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The amino acid sequence of the first 30 residues of fragment C of tetanus toxin was determined, and a
mixture of 32 complementary oligonucleotides, each 17 bases long, was synthesized. A 2-kilobase (kb) EcoI
fragment of Clostridium tetani DNA was identified by Southern blotting and was cloned into the Escherichia coli
plasmid vector pAT153 with the 32P-labeled oligonucleotide mixture as a probe. A second 3.2-kb BglII
fragment was identified and cloned with the 2-kb EcoRI fragment as a probe. The nucleotide sequence of 1.8
kb of this DNA was determined and was shown to encode the entire fragment C and a portion of fragment B
of tetanus toxin. The tetanus DNA was expressed in E. coli with pWRL507, a plasmid vector containing the trp
promoter and a portion of the trpE gene. The trpE-tetanus fusion proteins were visualized by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and were shown to react with anti-fragment C antibody.

Tetanus toxin is a potent inhibitor of the central nervous
system. It causes spastic paralysis by blocking the release of
inhibitory transmitters from inhibitory synapses (for a re-
view, see reference 1). The exact mode of action of tetanus
toxin at the molecular level remains unknown. The toxin,
produced by Clostridium tetani, is synthesized as a 150,000-
dalton polypeptide (Fig. 1). Upon lysis of the bacterium, the
toxin is released from the cells, concomitantly with
proteolytic cleavage of the molecule by an endogenous
protease. The resulting molecule, termed "extracellular
toxin," is composed of two fragments designated the light
and heavy chains (13). These chains are held together by one
or more disulfide bonds. Purified heavy and light chains are
by themselves virtually nontoxic, but when they are reas-
sociated, toxicity is restored.
Papain digesion of tetanus toxin results in cleavage of the

heavy chain to give two fragments, B and C (8) (Fig. 1).
Purified fragment C is completely nontoxic in animals,
whereas fragment B retains some residual toxicity at high
doses, although this activity is manifest as a flaccid paralysis
in mice rather than the spastic paralysis characteristic of
tetanus toxin (7, 8).
Immunity to tetanus toxin is provided by the administra-

tion of formaldehyde-treated toxin (tetanus toxoid). Frag-
ments B and C have also been used to successfully immunize
animals against tetanus, indicating that the entire molecule is
not essential for protection (6). However, the preparation of
these fragments is time-consuming and not commercially
feasible. Studies with monoclonal antibodies have also
shown that all three domains of the tetanus toxin molecule
(the light chain, the amino-terminal half of the heavy chain,
and the C fragment) may induce neutralizing antibodies (10,
25).
To characterize tetanus toxin further at the molecular

level, we undertook the cloning, nucleotide sequencing, and
expression in Escherichia coli of DNA encoding fragment C
of tetanus toxin. We used synthetic oligonucleotides com-
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plementary to the amino acid sequence of fragment C to
generate hybridization probes for identifying specific C.
tetani DNA fragments and for screening recombinant
clones.

MATERIALS AND METHODS

Bacterial strains. C. tetani CN3911, a derivative of the
Harvard strain (14), was used as the source of DNA for
cloning. E. coli K-12 strains DH1 and JM101 have been
described previously (12).

C. tetani DNA production. CN3911 was grown for 30 h in
600 ml of Mueller medium (14). The cells were harvested by
centrifugation at 5,000 rpm for 10 min with a Sorvall GS3
rotor and suspended in 20 ml of 50 mM Tris hydrochloride
(pH 8.0), 5 mM EDTA, and 50 mM NaCl (TES). The cells
were harvested by centrifugation at 10,000 rpm for 10 min in
a Sorvall SS34 rotor and suspended in 8 ml of TES contain-
ing 25% (wt/vol) sucrose. Lysozyme was added to a final
concentration of 2 mg/ml, and the cells were incubated at
37°C for 20 min. EDTA (3.2 ml, 0.25 M) was added, and
incubation continued at 37°C for 25 min. The cells were lysed
by the addition of 7.2 ml of 2% (wt/vol) Sarkosyl in TES
followed by incubation for 10 min at 37°C and for 10 min at
4°C. Protease K was added to 10 mg/ml, and the lysate was
left overnight at 50°C.

Lysate (8 ml) was added to 35 ml of solution containing
69.6 g of CsCI and 55.2 ml of 10 mM Tris hydrochloride (pH
8.0)-i mM EDTA. Polymethylsulfonyl fluoride was added to
50 ,ug/ml, and the solution was centrifuged at 36,000 rpm for
48 h at 20°C in a Beckman 70.1 Ti rotor. The C. tetani DNA,
which was visible as opaque lumps in the clear solution, was
withdrawn from the gradient with a wide-bore syringe and
was dialyzed extensively against 10 mM Tris hydrochloride
(pH 8.0)-i mM EDTA (TE). The DNA was extracted once
with phenol and three times with ether, followed by precip-
itation with ethanol at -20°C. The DNA was resuspended in
TE to 1 mg/ml and stored at -20°C.

Preparation of crystalline fragment C. Tetanus toxin was
produced by using 1 M NaCl to lyse organisms obtained
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FIG. 1. Structure of tetanus toxin and fragments generated by
proteolytic cleavage (adapted from reference 3). kd, Kilodaltons.

from a 3-day culture of Harvard strain of C. tetani grown in
modified Mueller medium. The toxin was purified by frac-
tional precipitation with potassium phosphate (1.75 M, pH
8.0) followed by adsorption to DEAE-cellulose equilibrated
with 0.01 M sodium phosphate (pH 7.2)-0.2 M EDTA. The
purified fraction was equilibrated by dialysis against 0.1 M
sodium phosphate (pH 6.5)-0.1 M EDTA. Fragment C was
prepared from this material by the procedure of Helting and
Zwisler (8) by using crystalline papain derived from crude
enzyme by the method of Kimmel and Smith (11).

Crystalline fragment C was obtained by concentration by
vacuum dialysis of either the appropriate fraction obtained
from the Sephadex G-100 column or the digestion mixture,
followed by dialysis against water. Several batches were
obtained on further dialysis. Recrystallization was achieved
by dissolution of fragment C in 0.5 M sodium chloride,
followed by dialysis against water. It was found that crys-
tallization reduced the residual toxicity of fragment C but did
not eliminate it altogether even after 12 recrystallizations. It
was always necessary to further purify fragment C with a
column of adsorbed tetanus antitoxin coupled to Sepharose
4B as described by Helting and Zwisler (8). This column
adsorbed all the contaminating tetanus toxin together with a
small percentage of fragment C. The flowthrough was pure
fragment C and was finally dialyzed as a crystalline suspen-
sion and freeze-dried.
DNA techniques. Preparation of plasmid DNA and trans-

formation were carried out as described by Maniatis et al.
(12). Restriction enzymes, T4 ligase, Bal3l nuclease, and
polynucleotide kinase were obtained from Boehringer Corp.,
London, and were used according to the instructions of the
manufacturer. S1 nuclease was from New England Nuclear
Corp., Boston, Mass.

Southern blotting and DNA hybridization. Restriction en-
donuclease-cleaved DNA was transferred onto nitrocellu-
lose filters as described by Southern (20). Labeling of the
mixed oligonucleotide with [32PJATP and hybridization to
immobilized DNA on filters was carried out as described by
Wallace et al. (26). Filters were prehybridized in 6x NET
(lx NET is 0.15 M NaCl-0.015 M Tris hydrochloride [pH
7.5]-1 mM EDTA), 5x Denhardt solution, 0.5% sodium
dodecyl sulfate (SDS), and 200 p.g of salmon sperm DNA per
ml at 55°C for 2 h. Hybridization was in the same buffer
except that transfer RNA (100 ,ug/ml) was used instead of
salmon sperm DNA. 32P-labeled oligonucleotide mixture (20
ng; 3 x 107 cpm) was added, and hybridization was carried
out at 37°C overnight. The filters were washed in 6x SSC
(lx SSC is 0.15 M sodium chloride plus 0.015 M trisodium
citrate) at room temperature, blotted dry, and exposed to
Kodak X-ray film.

Expression of trpE-tetanus fusion proteins. Recombinant
plasmids expressing trpE-tetanus toxin fusion proteins were
constructed with the plasmid vector pWRL507 (a gift from
M. Winther). pWRL 507 (see Fig. 5) is a derivative of
pATtrp (18) and contains the tryptophan promoter and a

portion of trpE, the structural gene for anthranilate synthe-
tase (27). To express fusion proteins, E. coli DH1 containing
recombinant plasmids was grown overnight at 37°C in 10 ml
of M9 medium (12) containing 0.25% (wt/vol) Casamino
Acids (Difco Laboratories, Detroit, Mich.) and 50 jig of
ampicillin per ml. The cultures were diluted 1 in 5 into fresh
medium containing 10 ,ug of indolacrylic acid per ml and
were grown for 4 h with shaking. The cells were harvested
by centrifugation at 10,000 rpm for 5 min, and the
polypeptides were visualized by SDS-polyacrylamide gel
electrophoresis as described elsewhere (4). Western blotting
was carried out as described previously (22), with 3%
(wt/vol) hemoglobin to block nonspecific binding to nitrocel-
lulose. Anti-fragment C antibody was used at a dilution of 1
in 50, and proteins were visualized with 50,000 cpm of
[1251]protein A per ml.

Oligonucleotide synthesis. A set of oligonucleotides, com-
prising all possible nucleotides that could code for amino
acids 6 through 11 of fragment C, was synthesized by a
manual solid-phase method similar to that described by
Sproat and Banwarth (21).

Determination of amino acid sequence of tetanus toxin
fragment C. Fragment C (0.5 mg) was taken up in 300 ,ul of
trifluoroacetic acid, and the amino acid sequence was deter-
mined in the presence of 3 mg of Polybrene and 100 ,ug of
glycylglycine (Pierce Warriner Chemicals) with a Beckman
590C sequencer with a Sequimat SC510 controller and a P6
autoconvertor. The first 30 residues were identified by
high-pressure liquid chromatography.

Containment. Part of this work was carried out under
category II containment facilities with appropriate host-
vector combinations as advised by the Genetic Manipulation
Advisory Group.

RESULTS
Design of synthetic oligonucleotides. The sequence of the

first 30 amino acids of purified fragment C was obtained by
automated Edman degradation. The sequence obtained was
Lys-Asn-Leu-Asp-Cys-Trp-Val-Asp-Asn-Glu-Glu-Asp-Ile-
AsP-Val-Ile-Leu-Lys-Lys-Ser-Thr-Ile-Leu-Asn-Leu-Asp-
Ile-Asn-Asn-Asp. This sequence was analyzed for the
longest possible stretch of amino acids giving the least-
degenerate oligonucleotide mixture. Figure 2 shows the
sequence of residues 6 through 11 and a family of 32
oligonucleotides, each 17 bases long. One of these
oligonucleotides would be expected to be complementary to
the DNA and mRNA encoding fragment C. This family of
oligonucleotides was synthesized with mixtures of bases
included where indicated.

Identification and cloning of C. tetani DNA fragments. Total

6 7 8 9 10 11
Trp Val Asp Asn Glu Glu Protein

5' UGG GUA GAU AAU GAA GA 3' mRNA
G C C G
C
U

3' ACC CAA CTA TTA CTT CT
G G G C
C
T

5' olisgonucleotide
synthesised

FIG. 2. Amino acid sequences of residues 6 through 11 of
fragment C of tetanus toxin (top), the encoding mRNA including
degenerate bases where indicated (middle), and the mixed oligonu-
cleotide used as a probe (bottom).
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FIG. 3. Restriction map of the cloned C. tetani DNA in plasmids pTetl and pTet8. The top lihe is a map of C. tetani DNA and is derived
from digests of both pTetl and pTet8 (see text fQr details of their construction). Only the inserts of the plasmids are shown. The location of
the fragments of tetanus toxin encoded by the DNA is shown in the bottom line. Restriction endonuclease sites are E, EcoRI; B, BglIl; S,
SacIl; and K, KpnI. The open box indicates the location of fragment C, and the hatched box indicates a portion of fragment B. *, Site of
binding of the synthetic oligonucleotide.

cellular DNA from C. tetani was digested with several
restriction enzymes, transferred to nitrocellulose, and hy-
bridized with the oligonucleotide mixture labeled with
[32P]ATP. A prominent band of 2 kilobases (kb) was identi-
fied in the EcoRI digest, and fainter, higher-molecular-
weight bands were identified with PstI, KpnI, and HindlIl
(data not shown). C. tetani DNA (100 p.g) was cleaved with
EcoRI and electrophoresed on a 0.7% agarose gel, and the
DNA was purified from the region containing fragments of
approximately 2 kb. This pool of 2-kb EcoRI fragments was
cloned into EcoRI-cleaved and dephosphorylated plasmid
pAT153, a nonmnobilizable derivative of pBR322 (23).
One hundred recombinant clones were picked and were

screened by colony hybridization to the mixed oligonucleo-
tide probe. Severl clones were identified showing various
degrees of teaction with the probe (data not shown). Plasmid
DNA was prepared from these seven clones, and EcoRI
digests were probed by Southern blotting. Four plasmids had
2.0-kb EcoRI fragments which hybridized to the mixed
oligonucleotide, and one of these plasmids, named pTetl,
was studied further. A restriction map of the insert in pTetl
is presented in Fig. 3. Further Southern blot experiments
showed that only fragments containing the central 300 base
pairs of the 2-kb insert hybridized to the probe. Thus the
sequence encoding the amino terminus of fragment C was
located toward the center of the 2-kb EcoRI fragment.
DNA sequence analysis (see below) revealed that the 2-kb

EcoRI fragment in pTetl did not contain the entire coding
region of fragment C. Therefore, adjacent restriction en-
zyme-generated fragments were identified by Southern blot-
ting with pTetl as a probe (data not shown). A 3.2-kb BgIII
C. tetani fragment which hybridized to pTetl was identified
and cloned into the vector pWRL507 at the BglII site to
generate pTet8. This fragment contains the 1.4-kb BgIII-
EcoRI fragment present in pTetl and the adjacent 1.8-kb
EcORI-Bg1II fragment (Fig. 3).
DNA sequence of the cloned C. tetani DNA. The nucleotide

sequence of the 1.4-kb BglII-EcoRI fragment of pTetl and of
the adjacent 300 base pairs of pTet8 was determined by the
method of Sanger et al. (17, 19). The DNA sequence is
shown in Fig. 4. Translation of the entire sequence in both
strands revealed only one open reading frame encoding a
protein of 63,000 daltons. Translation of nucleotides 367
through 457 gives an amino acid sequence identical to that
determined for the first 30 amino acids of fragment C,
confirming that the clones do indeed encode a portion of
tetanus toxin. The amino-terminal residue of fragment C is
lysine, which is in agreement with the results of Neubauer

and Helting (15). The calculated molecular weight of frag-
ment C is 51,562, a value in close agreement with our own
measurements (data not shown) and with those of Helting
and Zwisler (8).

Expression of C. tetani DNA in E. coli. DNA fragments
encoding all or part of fragment C were expressed in E. coli
as fusion proteins using the expression vector pWRL507
(Fig. 5A), which contains the E. coli trp promoter and part of
the trpE gene. The fusion proteins expressed would be
expected to consist of amino-terminal residues of the trpE
product (anthranilate synthetase) and carboxy-terminal res-
idues of tetanus toxin. The 1.4-kb BglII-EcoRI fragment of
pTetl was cloned into the BglII-EcoRI sites of PWRL507 to
generate pTet4. Because the BgIII sites in pTetl and
pWRL507 are not in phase, no fusion protein containing
tetanus toxin sequences would be obtained (Fig. 5C).
To generate fusion proteins in the same reading frame, two

approaches were used. Pirst, pTet4 was cut with BglII and
digested with exonuclease Bal3l for various times. After
ligation and transformation into E. coli DH1, 100 colonies
were picked and analyzed by a solid-phase immune screen
for the presence of induced proteins reacting with anti-
fragment C antibody. One clone containing a plasmid desig-
nated pTet6 was identified as reacting strongly with antibody
(data not shown). The fusion protein encoded by pTet6 was
visualized by SDS-polyacrylamide gel electrophoresis as a
stained band (Fig. 6A, track 1) and by Western blotting (Fig.
6B, track 1). The size of the fusion protein, with a molecular
weight of 70,000, is consistent with a deletion in pTet4 of
approximately 300 base pairs, which was confirmed by
restriction mapping (data not shown). DNA sequence anal-
ysis showed the exact size of the deletion to be 400 base
pairs, the fusion protein being encoded by nucleotides 163
through 1,128 of trpE (18) and nucleotides 399 through 1,446
of tetanus DNA (Fig. SC). The structures of pTet4 and pTet6
ar shown in Pig. SB. The 70,000 molecular weight of the
protein produced by pTet6 is close to the expected value of
77,000 molecular weight (Fig. 513). The phase around the
BglII side of pTet4 was altered in another way by using
nuclease S1. Si preferentially degrades single-stranded
DNA and so should digest away the sticky ends of the BglII
fragment to generate blunt ends. Examination of the se-
quence around the BglII site of pTet4 shows that Si treat-
ment, i.e., removal of 4 bases, followed by ligation should
place the trpE and tetanus sequerices in the same reading
frame and should result in a trpE-tetanus fusion protein (Fig.
SC). pTet4 was treated with BglII, S1 nuclease, and T4 ligase
and was transformed into DH1. One transformant, contain-
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15 30 45 60
AGA TC TTA GAA TAT CAA GTA GAT GCA ATA AM AA ATA ATA GAC TAT GM TAT AM ATA
ARG SER LEU GLUITYR GLN VAL ASP ALA ILE LYS LYS ILE ILE ASP TYR GUI TYR LYS ILE

75 90 105 120
TAT TCA GGA CCT GAT AAG GM CAA ATT GCC GC GMA ATT MT MT CI MA AC AMA CT
TYR SER GLY PRO ASP LYS GLU GLN ILE ALA ASP GW ILE ASN ASN LEU LYS ASN LYS LEU

135 150 165 180
GMA GAA AAG GCI MT AM GCA A7I ATA AAC ATA MT ATA mT A¶IG AGG GAA AT I AGA
GUI GLU LYS ALA ASN LYS ALA MET ILE ASN ILE ASN ILE PHE MET ARG GLU SER SER ARG

195 210 225 240
TCA TT TTA GTT MT CAA ATG ATT AAC GAA GC AAA AAG CAG TTA TTA GAG VmT GAT ACT
SER PHE LEU VAL ASN GIN MET ILE ASN GLU ALA LYS LYS GLN LEU LEU GLU PHE ASP THR

255 270 285 300
CAA AGC AAA MT ATT TTA AiG CAG TAT ATA AAA GCA MT Cr AAA mT ATA GGT ATA ACT
GLN SER LYS ASN ILE LEU MET GLN TYR ILE LYS ALA ASN SER LYS PHE ILE GLY ILE THR

315 330 345 360
GAA CrA AM AAA TTA GAA TCA AAA ATA AAC AAA GTT TTT WA ACA CCA ATT CCA TTT WT
GLU LEW LYS LYS LEU GLU SER LYS ILE ASN LYS VAL PHE SER TAR PRO ILE PRO PHE SER

B C 375 390 405 420
TAT TCI AAA MT CIG GAT MltT IGG GIT GAT MT GAA GAA GAT ATA GAT GTr ATA VTA AAA
TYR SER LYS ASN LWU ASP CYS TRP VAL ASP ASN GLU GUI ASP ILE ASP VAL ILE LEU LYS

435 450 465 480
AAC AGT ACA ATT TTA MT TIA GAT ATr AAT AAT GAT AVI ATA WA GAT ATA WI GGG TTT
LYS SER TAR ILEUL ASN LEW ASP ILE ASN ASN ASP ILE ILE SER ASP ILE SER GLY PHE

495 510 525 540
MT TCA TI GTA ATA ACA TAT (WA GAT GCT CAA MlG G1; rC GGA ATA MT GGC AAA GCA
ASN SER SER VAL ILE TAR TYR PRO ASP ALA GLN LW VAL PO GLY ILE ASN GLY LYS ALA

555 570 585 600
ATA CAT TIA GTA AAC MT GM WIr WTr GAA GT ATA GIG CAT AAA GCr A'I GAT ATr GAA
ILE HIS LW VAL ASN ASN GWU SER SER GW VAL ILE VAL HIS LYS ALA MET ASP ILE GU

615 630 645 660
TAT MT GAT Al[ TIT MT MT TTT ACC GIT AGC MTT G VI AG GTIT CCr AAA GTA WI
TYR ASN ASP bET PHE ASN ASN PfiE THR VAL SER PHE TRP LEU G VAL PRO LYS VAL SER

675 690 705 720
gC AGT CAT ¶TA GAA CAA TAT GGC ACA MT GAC TAT W&A ATA ATT AGC Itr ATG AAA AAA
ALA SER HIS LEU GUI GLN TYR GLY THR ASN GLU TYR SER ILE ILE SER SER MET LYS LYS

735 750 765- 780
CAT AGT CIA WA ATA GGA I GGT W AGT GMT WA CIT AAA GGT AAT AAC TTA ATA MG
HIS SER LEW SER ILE MLY SER GLY TRP SER VAL SER LW LYS GLY ASN ASN LW ILE TRP

795 810 825 840
ACr VTA AAA GAT TCC GOG GGA GMA GT AGA CAA ATA ACT I ACGGAT VTA TCC GAT AAA
THR LEW LYS ASP SER ALA GLY GWU VAL ARG GLN ILE 'MR PHE ARG ASP LEW PRO ASP LYS

855 870 8'85, 900
mT MT GCr TAT VTA GAMT AAA ¶1 G7T 'TT ATA ACT ATT AT AAT GAT ACA VTA WI
PHE ASN ALA TYR LEU ASN LYS TRP VAL PHE ILE TAR ILE TilH ASN ASP AG LW SER

915 930 945 960
TCr GCI MT VIG TAT ATA AAT GGA GTA CIT AMG GGA AGT GCA GM ATT C¶ (GT TTA GGA
SER ALA ASN LEU TYR ILE ASN GLY VAL LEW MET GLY SER ALA GUI ILE TAR GLY LEW GLY

975 990 1005 1020
GCr AWT PGA GAC GAT AAT MT ATA ACA TrA AAA CTA GAT AGA TG MT MT MT MT CAA
ALA ILE ARG GWU ASP ASN ASN ILE THR LEW LYS LEU ASP ARG CYS ASN ASN ASN ASN GLN

1035 1050 1065 1080
TAC GTT TI ATT GAT AAA ITT ACG ATA mV IGC AM GCA TTA MT CCA AM GAC AIT GAA
TiR VAL SER ILE ASP LYS PIHE ARG ILE PHE CYS LYS ALA LW ASN LYS GU ILE GUI

1095 1110 1125 1140
AAA VTA TAC ACA ACT TAT VTA WI ATA ACC TTT TTA AGA GAC 1W ¶1 GGA AM CCI VTA
LYS LWXJ TYR TAR SER TYR LEW SER ILE TAR PffE LEW ARG ASP PHE IRP GLY ASN PRO LEW

1155 1170 1185 1200
OGA TAT GAT ACA GAM TAT TAT TTA ATA CCA GTA GCr WI ACT W AAA GAT GTT CAA ¶l1
ARG TYR ASP TER GUI TYR TYR L] ILE PRO VAL ALA SER SER SER LYS ASP VAL GLN LEW

1215 1230 1245 1260
AAA MT ATA ACA GAT TAT ATG TAT ¶1G ACA AAT GOG CCA ¶1W TAT ACr MC GCA AMA VI
LYS ASN ILE TAR ASP TYR MET TYR LW TAR ASN ALA PRO SER TYR TAfR ASN GLY LYS LW

1275 1290 1305 1320
MT ATA TAT TAT AGA AGG VTA TAT MT GGA CIA AAA TT ATT ATA AAA AGA TAT ACA CCI
ASN ILE TYR TYR ARG ARG LEW TYR ASN GLY LW LYS PHE ILE ILE LYS AMG TYR TMR PRO

1335 1350 1365 1380
MT MT GM ATA GAT WI TIT GTT AAA ¶CA GGT GAT 'MT AI AAA TVA TAT GTA WA TAT
ASN ASN GIU ILE ASP SER PHE VAL LYS SER GLY ASP PHE ILE LYS LEW TYR VAL SER 1YR

1395 1410 1425 1440
MC MT MT GAC CAC ATV GTA GGT TAT (x= AAA GAT WGA MT GCC 'MT MT MT CIT GAT
ASN ASN ASH GUI HIS ILE VAL GLY TYR PRO LYS ASP GLY ASN ALA PHE ASN ASN LW ASP

1455 1470 1485 1500
AGA AVI CIA ACA GTk GT TAT MT GCC CCA GGT ATC CCT cIT TAT AAA AM AM GAA GCA
ARG ILE LEW ARG VAL GLY TYR ASN ALA PRO GLY ILE PRO LEU TYR LYS LYS MET GW ALA

1515 1530 1545 1560
GTA AAA VI CGT GAT VTA AAA ACC TAT WTI GTA CAA CIT AAA VTA TAT GAT GAT AAA MT
VAL LYS LEU ARG ASP LEU LYS TAR TYR SER VAL GLN LEU LYS LEU TYR ASP ASP LYS ASN

1575 1590 1605 1620
GCA wI TTA G(G-A CTA GTA GGT ACC CAT MT GT CAA ATA GGC AAC GAT CCA MT AGG GAT
ALA SER LEU GLY LEU VAL GLY TAR HIS ASN GLY GLN ILE GLY ASN ASP PRO ASN ARG ASP

1635 1650 1665 1680
ATA VTA ANT GCA AGC AAC TOG TAC 'TT AAT CAT VTA AAA GAT AAA ATT VTA OGA [GT CAT
ILE LE ILE ALA SER ASN TRP TYR PHlE ASN HIS LEU LYS ASP LYS ILE LEW GLY CYS ASP

1695 1710 1725 1740ISGTAC mT GTACC1 AA GAT GM 7AT ACA MT GAT TMAACA GAT 'MA TAT GVICT
TRP TYR PHlE VAL PRO TAR ASP GLU GLY TRP TAR ASN ASP ME

1755 1770 1785
CAT TAC WI' ATA TM AM AVI AM TM TAT AC MT CIA GCI ATA VIA T

24



TETANUS TOXIN FRAGMENT C IN E. COLI 25

A Ptrp

ApR

DNA
I nsert

ORI

trpE B C
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-(A)

pTet4 Out of phase

pTet6 77 KD

pTetlO 93KD

- ~pTetl 1 86KD

pTetl2 101KD

C
CGC CAG ATT
Arg Gin lie

CGC CAG ATT
Arg Gin lie

I
GAG A TCT TTA
Glu Arg Ser

400
GAG GAT ATA
Glu Asp lie

8
CGC CAG ATT GTA GAA TAT pTetlO,12
Arg Gin lie Val Glu Tyr

FIG. 5. Plasmids expressing the trpE-tetanus fusion proteins. (A) Restriction map of pWRL507 showing the region at the end of the trpE
gene into which tetanus DNA was cloned to construct expression plasmids. (B) Partial restriction maps of plasmids pTet4, pTet6, pTetlO,
pTetll, and pTetl2, showing the regions of trpE and tetanus proteins which are encoded. The top line indicates the order of the proteins
expressed in the recombinant plasmids below. The hatched box represents the amino-terminal portion of the trpE protein, the open box
represents the carboxy residues of tetanus toxin fragment B, and the black portion represents tetanus fragment C. The restriction maps show
the extent of the DNA present in the plasmids. The calcuiated sizes of the fusion proteins (in kilodaltons [KD]) are indicated alongside each
plasmid except pTet4, which does not produce a protein in phase. (A) represents the deletion generated by Bal3l (see text). The deletion of
the BgIlI sites in pTetlO and pTetl2 is indicated by a short line at the former position of the site. (C) Nucleotide sequences around the
junctions of the plasmids pTet4, pTet6, pTetlO, pTetll, and pTetl2. The numbers above the bases of the tetanus DNA correspond to those
in Fig. 4. DNA sequencing was carried out on appropriate fragments from pTet6 and pTetlO.

ing a plasmid, pTetlO, which lacked a BgIII site, was
examined for production of a hybrid protein upon induction.
Figure 6A shows a band of molecular weight 92,000 pro-
duced by pTetlO (track 2) which reacts with anti-fragment C
antibody (Fig. 6B, track 2). DNA sequencing of the junction

of trpE and tetanus DNA in pTetlO revealed that the trpE
and tetanus DNA were now in phase as expected (Fig. 5C),
although the S1 treatment had actually degraded 3 more base
pairs than expected.
The DNA in pTet4, pTet6, and pTetlO does not encode the

B
Ptrp

pTet4

pTet6,1 1

FIG. 4. Nucleotide sequence of 1.75 kb of C. tetani DNA encoding fragment C and a portion of fragment B of tetanus toxin. The coding
strand of the DNA is presented in the 5' to 3' direction along with the deduced amino sequence of the only open reading frame. The junction
between fragments B and C is indicated at nucleotide 366.
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FIG. 6. SDS-polyacrylamide gel electrophoresis of E. coli DH1 carrying plasmids expressing the trypE-tetanus fusion proteins. Strains

were grown in minimal medium overnight, diluted 1 in 5 in fresh medium containing 10 ,ug of indoylacrylic acid per ml, and grown for 4 h.
The cells were lysed and run on a 7.5% SDS-polyacrylamide gel as described in Materials and Methods. Track 1, pTet6; track 2, pTetlO; track
3, pTetll; track 4, pTetl2; track 5, pAT153; track 6, pATtrp. C, 1 ,ug of tetanys toxin fragment C. The positions of the mature forms of the
induced proteins are indicated (-). The position of one of the degradation proteins of pTetl2 is also marked (D). (A) Coomassie blue-stained
gel. M, Molecular weight markers (106). (B) Autoradiograph of Western blot.

entire C fragment because these plasmids are derived from
pTetl, which contains DNA only up to the EcoRI site which
lies within the coding sequence for fragment C (Fig.3).
Derivatives of pTet6 and pTetlO which do contain the DNA
encoding the entire C fragment were constructed as follows.
pTet8 was cleaved with restriction enzymes PstI and SacIl,
and the 5.35-kb fragment was purified. This fragment en-

codes the end of the C fragment and contains noncoding
tetanus DNA and a portion of the vector (Fig. 3). Similarly,
pTet6 and pTetlO were cleaved with PstI and SacII, and
fragments of 2.35 and 2.75 kb were purified. These fragments
encode the trpE and tetanus DNA 5' of the SaclI site and the
portion of the vector missing from the pTet8 fragment. The
PstI-SacII fragments of pTet8 and pTet6 were ligated and
transformed into E. coli DH1 to form pTetll (7.7 kb).
Similarly, the PstI-SacII fragments of pTet8 and pTetlO
were ligated to form pTetl2 (8.1 kb). Partial restriction maps
of pTetll and pTetl2 are presented in Fig. 513. E. coli DH1
carrying these plasmids produced fusion proteins of 78,000
and 98,000 molecular weights, respectively (Fig. 6A, tracks
3 and 4), which cross-reacted with anti-fragment C antibody
(Fig. 6B, tracks 3 and 4). These sizes are close to the
expected values of 86,000 and 101,000 for molecular weight
(Fig. 5B) and are consistent with utilization of the TAA
termination codon at nucleotide 1,720 (Fig. 4).
Western blot analysis showed that in all cases, expression

of the fusion proteins was accompanied by partial degrada-
tion of the mature forms. Thus, additional bands of low
molecular weight are seen. Indeed, in the case of pTetl2,
degradation is sometimes so great that the breakdown prod-
ucts can be seen on a stained gel (Fig. 6A, track 4). This
degradation may be another reason for the low amounts of
the proteins synthesized (see Discussion).

DISCUSSION

We describe here the cloning and characterization of C.
tetani DNA encoding the entire fragment C and a portion of
fragment B of tetanus toxin. The following two criteria are

used to confirm the identity of the cloned DNA: (I) nucleo-
tide sequence of the cloned DNA which encodes exactly the
first 30 amino acids of fragment C and (ii) expression of the
cloned DNA in E. coli as fusion proteins which react with
the anti-fragment C antibody. The predicted molecular
weight offragment C from the nucleotide sequence is 51,562,
which is in close agreement with molecular weight estimates
of 45,000 to 50,000 obtained by SDS-polyacrylamide gel
electrophoresis (8; unpublished results).
The cloned DNA was expressed in E. coli to give four

different fusion proteins, each containing different amounts
of tetanus toxin sequences. The levels of each fusion protein
produced were not identical; plasmid pTetl2 gave lower
levels than pTetlO and pTetll, while pTet6 seemed to give
the highest levels. The levels of fusion proteins obtained are
low compared with that obtained for the intact trpE protein
(Fig. 6A). This difference could be due to the presence of
more tryptophan residues in the fusion proteins than in the
trpE product. As expression in this system is under the
control of the tryptophan operon regulatory sequences,
induction of expression is achieved by addition of the
inducer indoylacrylic acid during a period of tryptophan
starvation. It has been observed previously that under this
control system, the expression of fusion proteins containing
many tryptophan residues is consistently reduced compared
with those having few or no tryptophan residues (16). The
trpE product, anthranilate synthetase, has only two
tryptophan residues and may obviously be expressed at very
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high levels. pTet6 has five tryptophan residues, while
pTetlO, pTetll, and pTetl2 have 6, 8, and 9 tryptophan
residues, respectively. This difference may explain the
higher levels of the pTet6 protein and the lower levels of the
pTetl2 protein. Other reasons for poorer expression of
fusion proteins may be the instability of these proteins or
nonoptimal codon usage specified by the foreign DNA.
Instability of all of the proteins was seen by Western
blotting, when the degradation products were visualized.

Evidence has been presented showing that the structural
gene for tetanus toxin is encoded by a high-molecular-weight
plasmid (5). We have been unable to show the presence of
such a plasmid in several C. tetani strains, including strain
CN3911, the one used in this study (unpublished observa-
tions). However, we do not rule out the possibility that our
strains do harbor a plasmid and that our methods so far have
been unable to detect its presence. Our purification method
for C. tetani chromosomal DNA would not exclude high-
molecular-weight plasmid DNA, and it is possible that our
cloned DNA is plasmid derived. We intend to reexamine our
strains for the presence of plasmid DNA by using our cloned
DNA as a probe.

It has been suggested that because of the gross similarity
in structure to other toxins which have an intracellular site of
action, i.e., a dichain structure linked by disulfide bonds, the
tetanus toxin may have a structure-function relationship
similar to that of other toxins (2, 24). Thus, by analogy, one
might expect the amino-terminal region to contain the toxic
determinant and the heavy chain to be involved in the
binding of the toxin to the cell membrane and to facilitate the
transfer of a toxic fragment located in the amino-terminal
region across the membrane to its site of action. Indeed,
fragment C has been shown to specifically bind G Dlb and G
Tlb gangliosides (9, 24), and experimental evidence suggests
that the tetanus receptor may be either a ganglioside or a
glycoprotein with gangliosidelike polysaccharide structures
(for a review, see reference 3).
The availability of cloned DNA encoding fragment C will

facilitate the characterization of the binding of gangliosides
to this fragment. In addition, the binding of antibodies,
including monoclonal antibodies (10, 25), to different frag-
ments of tetanus toxin may be studied with fragments of
defined length constructed by genetic manipulation. We are
currently cloning and sequencing fragment B of tetanus
toxin. The availability of the entire sequence of tetanus toxin
will allow a detailed study of the toxin and may contribute to
a fuller understanding of the mode of action of tetanus toxin
at the molecular level.
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