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SUIMARY +
A segment of corynephage omega (tox ) DNA, containing the gene for diphth-
eria toxin (tox) was fragmented with restriction enzymes and the fragments
cloned into M13 vectors for nucleotide sequence determination. A long open
reading frame was shown to encode the tox gene by comparing the predicted
amino acid sequence with that of peptides derived from the mature toxin
molecule. Analysis of the nucleotide sequence shows RNA polymerase and
ribosome binding signals preceding a GTG codon in the open reading frame:
if this is the correct starting signal for translation, then a 25 amino
acid signal peptide can be predicted for the toxin molecule.

INTRODUCTION

Diphtheria toxin is a protein which can bind to most eukaryotic cell

surfaces and upon entry to the cell blocks protein synthesis by adding an

ADP-ribosyl group onto a modified histidine residue of the eukaryotic

ribosomal elongation factor EF2. The molecule can be separated in vitro,

by mild treatment with trypsin and a reducing agent, into two fragments, A

and B. Fragment A retains the enzymatic activity, whereas fragment B com-

prises the region required for binding to and entry into eukaryotic cells.

Fragment B also contains most of the antigenic determinants of the complete

toxin molecule. Isolated A or B fragments are not toxic (for review see

refs 1 and 2).

Diphtheria toxin is the product of a gene (tox) present in the genome

of lysogenic corynephages which infect the gram-positive bacterium Coryne-

bacterium diphtheriae: after lysogenisation the tox gene is expressed under

bacterial control (3). Corynephages possess a single linear ds-DNA

molecule, ranging in size from 35 to 38 Kb according to the strain (4-6).

As with lambda phage, corynephage DNA can circularize through cos sites and

integrate into two specific sites of the C. diphtheriae genome, attBl and

attB, (7) by recombination with a corresponding phage site, attP. Restric-

tion maps for several phage strains have been determined and the cos site
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and att site as well as the tox gene have also been physically mapped

(4-6).
In this paper we report the complete primary structure of the tox gene

from the corynephage omega (tox ) and the first complete amino acid

sequence of a wild-type diphtheria toxin as deduced from the nucleotide

sequence of the gene.

METHODS

Cloning and sequencing strategy

Phage omega (tox ) was prepared from C. diphtheriae C7 (omega tox )

strain (6), grown in 2 1 flasks or 10 1 fermenters. Growth conditions and

phage purification procedures were as previously described (7). Phage DNA

was extracted with phenol and purified by CsCl isopycnic centrifugation as

described (7).

For safety reasons, in order to avoid cloning the entire tox gene into

M13 vectors, the following strategy was adopted. Omega phage DNA was

digested with the restriction nuclease BamHI and the fragment Bam-3 (7.8

Kb), known to contain the tox gene (6), was isolated by agarose gel

electrophoresis followed by elution and purification of the corresponding

band by standard procedures (8). The 7.8 Kb Bam-3 fragment is unique to

corynephage omega, since the restriction maps of other corynephage strains

are, in this portion of the genome, different. The tox gene was further

localized (6) by a HindIII/EcoRI digestion of the 7.8 Kb Bam-3 fragment,

and the resulting 2 Kb fragment dissected into A and B portions by Sau3A

digestion (9,10). With this approach it was possible to obtain a set of

restriction fragments safe for cloning under P1/EKl conditions (9) and the

set of clones used for sequencing is shown schematically in Fig. 1.

Sequencing was performed by the dideoxynucleotide chain termination

technique in M13mp8 and mp9 vectors (11) in the host E.coli JM101 (12) as

described by Sanger et al. (13). Long fragments were sequenced from both

ends by recloning into an M13 vector by the "clone-turnaround" technique

(14).
Searches for gene signals by weight matrix methods and analysis of

gene properties were performed by using some of the options of the computer

program ANALYSEQ (15).

RESULTS

The nucleotide sequences of the various fragments shown in Fig. 1 were
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Fig.l Restriction map of the 7.8 Kb Bam-3 fragment from phage omega DNA
and of the Hind-Eco subfragment, described in the text, containing the tox
gene. Underneath the map are indicated the coding regions for three
diphtheria toxin domains: S, signal peptide; A, fragment A; B, fragment B.
In the lower half of the figure are shown fragments which have been cloned
in M13mp8/9 vectors for sequencing.

aligned by comparing overlapping fragments; the published data on the

sequence of several diphtheria toxin peptides were also used for checking

the correct alignment of the nucleotide sequences. The complete primary

structure (1880 nucleotides) of the omega phage Eco-Hind fragment is

presented in Fig. 2: only the "sense" strand is shown. Only one extensive

open reading frame (ORF)is present in this fragment (from base 101 to base

1801).
A search for prokaryotic promoters and ribosomal binding sites by a

weight matrix method, according to Hawley and McLure (16) and Stormo et al.

(17,18), indicated the presence of transcription and translation signals

close to a GTG start codon at position 122. The amino acid sequence coded

for by the ORF starting from this position is also shown in Fig. 2 (560

amino acids, corresponding to 60,782 daltons). The broken line above the

amino acid symbols indicate those portions that agree with published amino

acid sequence data on diphtheria toxin fragments A and B (19,20). Single

amino acid discrepancies within identified peptides are marked with

asterisks. Fragment A is encoded from base 197 to base 775 and corresponds
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AAGCTTAGCTAGCTTTCCCCATGTAACCAATCTATCAAAAAAGGGCATTGAT TTCAGAGCACCCTTATAAT TAGGATAGC TTTACCTAAT TATTTTATGAGTCCTGGTAAGGGGATACGT
19 20 30 40 59 60 70 80 99 100 110 120

<<S / A >> 40

VS R K L F A S I L I G A L L G I G A P P S A H A GA D DV V D S S K S F V M E
TGTGAGCAGAAAACTGTT TGCGTCAATCTTAATAGGGGCGC TACTGGGGATAGGGGCCCCACC TTCAGCCCATGCAGGCGC TGATGATG TTGTTGAT TCTTC TAAATCTT TTGTGATGGA

130 140 150 160 170 189 190 200 210 220 230 240

60 Be

N F S S Y H G T K P G Y V D S I O K G I Q K P K S G T S G N Y D D D W K G F Y S
AAACT T TTCTTCGTACCACGGGAC TAAACC TGGT TATGTAGAT TCCATTCA4AAAGGTATACAAAAGCCAAAAT C TGGTACACAAGGAAA T TATGACGATGAT TGGAAAGGGT T TTATAG

259 260 270 280 290 300 310 320 330 340 350 360

100 120

T D N K Y D AA G Y S V D N E N P L S G K A G G V V K V T Y P G L T K V L A L K
TACCGACAATAAATACGACGCTGCGGGATAC TCTGTAGATAATGAAAACCCGC T CTCTGG^AAAGC TGGAGGCG TGGT CAAAGTGACGTAPTCCAGGAC TGACGAAGGTTC TCGCAC ThAA

370 380 390 400 410 420 430 440 450 460 470 480

140 160

V D N A E T I K K E L G L S L T E P L M E VV G T E E F I K R F G D G A S R V V
AGTGGATAATGCCGAAAC TATTAAGAAAGAGT TAGGT TTAAGTC TCAC TGAACCGT T GATGGAGC AAGTCGGAACGGAAGAG T T TATCAAAAGGT TCGGTGATGGTGCT TCGCGTG TAGT

490 500 510 520 530 540 550 LI2 570 580 590 699

1t54 200

L S L P F A E G S SS V E Y I N N W E S A K A L S V E L E I N F E T R G K R G Q
GCTCAGCCTTCCCTTCGCTGAGGGGAGTTCTAGCGT GAATATATTAATAACTGGGAACAGGCGAAASCGTTAAGCGTAGAACTTGAGAT TAATTTTGAAACCCGTGGAAAACGTGGCCA

610 620 630 640 650 660 670 680 690 700 710 720

<< A / B >> 240

D A M YE M A A C A G N R V R R S V G S S L S C I N L D W D V I R D K T K T
AGATGCGATGTATGAG TAT AT GGC TCAAGCC TGTGCAGGAAAT CG TGTCAGGCGAT CAGTAGGTAGC T CATTGTCA TGCA^TAAAT CTTGA T TGGGAT GTCA^TAA^GGGATAAAAC TAAGAC

730 740 750 760 770 760 790 899 819 820 830 840

260 280

K I E S L K E H G P I K N K M s E ' P N K T V S C E K A K O Y L E E F HA T A L
AAAGATAGAGTCT TTGAAAGAGCA TGGCC CTATCAAAAAT AAAATGAGCGAAAG TCCCAATAAAACAG TATC TGAGGPAAAAAGCTAAACAATACC TAGAAGAA T TTCAT CAAACGGC AT T

850 860 870 88 8990 900 910 929 9,10 940 950 960

300 320

E H P E L S E L K T V T G T N P V F A G A N Y A A W A V N V A S V I D S E T A D
AGAGCATCC TGAATTGTCAGAAC TTAAAACCGTTACTGGGACC AATCCT G TAT T CfiCTGGGC T AACTANTGCGGCG TGGGCAGTAA4ACG TTGCGCAAG TTA TCGATAGCGAAACAGC TGA

970 990 990 1000 1010 1090 1030 1040 1050 1060 1070 1080

34A 360
N L E K T TA A L S I L P G I G S V M G I A D G A S H H N T E E I V A G S I A L

TAATTTGGAAAAGACAACTGCTG.CTCTT TCGATACTTCCTGGTATCGGTAGCGTAATGGGCAT TGCAGACGGTGCCGTTCACCACAATACAGAAGAGATAGTGGCACAATCAATAGCT TT
1090 1100 1119 1120 1130 1140 1159 1160 1170 l18 1190 1200

389 400
S S L M V A S A I P L V G E L V D I G F A A Y N F V E S I I N L F S V V H N S Y

ATCGTCTT TAATGGTTGC TCAAGCTATTCCATTGGTAGGAGAGCTAGTTGA4TAT TGGT TTCGC TGCATATAAT TTTGTAGAGAGTAT TATCAATTTAT TTCAAG TAGTTCATAAT TCC TA
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320

429 440

N R P A Y S P G H K T S P F L H D G Y A V S W N T V E D S I I R T G F O G E S G
TAATCGTCCCGCGTAT TCTCCGGGGCATAAAACGCAACCA TTTC TTCATGACGGG TAT GCTGTCAGT TGGAACAC TGT TGARGAT T CGATAA4TCCGAAC TGGT TTTCAAGGGGAGAGT GG

1339 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
460 480

N 5D IK I T A E N T P LPT I A G L L P T I P G K L D V N K S K T H I S V N G R

1450 1460 1470 1480 1490 1599 1519 1520 1530 1540 1550 1560

590 520
K I R 9R C R A I D G D V T F C R P K S P S Y V G N G S H A N L H V A F R SS

GAAAATAAGGATGCGTTGCAGAGC TATAGACGGTGATGTAACT TTTTGTCGCCC TAAATCTCCTGT TTATGTTGGTAATGGTGTGCATGCGAATC TTCACGTGGCATTTCACAGAAGCAG1579 1580 1590 1609 1610 1620 1630 1640 1650 1660 1670 1680
540 560

S E K I H S N E I S S D S I G V L G Y S K T V D H T K S N S K L S L F F E I K S
CTCGGAGAAAATTCATTCTAATGAAAT TTCGTCGGATT CCATAGGCGTTCT TGGGTACCAGAAAACAGTAGATCACACCAAGGT TAAT TCTAAGCTATCGC TATTTTTTGAAATCAAAAG

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1999

CTGAAAGGTAGTGGGGTCGTGTGCTGGTAAGCCGAACGGTTCCGGAATGGCGCTATAGTATGCACAGGTAGAGCAGAATT
1e91 1929 1939 1949 1959 1860 1879 1880

Fig.2 The nucleotide sequence of the Hind-Eco fragment from omega phage
DNA, comprising the gene for diphtheria toxin. An open reading frame
goes from position 101 to position 1799. Possible promoter and ribosomal
binding sites preceding the GTG codon at position 122 are marked. The
translation product starting from this position is shown in one-letter
symbols above the nucleotide sequence. The sign > over the first residue
indicates that this codon would be expected to be translated as f-Met
rather that Val. The broken line above the amino acid sequence shows
sequences in general agreement with published peptide sequencing data.
Single amino acid differences are indicated by an *. Gaps in the line
indicate lack of data or more extensive discrepancies. Three continuous
lines below the nucleotide sequence indicate three regions coding for
uninterrupted stretches of hydrophobic amino acid residues. The boundaries
between the three major domains of the toxin (S, A and B) are indicated by
letters above the amino acid sequence. The arrows above the top line
indicate an inverted repeat in the -10 region.
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to a polypeptide of 21,164 daltons. Fragment B is encoded from base 776 to

base 1801 and corresponds to a polypeptide of 37,194 daltons. Without the

25 amino acid sequence (2,460 daltons) preceding the N-terminus of fragment

A, the mature toxin molecule has 535 amino acid residues and a molecular

weight of 58,340. Three portions of the gene code for long hydrophobic

stretches (25, 18 and 21 residues) in fragment B and are marked in Fig. 2

by heavy continuous lines below the DNA sequence.

DISCUSSION

The amino acid sequence of diphtheria toxin as predicted from the

nucleotide sequence of the tox gene in phage omega (Fig. 2) is in general

agreement with the sequences of peptide fragments of the toxin (19,20).

The single amino acid discrepancies (asterisks in Fig. 2) might be due to

strain variation, although the precise source of toxin used is not clearly

stated in the papers quoted above. The best starting signal for translation

is probably the GTG codon at base 122. There is a typical ribosomal

binding site, as found in gram- positive bacteria (21), five nucletides

before the GTG. Further upstream we find sequences in good agreement with

the -10 and -35 regions described for prokaryotic promoters (16). In Fig.

2 we have marked the sequence TTGATT as the -35 signal. Two possible -10

sequences are suggested because, although the first of the two (TATAAT) is

actually identical to the accepted consensus signal, the distance between

this sequence and the -35 sequence is not optimal. The second sequence

(TAGGAT) would have the advantage of a correct spacing, while retaining

four bases of the consensus and in particular the conserved T in the last

position.

If the GTG codon at base 122 is the correct starting signal for the

translation of the tox gene, then the product shows a stretch of 25 amino

acids preceding the known N-terminus of the mature protein. This is most

likely to represent the signal peptide for the secretion of diphtheria

toxin (22) and indeed it displays all the features expected for such a

function: two positively charged residues, Arg(3) and Lys(4), preceding a

hydrophobic core, and the sequence Ala-His-Ala at its end as the expected

cutting site for a signal peptidase (23). Diphtheria toxin appears there-

fore to be translated as a 60,782 dalton protein, and, after losing a 2,460

dalton N-terminal peptide, to be secreted as a 58,340 dalton mature

protein.

An outstanding feature of the toxin sequence is the well known hydro-
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phobic domain in the B fragment (1,2): three portions of the gene coding

for stretches of 25, 18 and 21 hydrophobic amino acids, regularly spaced by

ten amino acid residues are shown in Fig. 2. All the hydrophilic residues

in the spacing sequences are negatively charged, with the exception only of

Lys(324). This domain of diphtheria toxin appears therefore well suited

for interacting with cell membranes and, in particular, the length of the

hydrophobic amino acid stretches is sufficient to span the whole length of

a cell membrane (24).

We find a possible eukaryotic ribosome binding site (25) preceding the

codon for Met(255) shortly after the beginning of the B portion of the gene

(sequence AAATAAAATG at position 877). This is probably purely

coincidental, although it has been proposed (26) that the tox gene might

actually have an eukaryotic origin. This stemmed from the consideration

that, firstly, the tox gene is not essential either for corynephages or for

the host bacterium and it maps in the phage genome very closely to the

phage attP site, i.e. in the position where a transduced gene would be

expected to be. Secondly, fragment B interacts with most eukaryotic cell

membranes. The presence of a eukaryotic gene start signal before the

hydrophobic domain would imply that the tox gene might be the result of the

fusion of two or more genes and that the portion of diphtheria toxin that

interacts with the eukaryotic cell membrane might have been derived from an

ancestral eukaryotic gene.
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