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ABSTRACT. Clostridium limosumADP-ribosyltransferase modifies low molecular mass GTP-binding proteins
of the Rho subtype family. Here we cloned and sequenced the gene of the transferase and expressed it

in Escherichia coli The gene encodes a protein

of 250 amino acMs= 27 840), with a putative

signal peptide of 45 amino acids, that shows about@ o identity with C3 transferases fro@iostridium

botulinum The matureC. limosumtransferase was

expressed as a maltose-binding fusion protgin in

coli and purified to apparent homogeneity. To study the functional role of GlulZ4limhosumtransferase,
which was recently photoaffinity-labeled withdrbonyt“C]NAD [Jung, M., et al. (1993J. Biol. Chem
268, 23215-23218], two mutants E174D and E174Q were constructed by a polymerase chain reaction-

based system. The E174D and E174Q mutants s
in Kmnap. Furthermore, replacement of Glul74

howed a dramatic deciteasbuhno major changes
by aspartic acid and glutamine largely reduced and

completely blocked UV-induced incorporation abfbonyt“C]NAD into the transferase. The data indicate
that Glul74 is an active site residue ©f limosumtransferase.

A family of bacterial ADP-ribosyltransferases selectively
modifies low molecular mass GTP-binding proteins of the
Rho subtype family. Members of this enzyme family are
Clostridium botulinumC3 exoenzyme (Aktories et al., 1987,
1988), Clostridium limosuntransferase (Just et al., 1992),
Bacillus cereudransferase (Just et al., 1995), and a trans-
ferase called EDIN(Inoue et al., 1991), which is produced
by certain strains ofStaphylococcus aureusMoreover,
several isoforms of C3 have been reported that are7®06
identical on the amino acid level. EDIN is only about 35%
identical with C3 and shows no immunological cross-
reactivity (Inoue et al., 1991). All of these transferases have
molecular masses of about 238 kDa, are rather basic
proteins (p >9), and ADP-ribosylate the low molecular mass
GTP-binding proteins RhoA, -B, and -C (Braun et al., 1989;
Chardin et al., 1989; Sugai et al., 1992). ADP-ribosylation
of Rho occurs at Asn41 (Sekine et al., 1989), a modification
that renders the target protein biologically inactive (Paterson
et al., 1990).

Recently, we labeled the transferase fr@mimosumin
the presence ofchrbonyt“CIJNAD by UV irradiation and
identified the acceptor amino acid of the label by protein
chemistry in a conserved sequence at the C-terminus, which
corresponds to position 174 6f botulinumexoenzyme C3
(Jung et al., 1993). To compatk limosumtransferase with
C3 and to study the functional role of the radiolabeled
glutamic acid residue in more detail, we then sequenced the
C. limosumtransferase gene and constructed mutants. Here
we report that the selective changes in the recently photo-
affinity-labeled glutamic acid residue (Glul74) to Asp or
GIn reduced the transferase activity by more than 1000-fold
without major changes in the binding of NAD. These
findings indicate that Glu174 is part of the active siteQof
limosumtransferase.

EXPERIMENTAL PROCEDURES

Materials C. limosumADP-ribosyltransferase were puri-
fied as described (Just et al., 1992). Recombinant RhoA
(Paterson et al.,, 1990) and Racl ‘(Med et al., 1992)
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was obtained from Boehringer (Mannheim, Germany).
adenyt®?P]NAD and [carbonyH4CIJNAD were from Dupont

EN (Bad Homburg, Germany). Nucleotides were from
Boehringer. All other reagents were from Sigma (Deisen-
hofen, Germany).

Bacterial Strains and VectorsC. limosumstrain 2 (Just
et al., 1992) was used as the sourceCofimosumADP-
ribosyltransferase and of DNA for cloning the exoenzyme
gene. AC. limosumADP-ribosyltransferase-specific library
was constructed in pUC19 (Biolabs, Germany) and pBlue-
script (Stratagene, Heidelberg, Germany) vectors using TG1.
Plasmid pMal-c2 (Biolabs, Schwalbach, Germany) was used
(for expression of the€. limosum2 ADP-ribosyltransferase
gene in TG1.

© 1996 American Chemical Society
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Gene Cloning and ExpressionAll procedures were

according to Maniatis et al. (1982), unless otherwise speci-

fied. Restriction endonucleases, factor Xa, and Klenow
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(pUC19-2.1). DNA from the 0.#1.0 kb region was eluted
and cloned into éBarnrHI site of pBluescript-Il KS: via
BanHl| adapters. Recombinant clones were screened by

polymerase were from Biolabs and other enzymes were fromcolony hybridization with theHincll fragment described

Boehringer. DNA was$?P-labeled by a Random-Prime-It-

earlier. pBluescript plasmid containing the insert at the

Kit (Stratagene) and sequenced by the didesoxy chainBanHI site (pBlue-2.91 plasmid) was isolated and sequenced.

termination procedure using a Sequenase Kit (USB, Cleve-

land, OH). CompetenkE. coli cells were prepared by the
method of Hanahan (1985). Oligonucleotide primers used

Construction of Plasmid for the Expression afli@osum
ADP-Ribosyltransferase in.[Eoli TGL Because both clones
isolated (pUC19-2.1; pBlue-2.91) did not contain the com-

for polymerase chain reactions and DNA sequencing were plete coding region ofC. limosumtransferase gene, but

purchased from MWG-Biotech (Ebersberg, Germany).
Isolation of DNA from Climosum The method was

adapted from that of Nemoto et al. (1991) used for the

isolation of DNA from C. botulinum C strain 003-9. C.

contained 5 and 3-regions that overlapped, the complete
transferase gene was constructedRéd sites in pBluescript
(pBlue-WT). To delete the upstream and downstream
noncoding regions (including the signal peptide) (see Re-

limosum2 was grown in a modified cooked meat medium gjts)  polymerase chain reactions were performed to amplify
(Just et al., 1992) under anaerobic conditions for 2 days atipe gene encoding for the matu@ limosumexoenzyme.

37°C. The cells were harvested by centrifugation at 000
for 15 min and suspended in 50 mM Tris-HCI (pH 8.0), 10
mM EDTA, and 0.15 M NaCl. Lysozyme (2 mg/mL) was
added, and after incubation for 4 h at 3C, the EDTA

Primers used for the amplification of tl@ limosumADP-
ribosyltransferase gene contairn@dimH| and EcaRl restric-
tion sites, which allowed directed cloning in the prokaryotic
expression vector pMal-c2. Proper construction was con-

concentration was raised to 0.1 M and sarcosin and proteinasqirmed by DNA sequencing of the resultant plasmid (pMal-

K were added to final concentrations of 1% (w/v) and 10
mg/mL, respectively. The mixture was incubated overnight

at 37°C. Resultant lysate was successively extracted twice

with phenol, phenol/chloroform (1:1), and chloroform, and
the aqueous phase was treated with/gmL RNAse A for

60 min at 37°C. The mixture was extracted twice with
phenol, phenol/chloroform (1:1), and chloroform, and DNA

was precipitated with ethanol and resuspended in TE buffer

[10 mM Tris-HCI (pH 8.0) and 1 mM EDTA] at a
concentration of 1 mg/mL.
Southern Blot AnalysisC. limosumDNA cleaved with

restriction enzymes was electrophoresed on a 0.4% agaros

gel (10ug of DNA/lane) and transferred to Nylon membranes
(Hybond-N, Amersham) as described by Southern (1975).
Filters were prehybridized in 7% sodium dodecyl sulfate
(SDS), 1 mM EDTA (pH 8.0), 0.5 M N&PO, (pH 7.2),
and 1% bovine serum albumin for 2 h at 8D. Hybridiza-
tion was performed in the same solution containing—10
10" cpm/mL *2P-labeled DNA probe (see the following)
overnight at 60°C. Filters were washed in»6 SSC (Ix
SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.5%
SDS, and 1 mM EDTA (pH 8.0) and, subsequently, i, 4
2x, and Ix SSC, 0.5% SDS, and 1 mM EDTA (pH 8.0) at
60 °C. The membranes were exposed to Kodak X-OMAT
films for 2 days.

Construction and Screening of the. Gmosum ADP-
Ribosyltransferase-Specific LibraryFor isolation of the
complete gene encoding f@. limosumADP-ribosyltrans-
ferase, two different genomic libraries were constructed. First,
C. limosumDNA was digested wittiPsi and electrophoresed
on a 0.4% agarose gel. A DNA fragment of 1.6 kb
hybridized with the??P-labeled 0.6 kiblindlll fragment from
pPMRP36 (Popoff et al., 1991), a pKK233-2 vector haboring
the DNA region coding for the mature C3 transferase protein.
DNA from the 1.3-1.9 kb region was eluted, purified, and
cloned into thePst site of pUC19. Recombinant clones

c2-WT).

Construction of Mutants Commercially available T3
primer and mutantC. limosum 42-mer oligonucleotides
(E174D: 3-AAC CTA TTA GTA CCT TTA AAG GTC
AAC TTG ACG TGT TGC TTC-3) (E174Q: 3 AAC
CTA TTA GTA CCT TTA AAG GTC AAC TTC AAG
TGT TGC TTC-3) were used for the amplification of the
3'-part of theC. limosumADP-ribosyltransferase gene by
polymerase chain reactions (PCR). Polymerase chain reac-
tions were performed according to Maniatis et al. (1989) in

100uL reaction volume of 50 mM KCI, 10 mM Tris-HCI
pH 8.8), 1.5 mM MgClJ, 0.25 mM dNTPs, 2.5 units of Taq
DNA polymerase, 100 pmol of primers, and 10 ng of pBlue-
WT1 with annealing at 42C and 25 cycles. Reaction
products were resolved on a 0.7% agarose gel. The PCR
fragments of 1300 bp were eluted from the gel and cloned
into the Hincll pUC19-2.1 site. Proper construction and
mutations were confirmed by DNA sequencing of the
resulting plasmids. Construction of the complete mutant
gene was performed under essentially the same conditions
as described for the wild-type toxin.

Protein Preparations from Ecoli TG1 E. coli TG1 cells
carrying the appropriate fusion plasmids (pMal-c2-WT,
pMalc2-E174D, and pMalc2-E174Q) were grown at°&7
in LB medium containing 102g/mL ampicillin until ODsoo
= 0.5. Expression of recombinaf limosumtransferase
was induced by isopropyi-p-thiogalactopyranoside (IPTG)
added to a final concentration of 1@/mL, and the cells
were grown for an additional 2.5 h. Cells were harvested
by centrifugation at 50@for 15 min. The cell pellet was
resuspended in 20 mM Tris-HCI (pH 7.5), 200 mM NacCl,
and 1 mM EDTA and sonicated three times for 1 min at 0
°C. Cell debris remaining and intact cells were removed
by centrifugation at 120@pfor 20 min. The fusion protein
was purified by affinity chromatography and cleaved by

were screened by colony hybridization using the same probefactor Xa according to the manufacturer’s instructions

as before. Plasmid DNA from a positive clone (pUC19-2.1

(Biolabs). The protein was subjected to DEAE-A50 chro-

plasmid) was isolated and sequenced. In a second approachmatography (1.5¢< 10 cm column, flow rate 1 mL/min) and

C. limosumDNA was digested witlRsd. A 0.8 kb DNA
fragment hybridized with a®P-labeled 328 bpHincll
fragment from the 3part of theC. limosumtransferase gene

recovered in the flow-through. Finally, maltose was sepa-
rated by a NAP-5 column. Purified enzymes were lyophi-
lized and resuspended in 50 mM Tris-HCI (pH 7.5).
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ADP-Ribosylation AssayThe ADP-ribosylation reaction ~ uW/cn?) was performed at 4C for up to 210 min. At the
was performed essentially as described (Just et al., 1992)indicated time points, 1L aliquots were removed and
Recombinant RhoA or Racl (0@ each) was incubated in  diluted with triethanolamine hydrochloride (10 mM, pH 7.5).
medium (100uL) containing 2 mM MgCJ, 1 mM dithio- Thereafter, the amount of labeling was determined by
threitol (DTT), 50 mM Tris-HCI (pH 7.5), and 16M [32P]- precipitation of photolabeled protein by trichloroacetic acid
NAD (about 1xCi) or as indicated for 15 min at 3. For (30%, w/v) and subsequent filtration onto nitrocellulose
kinetic studies, five NAD concentrations between 1 and 100 filters. The filters were washed with 15 mL of 6% (w/v)
uM were used, and the incubation times for wild-type and trichloroacetic acid, and the remaining activity was counted
mutant transferases were 4 and 30 min, respectively. Thisby liquid scintillation.
incubation time covered the linear phase of the reaction. The Protein Concentration Protein concentration was deter-
specific activities of the transferases were also studied in mined according to Bradford (1976) with bovine serum
the presence of BM [32P]NAD for up to 3 h at 25°C. 32P- albumin as standard.
labeled proteins were analyzed by SEXFSAGE according
to Laemmli (1970), with subsequent autoradiography or RESULTS
phosphorimaging (Molecular Dynamics). The amount of o ) ) )
incorporated ADP-ribose was calculated as nanomoles Rec_ent photoaffinity studies on the actlve_3|te s_tructure
(minute) ! (milligram)L. of C. Ilmqsumtransferas_e were based on partial amino acid

NAD-Glycohydrolase Actity Assay For the determina- ~ Séquencing of the_clostrldlal enzyme (Jung et al., 1993). To
tion of the NAD-glycohydrolase activity, the recombinant 9aln more InSIg_ht into the structure of the transferase and to
proteins (10Qug/mL WT, 1 mg/mL E174D, and 1 mg/mL  Compare its primary sequence to that@fbotulinum C3
E174Q) were incubated in medium (&) containing 10 ADP-rlbosyItransferase, we cloned and _sequenced the DNA
mM triethanolamine hydrochloride (pH 7.5), 2 mM Mg¢l of the C. limosumtransferase as described und_er Experi- _
1 mM DTT, and 100uM [32P]NAD for 4 h at 37°C. mental Procedures. Because both enzymes are immunologi-
Aligquots (5uL) of the reaction mixture were separated by Cally related (Just et al., 1992), we used a DNA probe of C3
TLC (Silica gel 60, Merck, Germany) with isopropyl alco- strain C 468, which corresponded to the 0.6 Kimdll
hol (66%)/1% ammonium sulfate (33%). Quantitative fragment from the C3 pMRP36 vector (Popoff et al., 1991)
analyses of ADP-ribose and NAD were performed by for Sogthern_analyms of. Imosum_DNA and screening of
phosphorimaging (Molecular Dynamics). The amount of &Pst library in pUC 19. Sequencing of the insert DNA of
ADP—ribose formed was calculated as picomoles (mimite) the positive clone (pUC19-2.1) revealed that the cloned
(milligram)~* (£SE). fragment was largely homologous to thepart of the C3

Immunoblot Analysis Immunoblotting was performed ~9ene. This DNA fragment was then used for Southern
according to Towbin et al. (1979) with anti-C3 1gG (1: analysis ofRsd-digestedC. limosumDNA and screening
10 000). The second antibody was anti-rabbit IgG coupled ©f @BamHl library in pBluescript. Sequencing of a positive
to peroxidase, and visualization was performed with the ECL PBluescript insert (pBlue-2.91) revealed a DNA fragment
system from Amersham. largely homologous to the'$art of the C3 gene.

Fluorescence QuenchingThe decrease in intrinsic protein Figure 1A shows the sequence of the complete gene of
fluorescence of WT, E174D, and E174Q as a function of C. limosumobtained from pBIue—2.92 and pUC19-2.1. The
the NAD* concentration was measured at@5 Solutions ~ gene contains an open reading frame of 750 bp, starting with
of the proteins [in 2 mL of Tris-HCI (20 mM, pH 7.5)] were ATG (nucleotides 154156) and terminating with TAA
excited at 295 nm (4 nm band pass), and the fluorescence(nucleotides 905907), encoding for a protein of 250 amino
intensity was measured over the range-3480 nm (10 nm  acids with aM, of 27 840. By comparison with the C3
band pass) in a Perkin-Elmer luminescence spectrometer (LSransferases fror@. botulinumtype C strain 468 (Popoff et
50). The final concentration of the proteins used in the al., 1991), we suggest that the encoded protein consists of a
experiments was 0.xM. The fluorescence decrease of signal sequence of 45 amino acid residues and the mature
L-tryptophan as a function of NAD concentration was used Protein starting after Lys45 with Pro46. The deduced amino
to correct the inner filter effect. The dissociation constant acid sequence matches peptides Asn@i4l, lle46-

(Kq) was calculated by regression analysis of the changes inArgs1, Ser74-Lys77, Met78-Arg88, Glul29-Alal44,
fluorescence intensity versus the NABoncentration. Alal60-1le166, and Alal66-Alal79 (mature protein num-

Protease Digestian The relative stabilities of the mutant  bering) of C. limosumADP-ribosyltransferase determined
proteins were assessed by proteolytic digestion with en- by protein chemistry (Just etal., 1992, 1993). The nucleotide
doprotease Lys-C. In parallel reactions, each toxinddp sequence ofC. limosumtransferase was identical to the
was incubated without and with 2g of Lys-C in a total sequences of C3 ADP-ribosyltransferase reported by Popoff
volume of 100uL of 50 mM Tricine-HCI (pH 8.0) and 10 et al. (1991) and Nemoto et al. (1991) by about 71% and
mM EDTA for 12 h at 30°C. Reactions were stopped by 74%, respectively. On an amino acid levél, limosum
the addition of sample buffer and heating for 5 min at 95 transferase was identical with C3 by about 60% (Popoff et
°C. Thereafter, partially digested proteins were analyzed by al., 1991) and 65% (Nemoto et al., 1991) (Figure 1B). The
SDS-PAGE and Coomassie Blue staining. glutamic acid residue, which was recently photoaffinity-

Photolabeling with [carbonyMC]NAD. Photoaffinity labeled with EarbonytH“CINAD in C. limosumtransferase,
labeling was performed essentially as described (Jung et al. was localized at position 174 of the mature protein.

1993). Transferases (2 nmol) were incubated in AR®f To test the functional role of Glul74, we changed the
25 mM ammonium bicarbonate (pH 7.3) and 2 mM MgCl glutamic acid residue to glutamine and to aspartic acid. For
with [carbony**CINAD (20 nmol) for 1 h on a microtiter ~ expression of the proteins B coli, we used the prokaryotic
plate at 4°C. UV irradiation (154 nm, 3 cm distance, 3000 expression vector pMal-c2. As shown in Figure 2A, the
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A ' gac aat att 11t tta gta tac ata aaa aaa taa act cct att aaa ata tta caa att alt ata aaa git tac ta aaa gat asa ggg ggg

* ata agg tic tgt ata aat ttt ata act aaa gaa aaa aat taa taa aca aat agg agg agt ttt *ATG AAT AAA TTA ACA
]
M N K L T

' GAA AGA GTT CTT TGT GTA GGT GTG TCA GGA TTA ATA TTG TTT TCA GTA GCG GCT TTA GTT
¢E RV L CV GV S GL I L F S V A 4 LV

2 C44 GGC ACT AAA AAA TGT TAT GCC AAT CCT GTA AGA AAT AGA GCA GCT TCT CGT GTG AAA
0 G T K K C Y A N PV R N R 4 4S8 R V K

% OCT TAT GCG GAT TCT TTT AAG GAA TTT ACT AAT ATT GAT GAA GCA AGG GCA TGG GGA GAT
“pY A DS TF K EFTNTIUDTE AT RAWG D

% AAG CAA TTT GCA AAA TAT AAA TTA AGT AGT TCT GAA AAG AAT GCG TTA ACA ATT TAT ACT
¥ K QF A K Y K L § 8S E KN AL T I Y T

“ AGA AAT GCT GCT AGA ATA AAT GGT CCT TTA AGA GCA AAT CAA GGA AAT ACC AAT GGA TTA
¥R N A A R I NG PL R AN QG N T NG L

49 OCT GCA GAT ATA AGA AAA GAA GTT GAA CAA ATA GAT AAA TCT TTC ACT AAA ATG CAA ACT
“P A DI R K E V E QI DK S F T K MOQT
PUCES-2.1 - = w0 oo e n e e e e e e e e e m e e e e e

52 0CT GAA AAT ATT ATT CTT TTT AGA GGA GAT GAT CCT GGA TAT TTA GGA CCG GAT TTT GAA
“p E N I | L F R GD D P G Y L G P D F E

%8 AAT ACT ATT CTT AAT AGA GAT GGA ACA ATT AAT AAA GCT GTT TTT GAA CAA GTT AAA CTA
“N' T I L N R D G T I N K A VF E Q V K L
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*? AGA TTC AAG GGA AAA GAT AGA AAA GAA TAT GGA TAT ATT AGC ACT TCT TTA GTA AAT GGT
““R F K G K D R K E Y G Y I S T S L VN G

[, - - @a s er as  aa  as  ms  es  es  ws  ee  an  am  ma ee mm en es e —p

" TCA GCA TTT GCA GGT AGA CCA ATT ATA ACA AAA TTT AAG GTT TTA GAC GGT TCA AAA GCA
S A F AG R P I I T K F K VL DG S K A

O — - - U §

7 GGA TAT ATT GAA CCT ATT AGT ACC TTT AAA GGT CAA CTT GAA GTG TTG CTT CCT AGA AGT
6 vy 1 E P 1 S T F K G Q LE V L L P R S

[ — - .- we e mm mm e er e e . Y

€~------pBluescript-2.91
::: AGC ACC TAC ACT ATA AGT GAT ATG CAA ATA GCT CCT AAT AAT AAA CAA ATT ATA ATT ACA

S T Y T 1 N D M Q I A P N N K Q i I 1 T
¥ GCA TTA TTA AAA AGA TAA** aga tat tat aaa alt agc ftc aaa aag glg clt tia aag ctt 1t ta gic tat act
246
A L L K R
% tac tta act ttt aca cgt aag cga cag tat [Cg Clt acg (ga tca gaa taa aca cct at
1
B Lim PYADSFKEFTNIDEARAWGDKQFAKYKLSSSEKNALTIYTRNAARINGPLRANQGNTNGLPADIRKEVEQIDKSFTKMQT

C3N SH*FRT*Th* k% VEX *KK* *NA*YK* 4G *KP*QEXTKF* * *DAGK* ¥k x kkx kk * kE¥ * ¥ * ¥ ¥ * LQK* KL * *Q* *S* *KM
3P A*SNTYQ* %k k Q¥ Kr # *NA*YK* *G* ¥ K* ¥ * EX* [VS* *xKS*SE* % xK* *Q* KA VI * ¥ F*SNLI *Q* # LI % * * % N* *K*
EDIN ADV*N**DL* * *TK* *N*LIKQA*Y* *DD* I * *YE* *KDSSK* * ** * * LAG*DI *K*DSTTQDK*RRL*S* IS*ST*

81
Lim PENIILFRGDDPGYL GPDFENTILNRDGTINKAVFEQVKLRFKGK DRK EYGYISTSLVNGSAFAGRPIITKFK
C3N HQKk Rk Kk KR K KKD* K’ K KEXQDKXkKK**kk*k kThk k% % * AK*LK* KHT  kkkkkkkkAVMSA-QIGh X KRV K Ak ¥
c3p KRKKMAkkkkkkD*k  *ATEXQ*X KLk X SN* %k * k TA* *KA* AK*LN* AL, KRk ok ok ok kMK RQR Kk Kk k ok ok ok ok k
EDIN ** SVYVY*LLNLD**TSIVG*T*ED*YKLQQT*NGQYDENLV*KLNNVMNS* IYR*D**S* *Q* *S*A*VG* ** *ELRLE

154 Jf
Lim VLDGSKAGYIE PISTFKGQLEVLLPRSSTYTISDMQIAPNNKQIIITALLKR
C3N FTN** %Gk **kD A *kkY*kDhkkkkkkk *NNGAY* *hk k% Sk *k *R* % M* % *xMIFK
e3p KAR Kk kkkk kD KA KAKAK KK AM* kX Xk * *T*D* *RIL,ISDG* * % * % % * TMMGTAINPK
EDIN LPK*T**A* INSKDLTAYY**Q* %% ¥ * *GTE* AVGSVELSNDK*K* * ** * [VFKK

Ficure 1: (A) Nucleotide sequence of the gene @rlimosumtransferase and predicted amino acid sequence. The nucleotide sequences

of a 1.6 kbpPst fragment in pUC29-2.1 (dashed line) and of a 0.8 Kya fragment in pBlue-2.91 (solid line) were determined. Nucleotides

of the noncoding and coding regions are given in lower case and capital letters, respectively. Amino acids of the proposed signal sequence
are indicated by italic letters. The underlined region is a putative transcription terminator. The nucleotide sequence reported has been
submitted to the EMBL Nucleotide Sequence Database under accession number X87@15gumC3 gene). (B) Comparison of the

primary structure of theC. limosumtransferase (Lim) withC. botulinumC3 transferases (C3N, C3P) and EDIN. * indicates identical

amino acid; an arrow indicates glutamic acid 174. Amino acid sequences of C3N, C3P, and EDIN are cited from the following references:
Nemoto et al. (1991), Popoff et al. (1991), and Inoue et al. (1991), respectively.
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A M 1 2 3 4 5 6 7 Table 1: Kinetics of ADP-Ribosyltransferase Activity
WT E174D E174Q
97 — = = Km (M) 52 102 ND
_— = .
66 — p—— Umax (NMol/min/mg) 12 0.014 ND
F — relative vmax 1 1.2x 103 ND
45— e ; Keat (1/min) 0.28 3.2¢ 10 ND
- e relativeke 1 12x 10°3 ND
_ = KealKm (M~ min~1) 5.3x 10° 3.2 ND
31— *—
—— 2 = i relativekealKm 1 5.7x 107 ND
a Assays were performed as described under Experimental Proce-
dures. The kinetic parameters were derived from regression analysis.
21—

NAD concentrations were-5100 uM for WT and 10-250 uM for
14 — E174D. Final transferase concentrations wenpegimL WT, 10 ug/
: mL E174D, and 1Qug/mL E174Q. Incubation time was 4 min for
WT and 30 min for E174D and E174Q at 3C. ND, not detectable.
Standard deviation was not greater thAh5%.

B 1 2 3 4
800
g T T :-5\
Lg 700 -

FiIGURE 2: (A) Purification ofC. limosumADP-ribosyltransferase g 600
from maltose-binding protein (MBP)transferase fusion protein. «
Lane assignments: lane 1, contil coli lysate; lane 2E. coli 8 500 -
lysate after induction of the MBPtransferase (WT) fusion protein; 15
lane 3, eluate from the amylose matrix; lane 4, amylose eluate after 2 400
treatment with factor Xa; lane 5, flow-through from DEAE column, o
wild-type transferase; lane 6, DEAE flow-through, E174D mutant 3 |
transferase; lane 7, DEAE flow-through, E174Q mutant transferase; ’E 300
M, M, marker. (B) Immunoblots o€. limosumtransferase and a
recombinant ADP-ribosyltransferases. Anti-C3 antibody (IgG) (1: A 200
10 000) cross-reacted with recombinant WT (lane 1), E174D (lane <
2), E174Q (lane 3), an@. limosumtransferase (lane 4). Each lane S 100 S
contained 1ug of protein. )

. . 0
mature recombinant wild-type and mutant (E174D, E174Q)
C. limosum transferases were expressed and purified to I p— T
apparent homogeneity by amylose affinity chromatography, 02040 80 160
factor Xa cleavage, and an additional DEAE anion ex- time (min)

change chromatography. Polyclonal antibody generated - , .
towardQ. Iimosumtrgnsfer_ase cross-reacted with the purified E:ﬁ;ﬁf SVTT;?S (r:r?tljjtrz;sr?t CEE}D 4P6r'gﬁ§y§'$2(§)f Fnr:ggﬁ]ytr;eﬁ:_ m-
recombinant proteins (Figure 2B). Moreover, the Lys-C ferases. WT (0.Lg/mL, W), E174D (10ug/mL, O), and E174Q
digestion pattern of wild-type and mutar@. limosum (L0ug/mL, O) transferases were incubated in the presenceuf 1
transferases indicated similar protease susceptibility (notof RhoA and 5uM [3P]NAD for the indicated times at 25C.
shown). Thereafter, labeled Rho protein was analyzed by SBAGE and
Next we studied the enzyme activity of the transferases. phosphorimaging.
As found for the ADP-ribosyltransferase fro@ limosum
(Just et al., 1992), the recombinant transferases selectivel
modified recombinant Rho but not Rac proteins (not shown).
With recombinant RhoA as protein substrate, wild-type
transferase exhibitedlay value of 0.28 min?, aK, value
for NAD of about 52uM, and a catalytic efficiency of 5.3
x 168 M~ min~! (Table 1). The high, for NAD obtained
with recombinant proteins was surprising, becausétheap
of C. limosumtransferase was about Q/M by using crude
platelet membrane preparations, as reported recently (Jus .
etal., 1992). The enzyme activity of the E174D mutant was recombmant C3 transferase mutants were used as a crude
reduced by about 1200-fold, whereas #ig for NAD of E. coli extract (not shown).
the E174D mutant was only increased from about 52 to about  To confirm that the mutation has no major effects on NAD
102uM. Because the enzyme activity of the E174Q mutant binding, we studied the affinity of NAD foC. limosum
was even lower than that of the E174D mutant transferase,transferase by quenching of the intrinsic protein fluorescence.
determination ok.,:andK, for NAD was impossible under ~As shown in Figure 4, quenching of intrinsic protein
these conditions. However, we compared the enzyme fluorescence for WT, E174D, and E174Q by NAD was
activities in the presence of rather low concentrations of NAD similar. The percent of quenching at each given NAD
(5 uM) at 25°C (Figure 3). As deduced from these data, concentration was calculated from the data and analyzed by
the relative specific activities of the E174D and E174Q Scatchard plot to determine the dissociation constadffs (
mutant transferases were & 102 and 1.3 x 1074 for the wild-type and mutant transferases. Surprisingly, the

respectively, relative to that of the wild-type enzyme.
YMutation of Glu174 induced a dramatic reduction in NAD
glycohydrolase activity. Whered&,, and k., of the wild-
type enzyme were determined to be 180 and 2 x 1073
min~t, respectively, the glycohydrolase activities of both
mutants (E714D, E1174Q) were below our detection limit.
Similar reductions in ADP-ribosyltransferase activity of the
E174D and E174Q mutants were obtained with recombinant
3 ADP-ribosyltransferase. For these studies, however,
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Ficure 4: Quenching of intrinsic protein fluorescence by NAD
for recombinantC. limosumtransferase WT®), E174D (), and
E174Q (). Data were corrected for NAD self-quenching, and the
percent quenching at each NAD concentration was calculated from
the data and analyzed by Scatchard plots to determine the
dissociation constants for the wild-type and mutant proteis.
values obtained are summarized in Table 2.

Table 2:  Comparison of Dissociation Constants of WT, E174D,
and E174Q

protein  Amad (NM) Kai(NAD)P (uM) Ka2(NAD)P (uM)
WT 335 2.0 25
E174D 338 1.6 50
E174Q 340 1.0 40

Biochemistry, Vol. 35, No. 1, 199687

In contrast, the incorporation of the aspartic acid mutant was
largely reduced+{80%), and no incorporation of label was
detected with the glutamine mutant.

DISCUSSION

Recently, we reported on the photolabeling of a glutamic
acid residue ofC. limosumADP-ribosyltransferase by UV
irradiation in the presence otdrbonyt“CIJNAD (Jung et
al., 1993). From the finding that photolabeling resulted in
the inhibition of ADP-ribosyltransferase and glycohydrolase
activity, we concluded that the glutamic acid residue was
located at the active site of the transferase. To obtain direct
evidence for involvement of the glutamic acid residue in
catalysis, we applied site-directed mutagenesis. To this end,
the C. limosum transferase gene was first cloned and
sequenced. The transferase gene f@ariimosumwas very
similar to that for C3 ADP-ribosyltransferase fro.
botulinumtypes C and D with about 6864% identity. The
calculated molecular weight of the transferase was 27 840.
The glutamic acid residue, which was recently photoaffinity-
labeled by garbonyH4CINAD (Jung et al., 1993), was
identified to be located at position 174 of the mat@e
limosumtransferase. In consideration of recent findings that
C. botulinumtypes C and D produce two types of ADP-
ribosyltransferases (Moriishi et al., 1993), the position of this
glutamic acid residue is the same in C3 fr@nbotulinum
strain 468 (Popoff et al., 1991) and is localized at position

aDetermined as the maximal fluorescence emission over the range 173 in C3 fromC. botulinumstrain 0003-9 (Nemoto et al.,

310-400 nm, with excitation at 295 nni.Determined from Scatchard
analysis of percent quenching as a function of NAD concentration (see
also Figure 4). Standard deviation was not greater tha%.
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Ficure 5: Photoaffinity labeling of wild-type and mutant trans-
ferases in the presence cbfbonyt“CINAD. Native C. limosum
(@), wild-type @), and E174D ©) and E174Q [{@) mutant

transferases were UV-irradiated for the indicated times in the
presence of darbonyH4CINAD. Thereafter, the!*C radiolabel

1991).

Studies on the enzyme activities of wild-type and mutant
transferases indicate that Glul74 is part of the active site of
C3-like enzymes. For example, change of Glul74 to Asp
or GIn reduced thé, of the enzyme by more than 1000-
fold. Importantly, this mutation did not cause a comparable
reduction in NAD binding. This was studied by enzyme
kinetics and by protein fluorescence quenching. Previous
kinetic studies withC. limosumtransferase performed with
cell membrane preparations revealéd values of 0.3-0.5
uM. Similar results were obtained with other C3-like
enzymes (Just et al., 1992). Moriishi report&givap values
of 50 and 150 nM determined with C3 isoforms and rat brain
membranes (Moriishi et al., 1993). In contrast, the enzyme
kinetics with recombinant RhoA as substrate resulteldnin
values of about 52M. Moreover, we found, by fluores-
cence quenching with NAD, two binding sites with apparent
high and low affinity for NAD. The reason for this
discrepancy from earlier studies is not clear. It might be
that conformational changes of the transferase induced by
lipids from the membrane preparations are responsible for
changes in the NAD-binding sites and for the differ&pt

incorporated was determined as described under Experimentalyalues. In this respect it is noteworthy that low concentra-

Procedures. Maximal incorporation of the radiolabel with native
C. limosumtransferase~0.7 mol/mol) was set to 100%.

data were best fit by the assumption of two NAD-binding
sites showind<{q values of +-2 and 25-50 uM, respectively
(Table 2).

Finally, we studied the photoaffinity labeling of recom-
binant wild-type and mutant transferases in comparison to
the transferase produced 8ylimosum As shown in Figure
5, after UV irradiation in the presence afrbony“C]NAD,

tions of sodium dodecyl sulfate were shown to reduce the
Kmnap for the ADP-ribosylation of recombinant RhoA by
C3 transferase by about 10-fold (Just et al., 1993). Never-
theless, our studies indicate that the mutations did not cause
major changes in the affinity for NAD, which could explain
the decrease in enzyme activity.

Thus, the kinetic data from mutant enzyme indicate that
Glul74 is the active site residue, which is equivalent to
Glu148 of diphtheria toxin (Carroll & Collier, 1984; Wilson

recombinant wild-type transferase incorporated the sameet al., 1990), Glu553 oPseudomonaexotoxin A (Carroll

amount of!“C label as native transferase franlimosum

& Collier, 1987), and Glu129 of pertussis toxin (Antoine et
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al., 1993; Barbieri et al., 1989). In all of these cases, incoming protein substrate to attack the nicotinamidbose
mutation of the active site glutamic acid residue by aspartic bond of NAD (Wilson & Collier, 1992). On the other hand,
acid resulted in a several hundred fold reduction in enzyme it has been suggested that the action of the critical glutamic
activity (Wilson et al., 1990; Douglas & Collier, 1987). acid is primarily on NAD (Takada et al., 1994, 1995; Locht
Moreover, replacement of the critical glutamic acid (Glu148 et al., 1989; Antoine et al., 1993). This notion takes into
of diphtheria toxin) by glutamine resulted in a further consideration the fact that various ADP-ribosyltransferases
reduction in transferase activity. The same held trueCfor  share very similar active site structures with respect to NAD
limosum transferase. The E174Q mutant exhibited less and glutamic acid, whereas the enzymes use different amino
transferase activity than the E174D mutant. These effectsacid accepters (e.g., diphthamide by diphtheria toxin, arginine
most likely were not due to gross changes in the overall by cholera toxin, cysteine by pertussis toxin, and asparagine
structure of the transferase, because NAD binding andby C3-like toxins) [for a review, see Aktories and Just
susceptibility toward endoprotease Lys-C were not changed.(1993)]. Moreover, recent findings that the conserved region
Mutations of Glul74 inC. limosum transferase largely  around Glul74 of C3-like toxins is also present in the NAD
reduced the glycohydrolase activity to values below our glcyohydrolase RT6.2 (Takada et al., 1994) support the view
detection limit. This finding is similar to one for pertussis (Takada et al., 1995) that glutamic acid acts on NAD rather
toxin, where changes in the active site Glu129 cause strongthan on a protein substrate.
inhibition in glycohydrolase activity (Locht et al., 1989). In Taken together, our studies provide direct evidence for
contrast, mutation of Glu148 of diphtheria toxin substantially the involvement of Glul74 in the catalytic activity &f.
reduced transferase activity without major effects on the limosum ADP-ribosyltransferase, confirm a recent report
hydrolase activity (Wilson et al., 1990). (Jung et al., 1993) on UV photoaffinity labeling of this amino
ADP-ribosyltransferases froB. cereus(Just et al., 1995)  acid residue in the presence of NAD, and, finally, corroborate
andS aureus(EDIN) (Inoue et al., 1991) have been reported our hypothesis (Jung et al., 1993) that this amino acid residue
to ADP-ribosylate Rho proteins. These transferases are mords equivalent to the previously identified active site glutamic
distantly related to C3 and do not show immunological cross- acids from diphtheria toxinPseudomonaexotoxin A, and
reactivity with clostridial transferases. However, the catalytic pertussis toxin.
region that exhibits high sequence homology appears to be
conserved (Just et al., 1995; Inoue et al., 1991). Interestingly, ACKNOWLEDGMENT
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