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Abstract A library of total Clostridium novyi DNA was
established and screened for the a-toxin gene (fcnex) by
hybridization with oligonucleotides derived from a par-
tial N-terminal sequence and by using specific antisera.
Overlapping subgenic tcno fragments were isolated and
subsequently the total sequence of fcna was determined.
The 6534 nucleotide open reading frame encodes a
polypeptide of M, 250166 and pl 5.9. The N-terminal
a-toxin (Tcna) sequence MLITREQLMKIASIP deter-
mined by Edman degradation confirmed the identity of
the reading frame and the assignment of the translation
start point. The toxin is not modified posttranslationally
atits N-terminus nor does it consist of different subunits.
Overall the amino acid sequence shows 48% homology
between the Tcna and both toxins A (TcdA) and B
(TcdB) of Clostridium difficile. The C-terminal 382
residues of Tcna constitute a repetitive domain similar to
those reported for TcdA and TcdB of C. difficile. The
individual repeat motifs of these three toxins consist of
oligopeptides some 19-52 amino acids in length, ar-
ranged in four to five different groups. Genetic, bio-
chemical and pharmacological data thus confirm that the
three toxins belong to one subgroup, designated large
clostridial cytotoxins (LCT). Further definition of their
structure and detailed molecular action should allow the
LCTs to be used tools for the analysis of microfilament
assembly and function.
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Introduction

Toxin production by members of the genus Clostridium
is positively correlated with pathogenicity. This also
holds true for Clostridium novyi, of which three
serotypes A, B and C, have been differentiated. While
serotype C is apathogenic and does not produce toxin,
serotypes A and B are responsible for one-third of gas
gangrene cases in humans and code for as many as eight
different toxins (for review see Hatheway 1990); howev-
er, only a-toxin (Tena) is produced by both these
serotypes. Its pronounced lethal effect has led to the
classification of Tcna as a lethal toxin, alongside toxin A
(TcdA) and toxin B (TcdB) of Clostridium difficile, and
TcsH (haemorrhagic toxin) and TcsL (lethal toxin) of
Clostridium sordellii (Hatheway 1990). These toxins
have been defined as large clostridial cytotoxins (LCTs)
(Bette et al. 1991), with reference to the high molecular
weight of the single-chain molecules, their in vitro action
on the microfilament system of cultured cells and a series
of in vivo effects. After intravenous injection, the LDy,
of LCTs in mice ranges from 50 to 200 ng/kg. Injected
into the rat paw they induce a delayed local oedema that
lasts for days (Bette et al. 1989, 1991). Tcno at least
exerts this effect by causing dehiscence of the vascular
endothelium, reflecting the retraction of endothelial
cells induced by the toxin in culture. LCTs added to cells
in culture are taken up by receptor-mediated endocytosis
into the cytosol and provoke depolymerisation of micro-
filaments (Thelestam and Gross 1990). Microinjected
toxins affect the cytoskeleton similarly; thus activation
in the course of the uptake process is not required
(Miiller et al. 1992; Oksche et al. 1992). Similar micro-
filament disruption is caused by the small clostridial cy-
totoxins, C2 and C3, from Clostridum botulinum Type C,
which ADP-ribosylate G-actin and Rho protein, respec-
tively (Aktories et al. 1986; Chardin et al. 1989). LCT
action, however, is not mediated by ADP-ribosylation
(Florin and Thelestam 1991; Bette et al. 1991; Just et al.
1994; Selzer et al. 1994).



Tena has been purified to homogeneity (Izumi et al.
1983; Bette et al. 1989; Ball et al. 1993). SDS gel elec-
trophoresis gives an apparent molecular weight for the
single-chain toxin of between 200 and 250 kDa; the pl is
5.9. Teno is immunologically distinct from all the other
toxins mentioned, but pharmacologically TcdB and Tcna
closely resemble each other (Bette et al. 1991; Ball et al.
1993). Tcna production depends on infection of the bac-
terium with a phage (Eklund 1993). Curing C. novyi of
the phage leads to loss of Tcna production, and reinfec-
tion to its resumption.

In order to obtain further insights into the structure
and possible mode of action of Tcna, we set out to clone,
sequence and analyse the Tcna gene (fcner). The ensuing
comparison of the Tena amino acid sequence with those
of C. difficile TcdA and TcdB helps to elucidate rela-
tionships between the three toxins and to establish struc-
tural criteria for their classification as members of the
LCT family.

Material and methods
Bacterial strains and standard DNA technology

C. novyi type A strain ATCC 19402 was used as the source for
isolation of protein and total DNA. It was grown in a medium
optimized for toxin production (see below). Escherichia coli
JM101 or comparable K-12 strains served as hosts for DNA con-
structs (Yanisch-Perron et al. 1985). Recombinants were grown in
LB broth (or agar). Ampicillin (100 pg/ml) was added when se-
lecting for antibiotic resistance.

Cloning of subgenic C. novyi tcno fragments was performed
under S2 containment. Standard DNA techniques were applied as
outlined by Sambrook et al. (1989). Enzymes were purchased
from Boehringer (Mannheim, FRG), Biolabs (Schwalbach, FRG)
Pharmacia (Freiburg, FRG) and BRL (Eggersheim, FRG). Chemi-
cals were obtained from Sigma (Deisenhofen, FRG) and Merck
(Darmstadt, FRG). Radioactive nucleotides came from NEN Du-
Pont (Bad Homburg, FRG).

Oligonucleotide synthesis

The oligonucleotide probes NOLI-1 (5-GAACAATTAAT-
GAAAATAGC-3") and NOLI-2 (5-GCTATTTTCATTAATT-
GTTC-3") corresponding to the N-terminal sequence of Tcna
were synthesized on a fully automated MilliGen/Biosearch Cy-
clone Plus DNA synthesizer (Millipore, Eschborn, FRG). Other
primers for sequencing (not listed here) or polymerase chain reac-
tion (PCR) amplification (given below) were obtained comimer-
cially from MWG-Biotech (Ebersberg, FRG). Purity of oligonu-
cleotides was examined by denaturing polyacrylamide gel elec-
trophoresis (Sambrook et al. 1989).

Isolation of total C. novyi DNA

Strain ATCC 19402 was cultured anaerobically for 72 h at 37°C in
400 ml of a medium containing 2% proteose peptone, 1% yeast
extract, 1% glucose, 0.5% CaCO,, and 0.05% sodium thioglyco-
late. After centrifugation at 5000 rpm for 20 min in a Sorvall GS3
rotor the pellet was suspended in 3 ml 25 mM TRIS, 12.5% su-
crose, pH 8.0. Lysozyme (2 g per 100 ml) in 10 mM TRIS-HCI,
pH 8.0, I mM EDTA was added and the suspension was incubated
for 1 h at 37°C. Lysis of the cells was completed by adding 100 wl
of 20% SDS and incubating further at 37°C for 20 min. Proteinase
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K (1 g/100 ml) and 100 .l RNase (10 mg/ml) were added to the
cleared lysate, which was further incubated for 30 min at 37°C.
The lysates were then treated successively with 5§ ml each of phe-
nol and phenol-chioroform. Finally, the DNA was precipitated
with 2.5 vol. ethanol (96%), pelleted, dried and dissolved in 3 ml
10 mM TRIS-HCI, 1 mM EDTA at a final DNA concentration of
2-3 mg/ml.

Construction of a C. novyi genomic library

The C. novyi genomic library was established according to the
protocol used for construction of the C. difficile library (Eichel-
Streiber et al. 1989), with the following modifications. Partial
digestion was done with Sau3AI. DNA fragments were sized to
2-5 kb and integrated into the BamHI site of pUC18. DNA con-
structs were transformed into E. coli IM101. The number of inde-
pendent clones was §000.

Isolation of recombinant a-toxin clones

For screening the library was plated at a density of 6000 colonies
per plate on two 23X23 cm plates, grown overnight, transferred to
membrane filters and then subjected to colony blotting and colony
hybridization as described earlier (Eichel-Streiber et al. 1989,
1992a). Clones producing toxin fragments were identified with a
rabbit anti-Tcno antiserum (Bette et al. 1991), diluted 1:5000.
Peroxidase-labelled anti-rabbit second antibody (used at a 1:1000
dilution) was from Dianova (Hamburg, FRG). To reduce back-
ground reactivity with proteins from the E. coli host, adsorption
protein (10%, v/v; prepared according to Eichel-Streiber et al.
1989) was added to the first and second antibody. Positive clones
were visualised by diaminobenzidine (0.5 mg/ml) staining
(Eichel-Streiber et al. 1989). Colony hybridization was done with
DNA probes specific for the 5’ end of tcnor (NOLI-1 or NOLI-2).
Hybridisation experiments were performed with labelled NOLI-1
and NOLI-2, using the 5’ end labelling kit of Boehringer
(Mannheim, FRG) and y-[>*P]JATP (60 mCi/10 pmol, NEN Du-
Pont, Bad Homburg, FRG). Of the 20 pmol of primer labelled,
1 pmol was used in each colony hybridization experiment. Prehy-
bridization was done for 4 h at 42°C, followed by hybridization for
12 h at 42°C and washing at 35°C with 0.1XSSC (15 mM NaCl,
1.5 mM sodium citrate, pH 7.0).

PCR amplification

The two primers 5'-GGTGCGATTCAAGAGGCCACA-3’ (coding
strand) and 5'-CGCTCCTAGCAGTCCCGAAAT-3" (noncoding
strand) were used to amplify nucleotides 3013-3273 (numbering
follows Genebank accession number Z48636) from chromosomal
DNA by PCR. Cloning the product produced pCn312. Amplifica-
tion was done with 10 pmol primers, 100 ng chromosomal DNA
for 30 cycles (denaturation, 95°C, 1 min; annealing, 48°C, 1 min,
extension, 72°C, 1 min). The PCR-product was extracted from the
agarose gel using Qiaex (Diagen, Diisseldorf, FRG) and subjected
to direct sequencing with a Boehringer PCR sequencing kit. For
cloning, the PCR fragment was filled in by the Klenow reaction
and the DNA was then blunt-end ligated into pUCI1S8 linearized
with Smal.

DNA sequencing and computer analysis

Dideoxy sequencing was done as modified by Tabor and Richard-
son (1987) with double-stranded plasmid DNA and a-[35S]JATP
(NEN DuPont, Bad Homburg, FRG) as the radiolabelled nucle-
otide. Some sequences were determined on a Model 373 DNA
sequencer (Applied Biosystems, Weiterstadt, FRG) by Dr. T. Han-
keln (Institute for Genetics, Mainz University). The total fcno
sequence has been deposited in the EMBL-Database (EMBL,
Heidelberg, FRG) under accession number Z48636. For computer
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analysis the program packages PC/GENE Amos Bairoch
(Genofit, Heidelberg, FRG), HUSAR and DOTPLOT (EMBL,
Heidelberg, FRG) were used.

Protein chemistry

Tcna was prepared according to Bette et al. (1989). Its N-terminus
was subjected to microscale sequencing by Dr. D. Linder (Institute
of Biochemistry, Giefen University). Protein derived from recom-
binant constructs was obtained by preparing total lysates (500 pl)
from 5-ml overnight cultures of individual clones (Sambrook et al.
1989). Aliquots of 25 pl were subjected to SDS polyacrylamide
gel electrophoresis and Western blotting (Eichel-Streiber et al.
1987) using Tcna-specific antiserum (1:10000) and goat anti-rab-
bit peroxidase conjugate (1:5000) in the presence of E. coli
IM101-pUC18 adsorption protein (10%, v/v).

Results

Construction of a C. novyi genomic library
and specific probes

A genomic library was established in pUC18 by cloning
sized fragments (2-5 kb) generated by partial Sau3Al
digestion of total C. novyi DNA (see Materials and meth-
ods). This approach of constructing the genomic library
offers the possibility to screen for chromosomally en-
coded virulence factors in addition to the phage encoded
tcno. After transformation we obtained 8000 indepen-
dent clones. Due to the size of the DNA fragments used
(2-5 kb) all recombinant clones carried only subgenic
fragments of tcna.

Tcno was purified according to the procedure of
Bette et al. (1989); the final fraction was homogeneous
as judged by SDS polyacralamide gel electrophoresis; its
N-terminal sequence, MLITTEQLMKIASIP, was deter-
mined by Edman degradation. Specific antisera raised in
rabbits reacted in Western blots with a toxin band of
approximately 200 kDa (see below, Fig. 4).

Isolation of overlapping fcna clones

To identify recombinant clones that expressed parts of
the Tcna protein the library was screened by colony blot-
ting with the polyclonal anti-Tcno serum. Of the clones
isolated, pCn47 (Fig. 1A) contained the largest DNA in-
sert. It turned out to carry the 3’ end of the fcnor gene.
Clone pCnl21 was one of several constructs obtained
after colony hybridization with a 5’ fragment of pCn47
as DNA probe. Again all recombinants mapped to the 3’
end of tcno only. As attempts to complete cloning by
chromosome walking failed, the library was screened for
a third time with oligonucleotides NOLI-1 and -2 (see
Material and methods) derived from the N-terminal se-
quence of the toxin. Clones pCn201 and pCn214 were
representative of the series of clones obtained by this
approach. Partial restriction mapping and sequencing
with the complementary primers NOLI 1/2 eventually
located the 5’ end of fcnox close to an Accl site at position
4.5 kb on the map presented in Fig. 1A. Hybridization

experiments between clones pCn214 and pCnl2l
showed no overlap. Both were sequenced and oligonucle-
otides (see Materials and methods) were synthesized that
bound approximately 100 bp from the gap between them.
These primers were used to amplify the missing 260 bp
fragment from total C. novyi DNA by PCR. Cloning of
this fragment resulted in pCn312. The position of this
construct was verified by sequencing. The three clones,
pCn214, pCn312 and pCnl21, encode the entire fcna
nucleotide sequence (Fig. 1A).

Analysis of the DNA- and aa-sequence of the a-toxin

Sequencing of the fcnor gene revealed an open reading
frame (ORF) of 6534 nucleotides (nt) coding for a
protein (Tcna) of M, 250 166. Figure 2 summarizes the
sequence of Tcna deduced from the DNA sequence in-
cluding 5'- and 3'-untranslated sequences of tcne. Po-
tential promoter sequences (underlined) are analogous to
those observed in tcdA and tcdB of C. difficile (Eichel-
Streiber 1993). Downstream of fcno an inverted repeat
structure is located with a stabilizing free enthalpy (AG)
of ~114 kJ/mol. It probably represents the transcription
terminator of fcnar.

The Tcna sequence can be subdivided into three do-
mains (Fig. 1B). Domain II and III were defined accord-
ing to their special aa-composition. Stretches of hydro-
phobic amino acids are found at similar positions in
Tena, TedA and TcdB. Within this segment, potential
membrane-spanning segments were identified by com-
puter analysis (see Table 1 and Fig. 1B). We used these to
define domain II, which stretches from the first major
hydrophobic segment and the repeat region (for Tcna see
Fig. 2 in between the two arrows). Domain III, starting at
amino acid 1797 and running to the C-terminus at posi-
tion 2178 (Fig. 2, from second arrow to C-terminus) con-
sists of 14 repeating units (each 19-21 or 48-52 amino
acids in length). We arranged them in four separate
groups of CROPs (clostridial repetitive oligopeptides).
The order of C. novyi CROPs is given in Fig. 1C. Individ-
ual CROPs (NALI1-3, NK1-3, NE1-5, NA1-3) are pre-
sented in Fig. 3A, together with their respective consen-
sus sequences. In 10 of the 14 CROP sequences the motif

Table 1 Prediction of potential membrane-spanning regions

Toxin Amino acid Sequence?

Teno 1036-1052 SVASVIIDGINLIAATcsSL
1097-1113 ILGVISVPVAGILVGLP
15861602 FFTVNIQLCPFMIVSGV

TcdA 1031-1047 IPIVSTILDGINLGAAI
10661082 VGVLAINMSLSIAATVA
1093-1109 TFLLPIAGISAGIPSLV

TcdB 1029-1045 LPIIATIIDGVSLGAAI
1091-1107 ILLVPLAGISAGIPSLV
1400-1416 GFVSTcsLFSILEGINAII

 The list includes all sequences predicted for the holotoxins



673

4 5 6 7 8 9 10 11 12 kb
LN | ! ! ! ! 1 L |
pCn47
pCn121
— pCn312
pCn214
—\x—pCn201
XH AX PXXmNXm N XmHcHec AAHce
ENNR TN R RPN ]
—.-[ 'tcnoc : T
P Domainl Domainl ?DomqinI[[

B +30] Hydrophobic

0 it e )
30 ‘Hyrophiliclz | - |
0 500 1000 — —~-1500 2000 aa ™
~
NE3 NA;)_; INK > NK3|NE5

Fig. 1A Partial map of the Clostridium novyi rcna gene. The five
clones pCn201, pCn214, pCn312, pCn47 and pCnl21 represent
approximately 12 kb of C. novyi chromosomal DNA, containing
the entire zcno gene and sequences upstream and downstream of it.
pCn47 was obtained by colony blotting, pCnl121 by chromosome
walking as outlined in the text, pCn201 and pCn214 by oligonucle-
otide screening and pCn312 by polymerase chain reaction (PCR)
amplification. Cleavage sites for the following enzymes are
shown: A Accl, He Hincll, H HindlIl, N Ndel, P Pstl, X Xbal, Xm
Xmnl. A potential promoter region (P) and a stem-loop (7) struc-
ture, probably representing the transcription terminator of fcne,
are indicated. The Tcna open reading frame is shown as an open
arrow; dotted boxes close to its tip mark positions of NALI1,2,3

G-xg-YYF is strictly conserved (NK3, NE1, NE2 and
NE4 are exceptions; see Fig. 3A). Similar motifs have
been found in C. difficile TcdA and TcdB (Fig. 3B) and
some other proteins of gram-positive bacteria (Eichel-
Streiber et al. 1992b}.

Recombinant Tcno fragments

The level of expression of recombinant Tcna fragments
in E. coli was generally low. Antibody screening with

the largest clostridial repetitive oligopeptides (CROPs). B Hy-
dropathy plot of Tcna. The plot was run according to Kyte and
Doolittle (1982) with a window of 20 amino acids (aa) and a step
size of 5 aa. Tcna is a hydrophilic molecule with a GRAVY (grand
average of hydropathy) index of —3.09. Potential membrane-span-
ning segments are listed in Table 1. They are predicted to be
transmembrane segments. The beginning of the stretch of hydro-
phobic amino acids defines the N-terminal end of domain II (and
thus the C-terminal end of domain I). Domain III comprises the
repetitive motifs, C Order of C. novyi Tcna CROPs. The Tena
C-terminal repeats, NALIL, NK, NA, and NE, are shown at a larger
scale, The three NALI CROPs are numbered sequentially and
marked as dotted boxes. Their sequences are given in Fig. 3A

two independently raised polyclonal Tcna antisera iden-
tified only those parts of the gene that matched to the 3’
end. However, the same antisera detected both N- and
C-terminal peptides in Western blots (Fig. 4; Table 2).
Thus, in Tcne, unlike TcdA (Eichel-Streiber et al. 1989),
the C-terminal repeat seems not to be the immunodomi-
nant region of the toxin. The multiplicity of polypeptide
bands detected by the antiserum is a consequence of the
AT-richness of clostridial DNA. Similar results have
been obtained for the expression of C. difficile toxins
(Eichel-Streiber et al. 1989). Internal initiation and pre-
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81
161
241
321
401
481
561
641
721
801
881
961

1041
1121
1201
1281
1361
1441
1521
1601
1681
1761
1841
1921
2001
2081
2161

C

aaacaagcca

aaattattaa

tttctcaaaa

aattttatat

MLITREQLMK
SELRELIKNS
SNILDGTYGH
TENILTNKLK
EKKLMNNYPY
LISQLENRYE
SSATCDTYHF
RVTTSELLKV
LSRFNDIKKI
VGKLFNKISR
LNKVAEFAKD
KNNISNNMII
NPSLLNSAML
ITDGINLIAA
VLGEKYNQIL:
LDHYIELSIY
FEYSFSYMRV
IVKESKIEDN
NDIKNNFDNL
KYKDGYIVEG
GVDENNRYLE
KVYTKKIITH
SNYDELSLND
ESGVFLTPNG
YYFDGNTGEA
AINYKGWLDL
TGIQKAGVFP

LSGKRYYFNE

GTAtaatgta

tcttttaata

IASIPLKRKE
RTSTIASKNL
NKFYSDRMKL
SYYYQELIQT
KYMEQVPSEI
ILNSIIQEKF
IKNTFDMLSS
IEEVNSTKIY
KLTLIGHGEN
DLQPKGFSKN
INSIIQTTNN
LFDSIIKEKD
MOLLIDYKPY
LTELKNVKTN
DYFSKFYPIV
PALKLNDTNL
EYFDTKVNVI
KFVLDGFINN
LDNINYIGLG
TFLINSTENK
YMLSTNNRKWI
PIPNNPQINI
FLLONYNVKG
LEYFTNKHAS
IIGWFNNNKE
NGNKYYFNSD
TPNGLRYFTM

KGEQLTLV

aataatagat

aaaagcaaga

ttttgtactt

PEYNLILDAL
SFIWIGGPIS
IYRYKRELKM
NNLAAASDIL
KERILSFVRN
KICETYDSYI
ONQEIFEASN
ENYDLNMILQ
VFNPKLFGGK
QLEISANKYA
QELKQSLVNT
YYNVKLANKI
TEILTNMNTS
FERKLIEAKV
GKNPFSIQDN
PKGNVVLLPES
LDNENKTLII
IFSTLKVSND
SISDNTINCI
YSLYIENNKI
INGGYWENDF
INTQSIHDKC
LYYINGELHY
SKRWGRAINY
RYYFDSEGRL
SIAVTGSYNI

KPIDGQRWGQ

ttaaaaaagc

atactaacag

ggtatgtatc

ENFNRDIEGT
DQSLEYYNMW
LYENMKQNNS
RIAILKKYGG
HDINDLILPL
NSVSELVLET
NLYFSKTHDE
IQGDDISYES
TVNDLYTNII
IRINREGKRE
YADLITTLYS
TGETSVIKTY
LKVQAYAQIF
GMYSIGFILE
IITPYDDIATI
GLNKVYKPEI
PVLTIDEMRN
GFKIGKQFIS
VRNDEVYMEG
MLKGLYLESS
NNYKIVDFEK
HLIIDSVLTN
KNIPG%TFEY
TGWLTLDGNK
LTGYQVIGDK
KGIQYYFNPK

CIDYTGWLHL

ctct:,agttta

agatgtactt

atagttactt

14

tttaaataaa

acttgaaaaa

aataatataa

SVKEIYSKLS
KMFNKDYNIR
VDDIIINFLS
VYCDLDFLPG
GDIKISQLEI
TPRNLSMDGS
FKSSWLLRSN
AVNVFGKNPN
KPKLQHLLER
VLDYFGKWVS
ELLKEDIPFE
SDSLWNFTNK
QLSIGAIQEA
SSSLISGLLG
TELNFKYNKF
SATAGANSQE
KISYEILGDG
IKNTPRAINL
KIFLNEKKLV
VFKTIQDKIY
CNVIVSGSNK
NYHWESDGDD
GWINIDSRWY
YYFQSNSKAV
SYYFSDNING
TAVLTNGWYT

NGNKYYFGYY

taaattttgt

gttaatttat

KLNELVDNYQ
LFYDKNSLLV
NYFKYDIGKL
VNLSLFNDIS
LLSRLKAATG
SFYQQIIGYL
IAFKEFQKLI
KSILIQGVDD
EGVILKNKYL
NTDLIAEQIS
LDNIQIKERI
YKKIVDDIXG
TEIVTIISDA
ATAVSEILGV
KYGYAKISGF
GNGVEVLNLI
GQYNVILPVN
SFKINNNIVI
FIQNELELHL
SKEKVNDYIL
LNSEGDLADT
LIITNGLDIN
FFDSINLIAK
TGLQKISDKY
NWEEGSGVLK
LDNNNYYVSN

NSAVTGWRVL

tttaaatctt

ag.gaggcttt

gcctteccagg

tatccttacc

aatgattaac

ttaspggagt]

TKYPSSGRNL
NTLKTAIIQE
NNQKENNNNK
KPNGMDSNYW
KKTFSNAFII
SSGFKPEVNS
KTYIGRTLNY
FANVFYFENG
KINILGCYMF
NKYVVYWNEV
ILNEISRLHD
IIVKDINGEF
LNANFNILSK
ISVPVAGILV
EGGSGHTYWG
RNYYVDSNGN
QTNINIVSNK
VSIYLNHEKS
YDSVNKDSQY
SLIKKFFTVN
IDVLDKDLEN
IRILQGLSFG
KGYQETEGER
YYFNDNGQOMQ
SGIFKTPSGF
GHNVLGYQDI

GGKRYFFNIK

caaaagaatt

tacaatacca

aaaaaatatt

gaattttATG

ALENFRDSLY
SSKVIIEQNQ
MIAIGATDIN
EAAIFEAIAN
SNNDSLTLNN
TVFFSGPNIY
EDGLNFNKWK
IVQSDNINNI
TPKVDINSTF
ENTLSARVEQ
FSNIILDFYQ
IKKADFEIEQ
LKVGSSVASV
GLPSLVNNIL
NIDHYFSAPS
TKFPWKYEAP
NDIWNFDVSY
NSITIISSDL
LINNPINNVV
IQLCPFMIVS
LYIDSVIIIP
FKYKNIYLKF
YYFNPNTGVQ
TKWQI INNNK
KLFSSEGDKS
DGKGYYFDPS

TGAATTGLLT

ttaaaaatta

tcagcactta

Fig. 2A-C The Tcna sequence. The sequence is based on a file
stored at the EMBL database (EMBL Accession No. Z48636).
Letters in lowercase indicate the nucleotide sequences of the 5'-
and 3'-untranslated regions; uppercase letters represent in one-let-
ter code the deducted amino acid sequence of the Tcna ORF. A
5’-untranslated DNA sequence including the first codon (ATG).
Putative promoter sequences TTAACA (-35 box) and TAAAAT
(—10 box) are underlined. The boxed nucleotides represent the

putative Shine-Dalgarno sequence (AGGAGT). B Amino acid se-
quence (1-2178) of Tcna. Two vertical arrows define the C-termi-
nal ends of domains I and IT (compare Fig. 1B). C 3'-untranslated
DNA nucleotide sequence including the C-terminal valine codon
(GTA). Between nucleotides (nt) 6548 and 6590 there is an invert-
ed repeat structure (AG —114 kJ/mol) that we propose as the tran-
scription terminator of rcna (underlined by convergent arrows)
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A

NALI1 VQESGVFLTPNGLEYFTNKHASSKRWGRAINYT G WLTLDGNK YYF QS-NS
NALI2 GNWEEGSGVLKSGIFKTPSGFKLFSSEGDKSAINYK G WLDLNGNK YYF NS-DS
NALI3 IQKAGVFPTPNGLRYFTMKPIDGQRWGQCIDYT G WLHLNGNK YYF GYYN

NALI *q*sGVEf*tpngl*yft*K**ss*rwg*aIBYt G WL*LBGNK YYF *gs*Bg
NK1 KAVT G LQKISDKY YYF NDN-G
NK2 IAVT G SYNIKGIQ YYF NPKTA
NK3 SAVT G WRVLGGKR YFF NIKTG
NK *AVT G ***i*xgk* YyF N*ktg
NE1 TFEY G WINIDSRW YFF DSINL
NE2 OMQI K WQIINNNK YYF DGNTG
NE3 EAII G WENNNKER YYF DSEG

NE4 VLTN G WYTLDNNN YYV -SNG

NES AATT G LLTLSGKR YYF NEKGE
NE kkkk g whkkkhixk Yyf bgrhx
NA1l IAKK G YQEIEGER YYF NPNTG
NA2 RLLT G YQVIGDKS YYF SDNIN
NA3 HNVL G YQDIDGKG YYF DPSTG
NA *kx* G YO*I*gk* YYF bpntg
B

NALI *s *tpn *y t*K**ss*rw-[gMaIBYt G WL*L---BGNK YYF| *s*Bs
ALICE M KGPNGFEYFAPANTDANNIEGQAIViYONK FLITL~---NGKK [YYF| ~GNNS
BALI | NTED F YFAPANTLDEN*EGEAIbYt G *Lpb*---DEBI [YYF -DD*Y
X

———————————— I-~--NDK* FYF| *DSG*

NK
KV

BK

NE
EA
IA
BE

NA
AS

BA

Fig. 3A,B Definition and comparison of the CROPs of Tcna with
those of TcdA and TcdB. A The 14 CROP sequences of C. novyi
are arranged in four groups listed individually together with their
consensus sequences (bold letters). Three long repeat sequences,
NALI 1,2,3, of up to 52 amino acids, were defined. The NALI
CROPs are flanked by NA 1,2,3 on the N-terminal and by NK
1,2,3 on the C-terminal side. The stretch NA-NALI-NK is similar-
ly found in Clostridium difficile TcdA and TcdB (see Fig. 5B for
comparison of consensus CROPs). In Tcno they are spaced by
sequences NE 1-5. All sequences were aligned to a five amino acid
stretch C-terminal to the YYF sequence. For the consensus se-

WgTI-——~GKK YYF|NPNTA
G WK*L***DGEK [YYF DPEgTA

*[7 Tif *x¥kj———*gk* [YyF|N*ktg
G

v

*kkk [glygkkko—_pk*k YyFflbskrx
EAAT |G WQTI-~-~-DGKK [YYF|NTNTA
IAA* |G| LQ*I-—--NNbK YYF | b*DTA
Xkkk (Gl Kk *k ko FDHK [YYF|D****

* kok F YQ*Il---*gk* YYF|bpntg
IAST G Y]é‘iil———bGKH FYF|NtDgi
*A** |G L**I---bD*N YYF|NbGY*

quences uppercase letters indicate positions conserved in all, and
lowercase letters conservation in the majority of CROPs. An as-
terisk stands for a highly variable amino acid position; shifts intro-
duced in the sequence alignment are represented by dashes. The
letter B designates Asn or Asp. The G-x4-YYF motif is conserved
in all but four CROPs. B Consensus sequences of the Tcna, TcdA
and TcdB CROPs are compared. CROPs of TcdA origin are: AL-
ICE, KV, EA, 1A, AS; TcdB CROPs are: BALI, X, BK, BE, BA
(see also Fig. 5B). Those positions conserved in the individual
CROP groups are boxed. CROP IA defined for TcdA is aligned
with the NE, BE, EA intervening sequences
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Fig. 4 Western blot of recombinant Tcna fragments. C. novyi
Tcno (0.25 mg, lane 7) and total lysates of recombinant fcro; sub-
clones [20 pl each; cells were not induced with isopropyl-1-thio-
B-D-galactopyranoside (IPTG)] were separated on 10% SDS-
polyacrylamide gels. The proteins were blotted onto nylon mem-
branes, stained using the polyclonal Tena antiserum employed for
primary screening of the genomic library, and further processed as
described in Materials and methods. The major recombinant prod-
ucts are indicated by arrowheads. Lane 1, Escherichia coli IM101
with pUC18; 2, pCn214; 3, pCns18; 4, pCnsllb; 5, pCnsl2; 6,
pCn47; 7, Teno. Table 2 summarizes the clones, the fragments
they code for and the calculated and determined sizes of Tcna
fragments. The serum detects N- and C-terminal toxin fragments,
nevertheless some parts of Tcna are not immunogenic (see lane 4,
pCns11b). The polypeptide at 34 kDa represents an E. coli host
cell protein stained by the Tcna antiserum. This cross-reaction is
evident only after separation of total lysates of E. coli proteins on
SDS-polyacrylamide gels and is only marginal in colony blots.
Similar results were obtained during analysis of TcdA and TcdB
fragments of C. difficile (see Eichel-Streiber et al. 1989)

mature termination are the main reasons for this phe-
nomenon. Why we were unable to isolate pCn214 (com-
pare Fig. 4, lane 2) by colony blotting remains an open
question. Lysates of the recombinant E. coli cells ex-
pressing Tcno fragments did not show cytotoxic activity
on CHO cells (data not shown).

Comparison with other protein sequences

Comparison of C. novyi Tcna with either C. difficile
TcdA or (TcdB) revealed extensive homology [33%
(32%) identity and 15% (16%) conservative substitu-
tions]. Separate comparisons of domains I, II, and III of
all three toxins is difficult because of the size differ-
ences between the molecules. The proportion of aa posi-
tions that are identical in Tcna, TcdA and TedB is 22%
for domain I, 18% for domain II and 27% in domain
III. For domain III, the sequence we compared was re-
stricted to the 11 strictly matching CROPs (only 287
positions of the repeating units; see Fig. 5B and Table 3).
This domain is unusual, in combining high levels of vari-
ation in length with high levels of conservation in se-
quence.

Table 2 Calculated and determined sizes of recombinant proteins

Lane in Clone® tcno Size of Tena fragment (kDa)
Fig. 4 sequence
encoded® calculated determined®
2 pCn214 ~410-3104 114 114
3 pCns18 405-3104 99 99
4 pCnslib 3212-4388 43 Negative
5 pCnsl2  4379—(7600) 79 70
6 pCn47 4966—(7600)* 58 62

* The C. novyi inserts are all inserted in-frame into the lacZ gene
of pUC18

® Nucleotide (nt) positions as depicted in EMBL data files; Acces-
sion No Z48636

° Largest of several polypeptides

¢ Numbers in parentheses have been estimated from partial restric-
tion mapping

Table 3 Biochemical properties of large clostridial cytotoxin
(LCT) polypeptides

Tena TcdA TcdB
Total length region 2178 2710 2366
Repeat region 382 833 512
Total — repeat region 1796 1877 1854
M, (Da) 250166 308057 269708
pl 5.9 53 4.1
Groups of CROPs 4 5 5
Number of CROPs 14 30 19

Within the Tcna repetitive region we defined four
(Table 3), and within TcdA and TcdB five, groups of
CROP sequences (Eichel-Streiber et al. 1992a). The ar-
rangements of Tcna, TcdA and TcdB CROPs are com-
pared in Fig. 5B. The backbone of the repetitive domains
is formed by the large repeats of 48—52 residues together
with the adjacent CROPs (NA-NALI-NK for Tcna).
Variations in length of the C-terminal domains result
from different numbers of CROPs in the various toxins.
The total length of the remainder of the toxins is almost
invariant (approx. 1800 amino acids, see Table 3). Thirty
CROPs have been described for TcdA 19 for TedB and 14
for Tcno. The repeat in Tcna, (382 residues) is the
shortest among the three toxins. C. difficile TcdA
and TcdB repeats comprise 833 and 512 amino acids,
respectively. Sequence homology, again based on the re-
peating motifs, was also found to GTFs of Streptococci
(Eichel-Streiber et al. 1992b). A 3-amino acid motif
YYF is almost invariant in all repeats characterized. This
motif seems to be essential for the interaction of these
proteins with carbohydrates (Eichel-Streiber et al.
1992b).
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Fig. SA,B Comparison of Tcna with TcdA and TcdB of C. diffi-
cile. A Dot matrix plotting was performed with a window of 10
amino acids demanding identity of six positions. Tena (horizon-
tal) is compared with TcdA and TcdB (vertical). There are some
signals of identity on the diagonal, and many within the C-termi-
nal repetitive domain. B The repeat domains of the three toxins
Tena, TcdA and TedB are aligned to highest homology. A general
overview, not the individual sequences, is presented. As can be
seen, the three CROPs NA-NALI-NK or their homologues AS-AL-
ICE-KV (Eichel-Streiber and Sauerborn 1990) and BA-BALI-BK
(Eichel-Streiber et al. 1992a) form the backbone peptides present
in all toxins

Discussion

So far classification of Tcna of C. novyi, TcdA and TcdB
of C. difficile and TcsH and TcsL of C. sordellii into the
single subgroup designated LCTs has been based on
their common biochemical and pharmacological proper-
ties (Bette et al. 1989, 1991). This classification is now
corroborated by determination of the tcna DNA se-
quence.

The Tcna molecule

The tcnor gene contains a single ORF encoding a
molecule with an M, of 250166 and a pl of 5.9. Previous
data obtained by SDS gel electrophoresis indicated a size
of 200 kDa (Bette et al. 1989; Ball et al. 1993). The
differences in size cannot be due to post-translational

modification since the N-terminus is preserved in the
mature toxin. Processing at its C-terminus would remove
the repetitive ligand domain thus leaving a functional
inactive toxin (see below). There is also no evidence that
Tena is composed of distinct subunits. Thus the most
probable reason for the discrepancy in M, is the influ-
ence of protein folding on its mobility in SDS gels. Sim-
ilar differences were observed with tetanus toxin (Kist-
ner et al. 1993). A second discrepancy was observed be-
tween the molar fraction of proline of Tcno determined
chemically (Ball et al. 1993) and that deduced from the
DNA sequence. The amino acid compositions of Tena,
TcdA and TcdB are very similar and their proline con-
tents are equally low (2.0-2.3 mol%; Ball et al. deter-
mined 14.9 mol%).

Comparison of Tcna with the toxins of C. difficile

Immunologically Tcna, TcdA and TcdB are unrelated.
No antiserum against any of the three toxins crossreacts
with the other two toxins. Despite this seeming hetero-
geneity, TcdA and TcdB of C. difficile display consider-
able homology with 48% amino acid sequence identity,
with a further 15% conservative substitutions (Eichel-
Streiber et al. 1992a). According to the sequence of
Tena presented it shares 33%/32% identity and 48%
homology with TcdA and TcdB, respectively. Similar de-
grees of homology have been reported within the family
of clostridial neurotoxins (TeTx versus BotxA, 33.8%,
and TeTx versus BotxE, 30.4% identity; Binz et al.
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1990). Obviously the neurotoxin and the cytotoxin sub-
group each evolved from a common ancestor.

The homologies between the three LCTs mentioned
are most prominent in their CROPs (see Figs. 3 and 5).
Similar repetitive motifs occur in other proteins, for in-
stance glucosyltransferases of Streptococci, where they
mediate protein-carbohydrate interactions (Banas et al.
1990; Wren 1991; Eichel-Streiber et al. 1992b). Thus we
infer that initial binding of the LCTs to the cell surface is
mediated by CROP-carbohydrate interaction. Besides
this sequence homology, structural homology between
Tena, TedA and TedB is obvious. The three toxins may
be divided into three domains, an N-terminal toxic, an
intermediary translocation and a C-terminal region con-
tributing to cellular binding (Eichel-Streiber et al., in
press).

Functional aspects of Tcna

Polyclonal TcdA antiserum preferentially recognizes the
repetitive motifs extending throughout the 833 C-termi-
nal amino acids. In TcdA the immunodominant antigenic
site of the CROPs (and the entire TcdA) is the motif
TIDGKK, which is recognized by monoclonal antibody
(mAb) TTCS (Sauerborn et al. 1994).This sequence was
recently identified by fluorescence microscopy as the
structure that interacts with carbohydrates expressed on
the target cell surface (Sauerborn and Eichel-Streiber,
unpublished data). TcdA of C. difficile and TcsH of C.
sordellii both haemagglutinate rabbit erythrocytes. The
TIDGKK motif of TcdA is involved in this reaction. Ad-
ditionally, TcsH reacts with mAb PCG-4, a second TcdA
repeat-specific and TTCS8 crossreactive mAb (Martinez
and Wilkins 1988). Thus we expect to find a TIDGKK-
like motif in TcsH; however, its sequence is still un-
known.

The pharmacological diversity of LCTs may depend
on binding or toxic action. The ligand motif TIDGKK
occurs only in TcdA but not in TcdB or in Teno. Thus
Tcno uptake should be mediated by a carbohydrate struc-
ture different from the Galal-3GalB1-4GlcNAc se-
quence, which is part of the TcdA receptor on the cell
surface (Tucker and Wilkins 1991; Rolfe and Song
1993). In vitro all LCTs act on a wide variety of cells by
disrupting their microfilaments. Cells resistant to TcdB
have been obtained by chemical mutagenesis (Florin
1991); the phenotype was shown not to be due to a block-
ade of toxin uptake. Recently the intracellular target of
TecdA, TcdB (Just et al. 1994) and Tcna (Selzer et al.
1994) was identified as Rho, a small GTP-binding
protein. Since Rho is involved in regulating the steady
state of polymerisation of F-actin (Ridley and Hall 1992)
its inactivation by LCTs may account for the damaged
microfilament system. Conversely CNF (cytotoxic ne-
crotising factor) of E. coli induces hyperpolymerisation
of actin and again the key player is Rho (Oswald et al.
1994). Both effects result from as yet uncharacterized
modifications of Rho. The modification of Rho by LCTs

interferes with its substrate properties for C3 of C.
botulinum, an ADP-ribosyltransferase that modifies
Rho at Asn42. However, ADP-ribosylation activity has
been ruled out for LCTs (Just et al. 1994), as has a
protease activity comparable to that of clostridial neuro-
toxins (Schiavo et al. 1992).

In summary, the structural and functional links be-
tween Tcna, TcdA and B have become much more evi-
dent. The LCTs of C. sordellii have largely been omitted
from the discussion. Their structure is unknown. More-
over the cytopathic action of C. sordellii lethal toxin also
involves the microfilaments but is morphologically dis-
tinct from that of the LCTs mentioned (Bette etal. 1991).
Immunologically, antisera against Tcsl. and TcdB, like
those against TcsH and TcdA, are mutually cross-reac-
tive. Hence future work must define the structural and
functional features of C. sordellii LCTs. The lessons
learned from the clostridial neurotoxins may formally
apply to the clostridial LCTs too. As with the former
group, basic features should be common to all LCTs,
whereas details of binding, internalization and substrate
specificity obviously differ between the individual tox-
ins.
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