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ABSTRACT The structural gene for diphtheria toxin, fox,
has been modified at its Spk I site by the introduction of an
oligonucleotide linker encoding a unique Pst I restriction
endonuclease site and a synthetic oligonucleotide encoding
a-melanocyte-stimulating hormone («-MSH). The resulting
fusion gene directs the expression of a diphtheria toxin-related
a-MSH hybrid protein in which the diphtheria toxin receptor-
binding domain has been replaced with a-MSH sequences. The
chimeric toxin has been partially purified from periplasmic
extracts of recombinant Escherichia coli K-12 and has been
found to be selectively toxic for o-MSH receptor-positive
human malignant melanoma NEL-M1 cells in vitro.

Since polypeptide fragments of microbial or plant toxins that
are devoid of their cell receptor-binding domains are not
cytotoxic (1, 2), it has become attractive to use these
polypeptides in the assembly of hybrid toxins. A variety of
cell-surface-directed agents, monoclonal antibodies (re-
viewed in ref. 3), lectins (4, 5), and polypeptide hormones
(6-8) have been chemically coupled to toxin fragments in
order to direct the action of the toxin component toward
specific eukaryotic cells. In general, either the A chain of the
plant toxin ricin or the A fragment of diphtheria toxin has
been conjugated through disulfide bond linkage to the above
agents in attempts to assemble hybrid proteins that have
targeted cytotoxicity. With rare exception (9, 10), those
conjugates that were assembled with ricin A chain were
found to be cytotoxic, whereas hybrids that were assembled
with diphtheria toxin fragment A were nontoxic (11).

To develop chimeric toxins that have defined structure and
may be readily modified by site-directed mutagenesis, we
have used solid-phase DNA synthesis and recombinant DNA
methodologies for the genetic assembly of a diphtheria
toxin-related a-melanocyte-stimulating hormone (a-MSH)
fusion gene. The toxin-hormone chimeric gene directs the
expression of a fusion protein that retains the ADP-
ribosyltransferase (NAD* ADP-ribosyltransferase; EC
2.4.2.30) activity and lipid-associating domains of diphtheria
toxin; however, the diphtheria toxin receptor-binding domain
is replaced with a-MSH sequences. The chimeric toxin has
been found to be toxic for a-MSH receptor-positive human
malignant melanoma (NEL-M1) cells in culture, whereas the
fusion protein is not toxic for either Chinese hamster ovary
(CHO-K1) or African green monkey kidney (CV-1) cells,
both of which lack the a-MSH receptor.
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Table 1. Bacterial strains and plasmids used in this study
Bacterial strain  Genotype, phenotype, or toxin Ref. or
or plasmid amino acids and modifications source
Strain
E. coli SY327 F~ araD (lac-pro) argE(Am) J. Mekalanos
Rif* malA recA56
E. coli HB101 F~ hsdS20 (rg, mg recAl3 12
aral4 proA2 lacYl galK2
rspL20 (Str) xyl5 mtll supE44
Plasmid
pUC8 Amp' lacZ' 13
pAB313 tox 1-313 This study
pDT301 tox 219-543 14
pABC313 tox 1-313-Ile-Asp-(Ala),- This study
Cys(Am)
pBC508 tox 219-508-His-(Ala),- This study
Cys(Am)
pBMS508 tox 219-508-His-(Ala),- This study
a-MSH(Am)
PABMS08 tox 1-508-His-(Ala),- This study
a-MSH(Am)
pABM1508 cI857 P, tox fMet-Asp-Pro- 14
2-508-His-(Ala)s-a-MSH(Am)
pMSHS3 a-MSH(Am) This study
METHODS

Bacterial Strains and Plasmids. The Escherichia coli K-12
strains and plasmids used in this study are listed in Table 1.

Nucleic Acids. Plasmid DNAs were prepared by the alka-
line lysis method and purified on cesium chloride/ethidium
bromide gradients (15). DNA was digested with restriction
endonucleases as recommended by the manufacturer (New
England Biolabs). Restriction fragments were analyzed by
electrophoresis on horizontal 1.0% agarose gels in TBE
buffer (89 mM boric acid/89 mM Trizma base/2.5 mM
Na,EDTA, pH 7.0) or by electrophoresis on vertical 8%
polyacrylamide gels in TBE buffer.

Oligonucleotides were synthesized on an Applied Biosys-
tems (Foster City, CA) 380A DNA synthesizer and purified
by electrophoresis on 8% denaturing polyacrylamide gels.
After elution in TE buffer (10 mM Tris'HCl/1 mM EDTA, pH
8.0) the oligonucleotides were further purified on NENSorb
20 columns (New England Nuclear). Equivalent molar con-
centrations of appropriate oligonucleotides were then mixed,

Abbreviations: a-MSH, a-melanocyte-stimulating hormone; CRM,

crossreacting material; bp, base pair(s); CHO, Chinese hamster

ovary; EF-2, elongation factor 2; BL, biosafety level.

#Present address: The Chemo-Sero-Therapeutic Research Institute,
Kumamoto 860, Japan.
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heated to 65°C for 15 min, and allowed to cool slowly to room
temperature. Duplexes were cloned into plasmid vectors by
standard methods (15).

Partial Purification of the Chimeric Toxin. E. coli(pABM-
508) or E. coli(pABM1508) were grown in Luria broth in 10-liter
volumes. Cultures were sparged with air at 10 liter/min and
agitated at 350 rpm. E. coli(pABMS508) was grown at 37°C to an
Asgo of 1.5-2.0; E. coli(pABM1508) was grown at 30°C to Asgg
of 1.0, expression of the chimeric toxin gene was induced at
42°C for 15 min, and the culture was then grown at 40°C for 1
hr. Bacteria were harvested by centrifugation and washed, and
periplasmic extracts were prepared as described (16). Crude
periplasmic extracts were dialyzed against 10 mM phosphate
buffer (pH 7.2) and fractionated on DE-52 (Whatman) using a
linear 50-200 mM NaCl gradient. Protein samples were elec-
trophoresed in 0.1% NaDodSO,/12.5% polyacrylamide gels,
essentially as described by Laemmli (17). The transfer of
proteins to nitrocellulose paper was performed according to the
method of Towbin et al. (18), and immunoblot analysis (19) was
performed as described (20).
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signal downstream from the Pst I site in the fragment
B-determined translational reading frame.

5' CGGCTGCAGCATGTTAGTAGA 3’
3’ GTACGCCGACGTCGTACAATCATCTTCGA 5'
/2Sph 1 Pst I Y,HindIII

This design allows for the vectorial cloning of the oligonu-
cleotide into Sph I- + HindIII-digested pDT301 vector as well
as for either the genetic construction of a toxin-related
peptide hormone fusion gene at the Pst I site or, alternatively,
the construction of a modified diphtheria fox gene that
encodes a C-terminal cysteine residue.

As shown below, the genetic information encoding a-MSH
and an amber translational stop signal was synthesized in
vitro on two 50-mer oligonucleotides. Following synthesis,
purification, and hybridization, the synthetic a-MSH encod-
ing gene was cloned in the Pst I site of plasmid pPEMBLS (31)
and its sequence was verified by the dideoxy chain-termina-
tion method of Sanger et al. (32).

SerTyrSerMetGluHisPheArgTrpGlyLysProValSTOP
5’ GCAAGTTATAGTATGGAGCACTTCAGGTGGGGAAAGCCAGTATAGCTGCA 3’
3’ ACGTCGTTCAATATCATACCTCGTGAAGTCCACCCCTTTCGGTCATATCG 5’

VoPst I

Pst 1

Cytotoxicity Assays. Cytotoxicity assays were performed
as described by Bacha et al. (21). Human malignant mela-
noma NEL-M1 (22), CHO-K1 (23), and African green mon-
key kidney CV-1 [ref. 24; American Type Culture Collection
(ATCC) CCL 70] cells were seeded in microtiter wells (10°
cells per well) and exposed to various concentrations of
diphtheria toxin or the chimeric toxin for 24-36 hr prior to
pulse labeling with 0.5 uCi of [1*Clleucine (1 Ci = 37 GBq) for
1 hr. Cells were harvested, collected on Whatman GF/A
paper, and assayed for radioactivity in Econofluor (New
England Nuclear). Experiments were performed in triplicate.

ADP-Ribosyltransferase Assay. Transferase activity was
measured in triplicate by using 50 ul of a standard assay
mixture containing 10 mM Tris-HCI (pH 8.0), 2 uM [adenine-
14CINAD (2.5 uCi/mmol), and a wheat germ extract as the
source of EF-2. The sample (50 ul) was added and the mixture
was incubated at 37°C. The reaction was stopped by the
addition of 5% trichloroacetic acid, the precipitate was collected
on glass fiber pads and washed, and radioactivity was deter-
mined. Background was =200 cpm and maximal incorporation
was =12,000 cpm. Transferase activity is plotted as ug of
diphtheria toxin fragment A equivalents per ml.

RESULTS

Chimeric Toxin Gene Construction. The structural gene for
diphtheria toxin, tox, is carried on a 3900-base-pair (bp)
BamHI fragment of the corynebacteriophage 8 genome (25,
26). This DNA fragment has three Sau3Al restriction sites
that divide the tox structural gene into two major segments:
the Sau3A1-2 segment has been shown to encode the diph-
theria tox promoter, signal sequence, and all of fragment A
(27); the Sau3Al-1 segment encodes all of fragment B of
toxin, except for the C-terminal 17 amino acids (28-30).

The strategy we used for the genetic construction of
diphtheria toxin-related a-MSH chimeric gene involved the
modification of the Sau3Al-1 segment of the rox structural
gene at its Sph I site, followed by the assembly of a fragment
B-related a-MSH fusion gene. The synthetic oligonucleotide
linker (shown below) used to modify Sau3Al-1 at its Sph 1
site introduces a unique Pst I restriction site. In addition, the
linker introduces a TGT cysteine codon and an amber stop

Fig. 1 outlines the strategy used for the genetic assembly
of the recombinant plasmid pABM508 that carries the diph-
theria toxin-related a-MSH gene fusion at the tox Sph I site.
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Fic. 1. Plasmid DNA construction used in the assembly of the
chimeric diphtheria toxin-related a-MSH fusion gene of pABMS508.
The Sph I-HindIII linker and a-MSH-encoding oligonucleotides are
indicated.



8260 Gcnetics: Murphy et al.

Plasmid pDT301, which contains the fragment B-encoding
Sau3Al-1 sequences, was modified at its Sph I site with the
Sph I-HindIII oligonucleotide linker to give pBC508 (the Sph
I site occurs immediately after amino acid 508 of pro-
diphtheria toxin). Next, the a-MSH-encoding oligonucleo-
tide was inserted into Pst I-digested pBC508 to give pBM508;
the DNA sequence of the insert and a portion of fragment
B-encoding region of the fusion gene was determined to
verify that the correct translational reading frame with
respect to fox sequences was maintained (Fig. 2).

The intact chimeric diphtheria toxin-related a-MSH gene
was constructed by the ligation of the Cla I restriction fragment
encoding the toxin fragment B-related a-MSH gene fusion into
the Cla 1 site of the recombinant plasmid pAB313 under the
biosafety level 4 (BL-4) level of containment (Fig. 1). Orienta-
tion of the Cla I fragment carrying the a-MSH sequences in
recombinant plasmids was determined by restriction endonu-
clease patterns following EcoRI and HindIIl digestion. Of
several plasmids that revealed the digestion pattern expected
for the intact diphtheria toxin-related a-MSH fusion gene, one
was selected and designated pABMS08.

Following the purification of plasmid DNA, pABMS508 was
digested with EcoRI + HindIII and the anticipated 1721-bp
fragment encoding the diphtheria toxin-related a-MSH gene
fusion was detected by agarose gel electrophoresis. This
fragment is cleaved into the expected segments following
digestion with Sau3A1 (940 bp, 741 bp) and Cla 1 (1068 bp, 653
bp). In addition, digestion of pABMS508 with Pst I and Sph I
+ HindlIII yields the expected 54-bp and 69-bp fragments,
respectively (data not shown).

Expression of the Chimeric Toxin Gene. Since it has been
shown that diphtheria toxin-related polypeptides that were
expressed from cloned sequences in E. coli K-12 were
exported to the periplasmic compartment (33, 34), we antic-
ipated that the toxin-related a-MSH fusion protein would also
be localized in the periplasmic compartment. Recombinant
strains of E. coli were grown in 10-liter volumes (see
Methods). Periplasmic extracts were prepared, sterilized by
membrane filtration, and, after confirmation of sterility, were
removed from the BL-4 laboratory for further study.

Based upon ADP-ribosyltransferase activity of the crude
periplasmic extract, we estimate that E. coli(pABM508) and
E. colipABM1508) each produce =10 mg of diphtheria
toxin-related material per liter of culture. Since the chimeric
toxin should be cytotoxic only for eukaryotic cells with
a-MSH surface receptors, we examined the cytotoxicity of
periplasmic extracts as well as DE-52-purified preparations
from E. coli(pUCS), E coli(pABMS508), and E. coli(pABM-
1508) on NEL-M1, CHO-K1, and CV-1 cells in vitro. As can
be seen in Fig. 3, extracts of recombinant E. coli that carry
the toxin-related a-MSH fusion gene were found to markedly
inhibit growth of the a-MSH receptor-positive NEL-M1 cell

486 496
AATGGTCGGAAAATAAGGATGCGTTGCAGAGCTATAGACGGTGATGTAACTTTTTGTCGCCCTAAATCT
AsnGlyArgLysIleArgMetArgCysArgAlalleAspGlyAspValThrPheCysArgProLysSer

1 ]

s s

508
CCTGTTTATGTTGGTAATGGTGTGCATGCGGCTGCAGCAAGTTATAGT CACTTCAGG
ProValTyrValGlyAsnGlyValHisAlaAlaAlaAlaSerTyrSerMetGluHisPheArgTrpGly

l¢——1linker- ») a=-MSH e

AAGCCAGTATAGCTGCA
LysProVal*#*+*

—_—>!

Fic. 2. Nucleotide sequence of the C-terminal region of the
diphtheria toxin-related a-MSH fusion gene. Numbers indicate the
amino acid in the precursor form of diphtheria toxin. The C-terminal
67 amino acids of toxin have been replaced with 18 amino acids encoded
by an oligonucleotide linker and the synthetic gene for a-MSH.
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F1G.3. Growth of a-MSH receptor-positive NEL-M1 melanoma
cells (A and B) and a-MSH receptor-negative CV-1 (C and D) and
CHO-K1 (F and F) cells in the presence of DE-52-purified extracts
from E. coli(pABM1508) and E. coli(pUCB). A, C, and E contain
extracts from E. coli(pABM1508); B, D, and F contain extracts from
E. coli(pUCS).

line and to be nontoxic for the a-MSH receptor-negative
CHO-K1 and CV-1 cell lines in vitro.

We have partially purified the toxin-related a-MSH fusion
protein from periplasmic extracts of recombinant E. coli by
ion-exchange chromatography. Fig. 4 shows the elution
profile of crude periplasmic extracts of E. coli(pABM1508)
from DE-52 cellulose. The ADP-ribosyltransferase activity
associated with the N-terminal M, 21,167 fragment A of the
diphtheria toxin-related proteins expressed by E. coli(pABM-
1508) was found to elute over a broad range of ionic strength.
In contrast, the NEL-M1 melanoma cell toxic material was
found to elute in a single peak at =6.5 mmho in the NaCl
gradient. We have analyzed the biologically active and
inactive fractions by NaDodSO,/polyacrylamide gel electro-
phoresis and immunoblot using polyclonal anti-diphtheria
toxin serum. As can be seen in Fig. 5, the NEL-M1 cell active
and inactive fractions contain several proteins that are
immunologically related to diphtheria toxin. Comparison of
the immunoblots of NEL-M1 cell toxic and nontoxic frac-
tions indicate that the toxin-related hormone fusion protein is
the highest molecular weight species (M, 56,000). This value
is in excellent agreement with the M; of 54,543 deduced from
the nucleic acid sequence of the chimeric toxin gene. Since
only those fractions that contained the M, 56,000 toxin-
related protein were toxic for NEL-M1 melanoma cells, we
conclude that the smaller molecular weight toxin-related
proteins have little or no toxicity. Indeed, the M, 56,000
fusion protein purified by immunoaffinity chromatography
using CRM45-absorbed antitoxin was found to account for all
of the melanoma-specific cytotoxicity (M.B., K. Parker, and
J.R.M., unpublished).

To demonstrate that the inhibition of [**C]leucine incor-
poration in NEL-M1 cells was due to action of diphtheria
toxin-related proteins, we have performed a series of neu-
tralization experiments with polyclonal antitoxin serum.
Under the conditions described, preincubation of the chi-
meric toxin with 1 unit of antitoxin resulted in the neutral-
ization of the melanoma cell cytotoxicity (Table 2). The
action of diphtheria toxin on NEL-M1 cells also was found to
be neutralized following incubation with proportionate levels
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FiG. 4. Partial purification of the chimeric diphtheria toxin-related a-MSH fusion protein by DE-52 ion-exchange chromatography. —, Azg;
- — —, conductivity (mmho); -e- -e- -, ADP-ribosyltransferase activity (ug of fragment A equivalents per ml); -o- - ®-, inhibition of [**C]leucine
incorporation by NEL-M1 cells plotted as 100 — % control incorporation. Arrows indicate the fractions analyzed by immunoblot.

of antitoxin. In addition, we have measured the NEL-M1 cell
EF-2 that was available for ADP-ribosylation (35) following
exposure to either the chimeric toxin or 0.01 uM diphtheria
toxin. In both cases, <5% of the control level of EF-2 was
found to be available (data not shown).

Finally, it is widely known that diphtheria toxin must pass
through acidic vesicles in its entry into sensitive eukaryotic
cells. The addition of NH,CI (36), chloroquine (37, 38), and
other agents (39) that increase the pH of endocytic vesicles
has been shown to protect eukaryotic cells against the action
of diphtheria toxin. We have performed a series of NEL-M1
cytotoxicity assays with diphtheria toxin and DE-52-purified
chimeric toxin in the presence of 10 mM NH,Cl. In both
instances, NH,Cl was found to block the cytotoxic action of
the respective toxins (Table 2). These results strongly suggest
that the entry of the chimeric toxin, like diphtheria toxin,
requires a low pH intermediate step for the translocation of
fragment A into the target cell cytosol.

DISCUSSION

We have separately cloned DNA segments that encode frag-
ments A and B of diphtheria toxin and have genetically
constructed a tox fragment B-related a-MSH fusion gene at the
BL-1level of containment. The final genetic construction of the
intact chimeric diphtheria toxin-related a-MSH gene was made
by joining the fragment B-related a-MSH fusion with cloned

Fi1G. 5. Immunoblot analysis of fractions 30 (lane A), 40 (lane B),
and 54 (lane C) from the DE-52 column shown in Fig. 4 using
polyclonal anti-diphtheria toxin serum. Although the immunoblot
revealed several degradation proteins, only the M; 56,000 protein
(arrow) was cytotoxic for NEL-M1 cells in vitro. Molecular weights
are shown as M, x 10732,

fragment A sequences in the correct orientation and transla-
tional reading frame under the BL-4 level of containment.

DNA sequence analysis demonstrated that correct trans-
lational reading frame was maintained through the linker and
a-MSH-encoding portions of the chimeric gene. The synthet-
ic hormone gene is positioned 36 bp downstream from the
TGT codon for Cys-496 in the precursor form of diphtheria
toxin. Thus, the chimeric toxin includes both disulfide loops
that are present in diphtheria toxin.

The chimeric toxin differs from diphtheria toxin with
respect to its trypsin sensitivity. Mild trypsin digestion of
diphtheria toxin results in specific cleavage in the exposed 14
amino acid peptide loop between the A and B fragments. In
the case of the toxin-related proteins expressed by E. coli
strains carrying (pPABMS508) or (pPABM1508), mild trypsin
digestion results in the release of a series of peptides that
chase into fragment A (M, 24,000). Upon immumoblot
analysis, the peptides smaller than fragment A are im-
munoreactive with anti-fragment B serum (M.B. and J.R.M.,
unpublished). The failure to resolve a ‘‘B fragment’’ follow-
ing mild trypsin digestion suggests that the conformation of
the toxin-related proteins partially purified from E. coli
differs from either diphtheria toxin or CRM45 purified from
lysogenic strains of Corynebacterium diphtheriae.

Eberle and Schwyzer (40) have shown that a-MSH inter-
acts with its receptor on melanocytes through its C-terminal
Glu-His-Phe-Arg-Trp and Gly-Lys-Pro-Val sequences. Thus,
we reasoned that as long as the a-MSH sequences were
exposed on the chimeric toxin, they would be capable of
binding to the receptor on the surface of melanocytes. Since
Varga and coworkers (41) had shown that fluorescein iso-
thiocyanate-labeled MSH was internalized in cytoplasmic
vesicles, we anticipated that if the chimeric toxin bound to

Table 2. NEL-MI1 cell incorporation of [**Clleucine into
trichloroacetic acid-insoluble material following exposure
to ABM1508 or diphtheria toxin in the presence or
absence of NH,CI or antitoxin

% control
Treatment incorporation

ABM1508 26

+ 10 mM NH,C1 98

+ 1 unit of antitoxin 100

Diphtheria toxin (0.06 uM) 28

+ 10 mM NH,CI 93
Diphtheria toxin (0.075 uM) + 10 units of

100

antitoxin




8262 Genetics: Murphy et al.

MSH surface receptors, the NEL-M1 melanoma cells would
become intoxicated by a mechanism parallel to that of
diphtheria toxin.

We have shown that the partially purified toxin-related
a-MSH fusion protein is cytotoxic for human NEL-M1
malignant melanoma cells in vitro and nontoxic for either
CHO-K1 or CV-1 cells. Since cytotoxicity can be specifically
neutralized with anti-diphtheria toxin serum, the melanoma-
directed action is clearly due to the effect of a diphtheria
toxin-related molecule. In addition, we have shown that the
action of the chimeric toxin, as well as diphtheria toxin, on
NEL-M1 cells can be blocked by NH4Cl. These results
suggest that, following binding to surface receptors and
internalization, the chimeric toxin must pass through an
acidic endosomal vesicle to deliver its fragment A to the
NEL-M1 cell cytosol.

Since the assembly of the chimeric toxin reported here was
accomplished at the level of the gene, the linkage between the
toxin component and the ligand component is a peptide bond,
and, as a result, the chimeric toxin should be a single
molecular species. We have shown by immunoblot analysis
that the chimeric toxin is cleaved into several distinct
polypeptides in recombinant strains of E. coli. This hetero-
geneity is likely due to the action of E. coli proteases on the
recombinant protein (42).

Though the DEAE-cellulose-purified toxin-related pro-
teins have an ICs, of 3—-6 nM (where ICs, = concentration of
diphtheria toxic-related material required to inhibit protein
synthesis to 50% of the control level), the M, 56,000 toxin-
related hormone fusion protein purified by immunoaffinity
chromatography is >100 times as toxic for NEL-M1 human
malignant melanoma cells. In addition, preliminary experi-
ments suggest that the purified fusion protein is between
1000- and 10,000-fold more toxic for NEL-M1 cells than
diphtheria toxin itself and that this difference is related to the
number of a-MSH receptors vs. diphtheria toxin receptors on
the cell surface. Even at the highest concentration tested, the
toxin-hormone fusion protein had no effect on either CHO-
K1 or CV-1 cells in culture, whereas 1/1000 of this amount
was lethal for the NEL-M1 melanoma cell line (M.B., K.
Parker, and J.R.M., unpublished).

The failure of the chimeric toxin to inhibit protein synthesis
in either the CHO-K1 or CV-1 cell line suggests that the
genetic removal of the C-terminal 67 amino acids of diphthe-
ria toxin alters the toxin receptor-binding domain such that it
is no longer functional or that the toxin receptor-binding
domain lies within this region. In either case, the failure of the
chimeric toxin to act on these two sensitive cell lines strongly
suggests that the C-terminal 67 amino acids of diphtheria
toxin are required for binding to its receptor.

In recent years there has been considerable interest in
chemically coupling the A chain of ricin to a variety of
monoclonal antibodies through disulfide linkage (reviewed in
ref. 3). Many of the immunotoxins that have been formed
have shown therapeutic promise in in vivo and ex vivo
applications. We have shown that solid-phase DNA synthesis
and recombinant DNA methodologies can be employed in the
genetic construction of a diphtheria toxin-related polypeptide
hormone fusion gene in which the linkage between the
toxin-related component and the ligand is a peptide bond.
Experiments reported here have demonstrated that the chi-
meric toxin expressed by E. coli(pABM508) or E. coli(pABM-
1508) has selective cytotoxicity for a-MSH receptor-positive
human malignant melanoma NEL-M1 cells in vitro. It is
envisioned that these chimeric molecules might serve as
prototypes in the development of targeted toxins for the
treatment of human malignant melanoma.
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