gene. Sequencing RhoA, B, and C. Racl was only modified in traces, while
analysis revealed an open reading frame covering 657 bp,Cdc42, RhoE, Rnd3, RalA, and Ras were not modified
followed by an in-frame stop-codon with a GC-content of (Figure 3A,B or data not shown). These findings are in
33%. Recombinant wild-type (rWT) C3cer covered 219 agreement with previously reported data. In more detail, we
amino acids; it has a mass of 25.2 kDa and a theoreticalfound that the specific ADP-ribosyltransferase activity of
isoelectric point of 9.30. Furthermore, the deduced amino rWT C3cer for RhoA was 35 times lower if compared to
acid sequence matches four peptides, which were previouslythe other C3-like ADP-ribosyltransferases (Figure 3E).
generated by proteolytic digestion of the native transferase Moreover, we were surprised to find that the various Rho
and determined by peptide sequenci@g)( subtypes Rho A, B, and C differed considerably in their

Alignment of C3cer with Other C3-Like ADP-Ribosyl- substrate properties. Therefore, the values for NAD and
transferases Comparison of the amino acid sequence of the Vpna Of the recombinant exoenzyme-catalyzed ADP-
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*
C3cer 1 GNIPTKPKDCNNVDKYKLCITINK- - EEEDAWGKKQFNK - - WEKEEKSAII RDFTKNARP 56
C3staul 1 ~mmmmmmmeee ADV-KNF|TDL- - DEATKWGNKL IKQAKY|SSDDKIAL YEY TKDSSK 45
C3stau2 1 —mmmmmmmmm - AET - KNF|TDL- - VEATKWGNSL IKSAKY|JSKDKMAI YNY TIKNSS P 45
C3stau3 1 ~mmmmmmeeee ADDVKNFIIDLTFTEATNWGNKL TKOANYSSKDKEAT YNV TKY SSP 48
C3botl 1 —mmmmmmee- AYSNTYQEF|TINT - - DQAKAWGNAQYKKYGLSKS EKHAIIVSY TIKSASE 48
C3bot2 1 —mmmmmmee- SYADTFTEFTINV- - EBAKKWGNAQYKKYGLISKPEQHAT KFY TRDASK 48
C31lim 1 ------ P- - - -YADSFKEFINI - - DEARAWGDKQFAKYKIJSSE TIYTRNAAR 48
*
C3cer LDS-DPTMKKKIESLD}- - KALNRKEAKVNDNIKVYRGDDA- - - - - - - WIFGK 106
C3staul INKLDSTTQDKVRRI|D- - SSIS- -KSTTPESVYVYRLLNLDYLTSIVGFTNE 101
C3stau2 VNKLSENIQEQVRQID- - STIS - -KSVTPDSVYVYRLLNLDYLSSITGFTRE 101
C3stau3 ISNFSADLQEKILRI|DFTRLIS - -KSSTSDSVYVYRLLNLDYLSSVKGFSSE 106
C3botl INGFPSNLIKQVELI|D- - KSFN- - KMKTPEN IMLFRGDDP- - - - - - - AYLGT 97
C3bot2 ENGLPADILQKVKLID}- - QSFS - - KMKMPQNT I LFRGDDP- - - - - - - AYLGP 97
C31lim TNGLPADIRKEVEQID- -KSFT- - KMQTPENI ILFRGDDP- - - - - - - GYLGP 97
C3cer 107 EYDNSII-KNGKVDREKFKEIQKKFQG--KTT 163
C3staul 102 DLYKLQQTNMGQYDENLVRKLNNVMNS--RIY 158
C3stau2 102 DLHMLQQTNMGQYNEALVSKLNNLMNS--RIY 158
C3stau3 107 DLELLYKTENGKYNEELVKKLNNIMNSFTKIYTHYGY 165
C3botl 98 EFQNTLLNSNGTINKTAFEKAKAKFLN- - KDRLHYG YIS 154
C3bot2 98 EFQDKILNKDGTINKTVFEQVKAKFLK- - 153
C31lim 98 DFENTILNRDGTINKAVFEQVKLRFKG- - 154
_ * k %k * _
C3cer 164 GSETHGAYMNSDDLTAY PEQNELLLPRN- - TVYKIEKIYIAIDNNTQKEQIKVEATIK 219
C3staul 159 PKQT LNSKDLTAYYGOQEVLLPRG- - TEYAVGSVELS - - - - NDKKK|I|I ITAIVFKK 212
C3stau2 159 PKQT IDSKELTAYPGQREVLLPRG- - TEYAVGSVKLS - - - - DNKRK[T|T ITAVVFKK 212
C3stau3 166 PKQT IDSKNLTAYPGQRHEIILLPRETFTDYT INTVKLS - - - - DDHKRILIEGIVFKK 221
C3botl 155 AKGSKAGYID--PISAFAGQLEMLI.PRH- - STIVHIDDMRLS- - - - SDGKQIT ITATMMGTAINPK 211
C3bot2 154 TNGSKGGYID- - PISYFPEQLEVLIPRN--NSYYISDMQIS- - - - PNNRQIMITAMIFK 204
C31lim 155 LDGSKAGYIE- - PISTFKEQLEVLLERS- - STYTISDMOIA- - - - PNNKQIT ITALLKR 205
| S | R |
T T2

Ficure 2: Alignment of C3cer amino acid sequence with other C3-like ADP-ribosyltransferases. Numbers indicate the position of the
residues in the whole protein. Conserved residues are boxed, and an asterisk marks mutated residues in the C3cer sequence. The ADP-
ribosylating toxin turn-turn (“ARTT")-motif is indicated under the C3lim sequence. T1: Turnl, T2: Turn2. Amino acid residues covering

the phosphate nicotinamide loop (PN loop) are boxed in C3bot.

ribosylation of RhoA, B, and C were determined. Whereas function analysis of the ADP-ribosyltransferase. Therefore,
the Ky, values for NAD were in the same range for the Rho we generated several C3cer mutants, and expressed and
isoforms (RhoA 20.8M; RhoB 56.4uM and RhoC 17.1 purified them as thrombin-cleaved proteins fr&xmcoli. The
uM), the specific ADP-ribosyltransferase activity of rWT  specific ADP-ribosyltransferase activity of rvT C3cer was
C3cer for RhoA was determined to be 22.25 mol (mol of 22.25 mol (mol of toxin)! min~! as determined with
toxin)~* min~1, while it was 4.19 mol (mol of toxin)* min—?! recombinant RhoA as a protein substrate (Table 1). Whereas
for Rho B and only 0.99 mol (mol of toxin} min~* for rWT C3cer modified recombinant RhoA in a time-dependent
RhoC (Figure 3D). To study whether this rank order for manner, C3cer R59K, R97K, R59K/R97K, T178A, T178A/
modification of Rho proteins was typical for C3cer, we Q183E, Q183E, and E185Q possessed strongly decreased
compared the ADP-ribosylation of Rho isoforms by other or no detectable ADP-ribosyltransferase activity (Figure 4A
C3-like exoenzymes. All recombinant exoenzymes tested and/or Table 1), confirming the essential role of these
modified Rho GTPases with the rank order RheARhoB residues in enzymatic activity. Recently, Han et al. described
> RhoC in respect t&nax (Figure 3E and data not shown). an “ADP-ribosylating toxin turn-turn” (ARTT) motif in the
Exchange of only one residue in RhoC (lle43Val) resulted transferase C3bot, which is part of the loop that links
in an increase in th¥yac value of ADP-ribosylation catalyzed  S-strands 5 and 6. This motif is suggested to be important
by the various C3 ADP-ribosyltransferases, indicating that for the ADP-ribosylation of RhoAX8). Within this motif,
this structural feature might be responsible for the low rate an aromatic residue (T3 in C3cer) is proposed to play an
of modification of RhoC as compared to RhoA (Figure important role in the recognition of RhoA. A C3cer mutant
3B—D and data not shown). As a control for protein integrity, in whom this tyrosine is changed to threonine showed
RhoA, B, and C were tested in the glucosylation reaction decreased binding to RhoA and no detectable ADP-ribosyl-
catalyzed by the active fragment CDB-%46 from C. transferase activity (Figure 4A,B and/or Table 1). Further
difficile toxin B. In contrast to the ADP-ribosylation, RhoA, mutations were done in the “PN loop” (phosphate nicotina-
B, and C were glucosylated with the same kinetic (Figure mide loop), which links3-strands 3 and 4 and is suggested
3F). Interestingly, we found that C3staul (EDIN A) also to stabilize one phosphate and the nicotinamide moiety of
modified RhoE/Rnd 3, as it has been described for C3stau2NAD. Exchange of Ty#® or Arg*>®in C3cer, which are both
(EDIN B). located in this region, abolished the ADP-ribosyltransferase
Structure-Function Analysis of Recombinant C3cbls- activity of these recombinant mutants (Table 1).
ing photoaffinity labeling and protein sequencing, first ~ NAD Glycohydrolase Adctity. ADP-ribosyltransferases
indications for the localization of the active site of C3cer catalyze the hydrolysis of NAD in the absence of a specific
were obtained recentl26). Here we extended the structire  protein substrate. The specific NAD glycohydrolase activity
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A Ry RUBEPE S D specific ADP-ribosyltransferase activity | K, (NAD)
& & i g g 5 ! i [uM]
AT AN ad P ) xS (mol x mol " x min ) H
¥ ¥} < ¢ < 0
RhoA WT 22.25 + 0.09 20.8 £ 1.6
49 kDa -| S - o SaeE oeee s
a GST-RhoA RhoC WT 0.99 £ 0.08 17.1 + 3.3
RhoC I43V 18.50 £ 2.50 n.d.
49kDa - “umm— GST-Rac1
E
52 kDa — [ — GST-RhoE 2z  120;
Z RhoA RhoB RhoC
8 £ 100
54 kDa — roen GST-Rnd3 g E 1L
2°c 80
48 kDa ~ p— GST-Cdc42 5 &
23 601
g5
B H g 40 4
o c
24 kDa —| gy - e <z
; 20 4
§E _|
a
g.sp? 9'5‘& Q_,,‘\cuc" g&"\ \Qa ® 0 I'"I|_'_|r-||--| | —
A A A7 N & > 3 3
& & & 8 & & & & &
@ & & & & SN N P S
A (Pl v 7O LG P OO
& oY O TS O
Cc ADP-ribosylation F RhoA RhoB RhoC
RhoA 36...PTVFENYVAD.. .45 - —— - i — P - —
RhoB 36...PTVFENYVAD.. .45
RhoC 36...PTVFENYIAD.. .45 5 15 30 30 5 15 30 30 5 15 30 30 time [min]
Racl 34...PTVFENYEAN.. .43 + 0+ + = 4+ o+ o+ -+ o+ 4+ = CDB 1-546

FiGURE 3: Substrate specificity of recombinant C3cer. (A)d.of the indicated GTPases 2 uM) were ADP-ribosylated by recombinant

C3-like ADP-ribosyltransferases (20 nM final for 10 min at 32 for GST-RhoA or 200 nM final for 60 min at 3T for other GST-
GTPases) in the presence &H]NAD. (Note the enzyme concentrations and incubation times are much higher than for determination of
the specific enzyme activity as given in panel E). Radiolabeled probes were subjected-t#SGE and the autoradiography is shown.

(B) 1 ug of the indicated GST-GTPasesZ uM) were ADP-ribosylated by rWT C3cer (10 nM final, 5 min at 3Z) in the presence of

[32P] NAD. Radiolabeled probes were subjected to SPBGE and the autoradiography is shown. (C) Alignment of partial sequence of
RhoA, B, C, and Racl. Numbers indicate the position of the residues in the whole protein. Residues, which have been identified in RhoA
to be critical for ADP-ribosylation, are boxed in Racl. An arrow marks the acceptor amino acid Rho Asn4l in the C3-catalyzed ADP-
ribosylation. (D)Kr, for NAD in the ADP-ribosylation of RhoA, B, and C catalyzed by rWT C3cer and specific ADP-ribosyltransferase
activities of rwWT C3cer either for RhoA, B, or C or RhoC 143V. (E) Specific ADP-ribosyltransferase activities of C3-like exoenzymes for
RhoA, B, and C. Recombinant Rho GTPases were ADP-ribosylated as described under Materials and Methods. Specific activities for each
Rho protein were calculated from the linear phase of the reaction (2 nM final toxin concentration for RhoA, 5 nM toxin for RhoB and 20
nM toxin for RhoC for 0.5, 1, or 2 min at 37C) using Phosphor-imager and are given in mol ADP-ribosylated Rho per mol toxin per
minute. (F) Glucosylation of GST-RhoA, B, and C 8y difficile active fragment CDB 4+546. Reaction was performed as described under
Materials and Methods, and the autoradiography is shown.

of rWT C3cer was 0.29 mol of hydrolyzeé&@P] NAD (mol this fact, we constructed a fusion toxin consisting of the
of toxin)~* min~%. On the other hand, C3cer R59K, R97K, N-terminal part of the C2I toxin fronC. botulinumand the
R59K/R97K, Y151V, R155E, or E185Q exhibited strongly complete ADP-ribosyltransferase frobh cereusand com-
decreased or no NAD glycohydrolase activity (Table 1). pared it to the original described C2H#C3lim fusion toxin.
C3cer T178A, T178A/Q183E and Q183E, which also had |n combination with the activated binding component C2II,
no ADP-ribosyltransferase activity, ex.hi.bited only a-50 increasing concentrations of C2#C3cer led to rounding
70% reduced NAD glycohydrolase activity as compared oy, of vero cells with only small extensions remaining (Figure
recombinant wild type. In contrast, C3cer C19A and Y180T 5B-D) as it was observed with the control toxin C2#N

possessed a5-fold increased NAD glycohydrolase activity C3lim (Figure 5E). Conversely, activated C2II or C2iN

(Table 1). C3cer alone had no effect on Vero cells (Figure 5F,G). To

Binding of Recombinant C3cer Proteins to RhoPo test whether these morphological effects were related to
examine the ability of rwT C3cer and mutants to bind RhoA, . . P 9 :
ADP-ribosylation of Rho proteins, toxin-treated cells were

we set out a precipitation assay with these proteins. All tested . )

proteins, except C3cer Y180T, were capable of binding to \YSed and cellular Rho was ADP-ribosylated in the lysate
immobilized RhoA, although they were unable to ADP- PY C2IN—C3cer fusion toxin in the presence Sff]NAD.
ribosylate RhoA (Table 1 and Figure 4B). The amount of A concentration-dependent decrease of radiolabeling of Rho

bound protein was comparable to that of rWT C3cer, Proteinswas observed (Figure 5H). Moreover, Western Blot
indicating a normal binding affinity for their protein substrate analysis showed that these findings were not due to the
RhoA. Moreover, all tested C3er proteins in this assay were degradation of cellular RhoA, because equal amounts of
recognized equally well by the antiserum (data not shown). RhoA could be detected in each probe (Figure 5I), indicating

Cytotoxicity of Recombinant C3eC3-like ADP-ribosyl- that the fusion toxin C2IN-C3cer modified Rho in intact
transferases exhibited very poor cell accessibility. Due to cells.
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Table 1: Summary of Properties of Recombinant C3cer Wild Type A 16
(rWT) and Recombinant C3cer Mutahts = 1
ADP-ribosyl- NAD glyco- 5 wr
transferase hydrolase < 12
activity [relative activity [relative RhoA g 10
toxin activity in %] activity in %]  binding T g
C3cer WT 100 100 + .
C3cer C19A 118t 0.09 197+ 10.8 n.d. 2
C3cer R59K 1.1 0.09 <0.01 + 2 4
C3cer R97K 1.9t 0.05 <0.01 + -
C3cer R59K/RI7K <0.01 <0.01 + 2 G036
C3cer Y151V 1.6+ 0.08 4.1+ 0.03 + 0 Y180T
C3cer R155E 0.2 0.001 <0.01 +
C3cer T178A 1.3:0.2 52+ 1.4 + 0 1 2 4 time [min]
C3cer T178A/Q183E  <0.01 29+ 2.0 n.d.
C3cer Y180T <0.01 545+ 10.4 ) B
C3cer Q183E <0.01 45+ 35 1 T — . ——— - - )
C3cer E185Q <0.01 <0.01 +
aThe specific ADP-ribosyltransferase and NAD glycohydrolase c,‘-"\ ;!{‘ ef’g*'q?dh Qgi\*' ,3;'9 ,\e& RS .\%'5(",@"-‘0 &£
activities were measured as described under experimental procedure: ,bc.“ & & d{) G{‘ a.f"‘ 0«& "R
and determined as 22.25 mol (mol of toxik)min~! for transferase O o o ‘qf’ FF o o

and 0.29 mol of hydrolyzed®jP] NAD (mol of toxin)~* min—t for
glycohydrolase activity, respectively. For calculation of the relative
enzyme activities, rWT C3cer activity was set as 100% and SE is given Figure 4: (A) Time-dependent ADP-ribosylation of GST-RhoA
from three independent experiments. For immunoprecipitation experi- by rWT C3cer and mutant recombinant C3ceugdlof RhoA (~2
ments, glutathione Sepharose beads-coupled RhoA was incubated witl"ﬂM) was incubated with the indicated toxins in the presence of
the indicated proteins. Beads were washed, subjected to-BBSE, [32P]NAD for up to 4 min. Radiolabeled probes were subjected to
and blotted onto nitrocellulose. Bound toxin was detected with a SDS-PAGE, and the amount of modified RhoA was quantified
specific polyclonal C3cer antibody:: normal binding to RhoA,): by phosphorimaging. The concentrations of rWT C3cer were 10
reduced binding to RhoA, n.d. not determined. Data are summarizednM and 1 uM for C3cer Y180T, Q183E, and E185Q. (B)
from Figure 4B. Precipitation of rwT C3cer and mutant C3cer with GST-RhoA
immobilized to glutathione Sepharose beadsglof GST or 2ug

of GST-RhoA were incubated with either 300 ng of rWT C3cer
DISCUSSION and mutant C3cer for 45 min at°€ as described under Materials

H he cloni dch o fth and Methods. Bound toxin was detected with a specific polyclonal
ere we report on the cloning and characterization of the gnipody against rWT C3cer. Con: recombinant C3cer (200 ng)
recombinant ADP-ribosyltransferase C3cer fr@&ncereus as a control for the antibody.

strain 2339, which is a member of the C3-like exoenzymes
known to modify Rho GTPases. The enzyme was identified of Glu. The above-mentioned peptide covers residue&&lu
previously 25) and partially characterize@§). These earlier  through Arg®in the sequence of C3cer. In fact, the sequence
studies resulted in determination of the amino acid sequencesomparison with other ADP-ribosyltransferases, the photo-
of four peptides of C3cer, already suggesting that the labeling data and the site-directed mutagenesis studies shown
transferase fronB. cereuss rather distantly related to other in this report indicate that Gl is the so-called “catalytic
C3-like transferases. Because the previously identified “pep- glutamic acid”, which is conserved in prokaryotic as well
tide 4” (26) from native C3cer exhibited significant sequence as eukaryotic ADP-ribosyltransferase,(32). Consistent
identity with the C-terminal end of other known C3-like with this fact, C3cer E185Q exhibited no NAD glycohydro-
transferases, we used it for further detection of the toxin gene.lase and no transferase activity, but normal binding to RhoA.
By construction of a library oB. cereuggenomic DNA and  This glutamate is located in turn 2 of the so-called “ARTT
applying a PCR-based method, we identified the nucleotide motif’ that has been described by Han and co-workaB} (
sequence and cloned the ADP-ribosyltransferase from ge-and is present also in actin-ADP-ribosylating toxins such as
nomic DNA. The deduced amino acid sequence of the the vegetative insecticidal protein VIRB4). The motif
transferase and additional biochemical studies showed thaiconsists of two short loops, turn 1 (residues 4181 in
recombinant C3cer shares structural and biochemical featuresC3cer) and turn 2 (residues 18285 in C3cer). A further
common to other C3-like transferases, including the high functional residue, C3cer Gif#, is located in turn 1 and is
isoelectric point of>9, the typical molecular mass between conserved in all asparagine-modifying C3-like transferases.
23 and 25 kDa and the protein substrate specificity of RhoA, Exchange in C3cer (Q183E) completely inhibited the trans-
B, and C for the ADP-ribosyltransferase reaction. On the ferase activity but caused only a modest reduction in NAD
other hand, C3cer exhibits the lowest sequence amino acidglycohydrolase activity. Similar results were obtained re-
identity to all other C3-like exoenzymes. Therefore, C3cer cently with C3stau217).
seems to represent a distinct branch in the family of C3-like  Besides the mentioned glutamine, a hydrophobic residue
ADP-ribosyltransferases. in turn 1 (Phé%® in C3bot, note the different numbering as
Previously, Just et al. identified the NAD-binding site of compared to the reference) was proposed to be involved in
C3cer by photolabeling with [carbon¥i€] NAD (16). After protein substrate recognition. Recently, we confirmed this
digestion of the labeled transferase, they showed that thehypothesis by site-directed mutagenesis studies of C3stau2
labeling takes place at a peptide, covering the sequence(17). Exchange of the equivalent residue C3cerd%to
X-Leu-Leu-Leu-Pro-Arg, with X being an unknown PTH- threonine reduced either ADP-ribosyltransferase activity and
amino acid derivative most likely caused by photolabeling binding to immobilized RhoA. Conversely, the NAD
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Ficure 5: (A—G) Cytotoxic effects of C2IN-C3cer and C2IN
C3lim fusion toxin on Vero cells. Cells were grown in DMEM
plus 10% fetal calf serum (FCS) to subconfluency. Medium was
changed to DMEM without serum, (A) buffer or proteins were
added and cells were further incubated at'@7 After 3.5 h, cells
were photographed and arrows indicate remaining extensions o
intoxicated cells. Proteins used are (B) 200 ng/mL C2lla plus 100
ng/mL C2IN—C3cer, (C) 200 ng/mL C2lla plus 200 ng/mL C2N
C3cer, (D) 500 ng/mL C2lla plus 500 ng/mL C2HC3cer, (E)
200 ng/mL C2lla plus 100 ng/mL C2HNC3lim, (F) 500 ng/mL

Wilde et al.

in the presence of NAD, it was suggested that the affinity
for NAD is slightly reduced after mutation, resulting in an
increased rate of NAD turnover at the enzyme7)(
Unfortunately, we were not able to proof this hypothesis with
C3cer, because the transferase contains three tryptophan
residues (positions 28, 36, and 102). Therefore, no quenching
of tryptophan fluorescence could be detected after adding
increasing concentrations of NAD to C3cer in solution. Taken
together, we propose that within the ARTT-motif, C3cer
GIn'# s involved the interaction with the acceptor amino
acid residue Asn41l of RhoA, thereby defining the specificity
of the ADP-ribosylation reaction, while C3cer Tftbeing
responsible for the affinity to the protein substrate.

Recently, the structure of C3bot cocrystallized with NAD
was reported by Menetrey et all9). They found that the
ARTT motif undergoes a major movement from solvent
exposure toward the interior of the NAD binding cleft upon
NAD binding thereby covering the nicotinamide ribose by
the side chains of S¥¥, Phé®%® and GIri72 (note the different
numbering as compared to the reference). C3bot’&itays
a critical role in this formation of the active site by forming
a network of interactions by interacting with C3bot Gfp
which in turn lays along the aromatic ring of Pfiand with
a water molecule that links Séfand Gld’% We compared
these structural features with the recently solved crystal
structure of ART2.2. This eukaryotic Ecto-ADP-ribosyl-
transferase shares a glutamine (ART2.2 &)nand a
glutamate residue (ART2.2 Gft) at equivalent positions.

In addition, a serine (equivalent to $&iin C3bot and Thr'®

in C3cer) is involved in the coordination of a water molecule
as described for C3boB2). Because this water molecule
would be an ideal acceptor for the ADP-ribose in the NAD
glycohydrolase reaction, we decided to exchange it to alanine
in C3cer. However, C3cer T178A exhibited reduced ADP-
ribosyltransferase activity but almost the same NAD glyco-
hydrolase activity as compared to rwT C3cer. These findings
suggest that the coordination of this water molecule is not
essential for the NAD glycohydrolase activity but rather
involved in the ADP-ribosyltransferase reaction of C3cer.
Interestingly, the double mutant (T178A/Q183E) exhibited
also only 70% reduction of NAD glycohydrolase activity.
So far, we are unable to explain our findings in regard to
the mentioned network of interactions, which is postulated
for these two key residues.

Menetrey and co-workerd ) described a novel second
structural feature involved in the binding of NAD. It covers
residues 137146 in C3bot (note different numbering).

fWithin this stretch, termed phosphate nicotinamide loop (PN
loop), the aromatic side of PHg stacks against the nicoti-
namide moiety and Afg® forms hydrogen bonds to one
phosphate group of NAD. We were able to confirm the role

similar treated as described above, were scraped from a 10-cm

culture dish, washed, and lysed by sonication. Aboyt@0f total

cell lysate (Bradford) was®*{P]-ADP-ribosylated in the presence
of 10 nM C2IN—C3cer for 30 min at 37C. Probes were subjected
to SDS-PAGE and the autoradiography is shown with numbering
the same as in panels-A5. (H) Western Blot analysis with an

anti-RhoA antibody of the same probes described under panels

A-G.

analysis, showing that this structural element, which is
conserved in all C3-like ADP-ribosyltransferases, has most
likely the same function in all C3-like exoenzymes.
Comparing the substrate specificity of C3cer with other
C3-like ADP-ribosyltransferases, we found that the toxin
modified only RhoA, B, and C. Interestingly, there are major
differences in the kinetics of the modification of Rho

glycohydrolase activity of C3cer Y180T was increased by GTPases, although the amino acid identity between all three
about 5-fold, as we observed it with C3stau2. From tryp- is more than 85%. Moreover, we found these differences in
tophan-quenching studies performed with this exoenzyme the ADP-ribosylation of RhoA not only for C3cer, but also
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for C3botl, C3lim, and C3staul/2. While RhoA was the 2.
preferred substrate, the specific ADP-ribosyltransferase
activities for RhoB and C, were 5 and 23 times lower,
respectively. Earlier ADP-ribosylation studies on the sub-
strate properties of RhoA and Rac suggested that the RhoA
residues GItf and Vaf® are essential for efficient ADP-
ribosylation by C3bot 35). Because in RhoC the latter
residue is changed to isoleucine, we tested the substrate
properties of lle43Val RhoC in ADP-ribosylation experi-
ments showing that RhoA Héis critical for the difference

in the kinetics of the ADP-ribosylation reaction observed
with the Rho protein subtypes. Vice versa, the exchange of
valine to isoleucine, leads to a decreased ADP-ribosylation
by C3cer (data not shown). Individual differences in the
stability of the Rho isoforms appear not to be of importance, 1g.
because all three GTPases were modifiedGydifficile
active fragment CDB 1546 with similar kinetics.

Due to the absence of a specific receptor binding and
translocation domain, the cell accessibility of C3-like ADP-
ribosyltransferases is poog,(3). Therefore, C3-like ADP-
ribosyltransferases are often described as exoenzymes than!3:
as toxins. To overcome the shortage of low cell accessibility, ,,
protein delivery systems on the basis of bacterial tox2®s (
36) or short peptides have been us&é)( We studied the
cellular effects of rwWTC3cer by means of a protein delivery
system, which is based on the bin&ybotulinumC2 toxin,
which consists of the enzyme component C2| and the
binding/translocation component C2IB{—40). A fusion
protein was constructed consisting of the N-terminal part
(amino acids +225) of C2I and the complete C3cer. Upon
binding to C2II, the fusion toxin was transported into cells.
Treatment of cells with the fusion toxin caused redistribution
of the cytoskeleton similarly as observed with other C3
transferases, indicating the inactivation of Rho GTPases.
Accordingly, subsequent C3cer-catalyzed ADP-ribosylation
of RhoA in the cell lysate was largely reduced after
pretreatment of intact cells with the toxin.

Because of the poor cell entry ability, the biological
functions of C3 exoenzymes as virulence factors and their
pathophysiological role are still largely enigmatic. It is
possible that a specific transporter for C3-like transferases
exists, which has not been identified so far. At least two
other possibilities have to be discussed. First, it was found
that C3stau-producing. aureusare invasive bacteriad(,

42) and are most likely able to release C3 directly into the
cytosol @3). Second, it was shown recently that the pore-
forming toxin streptolysin O fronStreptococcus pyogenes
specifically facilitates the cell entry of the bacterial exoen-
zyme NAD glycohydrolase, which by itself is not able to
enter eukaryotic target celld4). A similar mechanism may
exist for some C3 exoenzymes including C3cer. In this
respect, it is notable th&. cereusproduces several pore-
forming toxins Q0). Thus, whether one of these possibilities
applies for the cellular entry of C3cer has to be studied.
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