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The aim of the research was to compare in vitro characteristics of reception of the natural diphtheria
toxin — DT and its nontoxic recombinant analogs — toxoids. For assessing ligand-receptor interaction
the method of immunoenzyme analysis and ELISA was used, where the bonding layer recombinant
analogues of diphtheria toxin cell receptor HB-EGF from sensitive and resistant to the toxin of the
organisms were served. According to the results of ELISA the natural diphtheria toxin, in contrast to
recombinant toxoids — CRM197, and B subunit, interacted with mouse HB-EGF with a very low
affinity. While human HB-EGF with an equally high affinity connected as toxoids as native diphtheria
toxin. Therefore, the analyzed recombinant analogs of toxin obtained in E. coli cells did not reproduce
in full measure the receptor specificity of the natural toxin, which should be considered in the case of

using these proteins as biotech products.
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The scientific interest in diphtheria toxin
(DT) is growing because it allows development
new approaches in medicinal and biological
research. Development of recombinant analogs
of the toxin is of high scientific and economic
importance.

DT is a single chain protein of 535 amino
acid residues produced by the toxigenic strains
of Corynebacterium diphtheriae which contain
in their genome prophage — with functional
gene tox [1]. The molecule of DT consists of
two subunits: A and B, which are formed after
moderate trypsinization of the toxin. The A
subunit is represented only by one structural
domain, catalytic or C-domain. The B subunit
is formed by two domains: receptor (R-domain)
responsible for binding to receptors on the
cell membrane, and translocation (T-domain),
responsible for transportation of C-domain
through the membrane of endosoma.

Binding of DT to its receptor on the plasma
membrane causes the internalization of the
“DT-receptor” complex by way of endocytosis.
The T-domain integrates into the membrane
of endosoma and C-domain transfers into the
cellular cytosol after the pH level in the lumen
of endosomes decreases. The exact molecular
mechanism of the DT C-domain transport
through the lipid bilayer is still not clear.
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Cytotoxicity of DT is caused by the
catalytic transfer of ADP-ribose group from
NAD" to the diftamide (modified histidine
residue) of eukaryotic translation elongation
factor 2 (eEF-2). Such ADP ribosylation almost
fully stops protein synthesis in the cell and
causes cellular death.

The receptor of DT is the transmembranous
predecessor of heparin-binding growth factor,
similar to epidermal growth factor — proHB-
EGF [2]. ProHB-EGF is the single chain
transmembrane glycoprotein consisting of
208 amino acid residues [3]. It is composed of
heparine-binding, EGF-like, transmembrane,
and cytoplasmic domains [4]. R-domain
of B subunit of toxin binds with EGF-like
domain of proHB-EGF. On the cell surface
ProHB-EGF is cleaved by metalloproteinases
resulting in the soluble growth factor HB-
EGF, which bears only heparine-binding and
EGF-like domains, and also is the ligand for
EGFR and HERA4.

Depending on their sensitivity to DT
mammals are classified into sensitive and
resistant. ProHB-EGF is present on the cell
surfaces of both mammal groups. But EGF-like
domain of proHB-EGF in these animal groups
differs by 10 amino acid residues [5], and this
is the main resistant factor to DT.
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There is very controversial information on
whether the binding of DT with proHB-EGF
occurs on the cellular surface, and whether
there is internalization of DT and proHB-EGF
complex by endosomes of the resistant cells.
According to one point of view, receptors of
resistant cells are unable to bind with DT [2,
6—10]. Consequently, such inability to bind
causes the toxin resistance of some mammals.
According to the other point of view, binding
of proHB-EGF of resistant organisms to
DT happens on the cellular surface and
subsequently the DT—-receptor complex enters
cytoplasm as part of endosomes [11-14]. Thus,
the resistance mechanisms are realized only
after DT enters the cell.

Recombinant derivatives of diphtheria
toxin are important biotechnological
tools to study toxin and other medicine
needs. Previously we have created genetic
constructions coding varied fragments of DT
molecule, including various derivatives of
B subunit of the toxin [15, 16], and CRM197
[16]. It is determined that such recombinant
derivatives are able to bind and internalize in
vitro with both types of cells, the sensitive [15]
and the cells from a resistant organism [14].
But comparing the interaction of cell receptors
with the obtained recombinant derivatives and
with native DT has not been conducted. Thus,
from the obtained results we have had only
indirect evidence in favour of binding process
of the HB-EGF with DT on the resistant cell
surface and the internalizing of DT complex
with receptors into the cytoplasm of the
resistant cell.

The genetic constructions coding soluble
HB-EGF of human and mouse were also created.

The goal of this work is to compare
interaction of native DT and that of its
recombinant derivatives with the receptors of
resistant and sensitive cells.

According to the immunoassay (ELISA),
unlike the native DT, the received recombinant
derivatives of the DT molecule are able to
effectively interact with the recombinant HB-
EGF of the resistant organisms. Herewith
the native DT had relatively weak reaction
with the receptor of resistant cells. Therefore
the recombinant toxins expressed in E. coli
are not fully reproducing properties of the
native toxin. The available data are not
enough to explain the reasons of the different
interactions of the native protein and its
recombinant derivatives with the receptor
of resistant cells, but we assume that such
differences may occur due to the inadequacies
of the expression system.

The obtained results indicate that
mechanisms of mammal’s resistance to the DT
are determined by the value of affinity to the
cell receptors.

Materials and Methods

Materials and reagents. Bovine serum
albumin (BSA), IPTG (Amersham, USA),
yeast extract (Becton, Dickenson and Co.,
USA), molecular weight markers for protein
gel electrophoresis (Fermentas, Canada),
bactotryptone (Fluka, Switzerland),
B-mercaptoethanol, Tween-20 (Helicon,
Russia), kanamycin, chloramphenicol, H,0,
(“Kyivmedpreparat”, Ukraine), glycerol,
dimethyl sulfoxide (DMSO), trisodium
citrate, KCl, NaCl, Na,HPO,, NaOH, KH,PO,,
(“Miranda-C”, Ukraine), sodium dodecyl
sulfate (“Reachem”, Russia), acrylamide,
bacterial culture medium LB, bromide methyl
thiazol tetrazolium (MTT), bromothymol
blue, skimmed milk, coomassie G250,
ammonium persulfate, imidazole, urea,
tetramethylethylenediamine, conjugate of
recombinant streptavidin and peroxidase, tris
(hydroxymethyl) aminomethane, tricine, Ni-
NTA agarose, fetal calf serum (FBS), N,N’-
Metilenbisakrilamid, RPMI1640 L-glutamine,
Triton X-100, 3,3,5,5 -tetramethylbenzidine
(TMB) (Sigma, USA), A 96-well microtiter
plates for enzyme-linked immunosorbent
assay (Spektar, Serbia) and for eukaryotic cell
culture (Greiner Bio One, Great Britain) were
used.

DT production. Purification of the toxin
was carried out in the Mechnikov Institute of
Microbiology and Immunology of the NAMS of
Ukraine (Kharkiv, Ukraine), from the culture
medium of C. diphtheria PW8 strain, by [17].

Production of F(ab)’2 fragments specific
to DT. Antibodies to the toxin were extracted
from the antidiphtheritic horse serum
(“Microgen”, Russia) by the triple ammonium
sulfate precipitation [18]. The hydrolysis
of antibodies was performed using trypsin.
Covalent attachment to the antidiphtheritic
F(ab)’2 fragments of biotin was performed
using biotin N-hydroxysuccinimide ester
[19]. Biotinylation and preparation of F(ab)’2
fragments was performed by O. S. Oliynyk,
Ph. D. in the Palladin Institute of Bioche-
mistry of the NAS of Ukraine.

Preparation and purification of
recombinant derivatives of HB-EGF and DT.
Preparation of the genetic constructions
coding recombinant HB-EGF of human
(hHB-EGF), B subunit of DT bound with
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EGFP fluorescent proteins (EGFP-SbB), and
nontoxic point DT mutant, protein CRM197,
are described in the previous articles [15, 16,
20]. Preparation of the construction for the
expression of mouse HB-EGF (mHB-EGF) on
the base of the pET28a(+ ) vector follows [20];
cDNA of the gene mHB-EGF was obtained
from the 3T3 mouse embryonic fibroblast cell
culture.

E. coli strain BL21 Rosetta (DE3) was
used for expression by induction 1 mmol
IPTG following [14, 15]. Metal ion affinity
chromatography on Ni-NTA agarose was used
for purification. Ni-NTA agarose native buffer
was used for all manipulations to obtain and
purify proteins: 100 mmol Na,HPO,, 10 mmol
Tris-Cl, 500 mmol NaCl, pH 8.0. Destruction
of the bacterial cell walls, membranes and DNA
was conducted with ultrasonic treatment in the
presence of 1% Triton X-100.

Purification of AHB-EGF, mHB-EGF
and R-domain of DT was conducted in native
conditions with soluble fraction of the cell
lysate, of proteins EGFP-SbB and CRM197 in
the denatured conditions of 8 M urea solution
and renaturation in vitro using Ni-NTA
agarose column, step by step reducing the
concentration of urea (8, 6, 4, 2, 1 and 0 M).
Purified recombinant products were eluted in
400 mmol imidazole and transferred protein
by dialysis in phosphate buffered saline (PBS):
0.01 M Na,HPO,, 0.002 M KH,PO,, 0.137 M
NacCl, 0.003 M KCl, pH 7.4.

Estimation of purity and concentration of the
target recombinant proteins in obtained samples
was conducted with SDS-PAGE as in [21].

Eukaryotic cell culture. Mammalian cell
lines Vero and L929 were obtained from the
Bank of Cell Lines from Human and Animal
Tissues of Kavetsky Institute of Experimental
Pathology, Oncology and Radiobiology, of
the NAS of Ukraine. RPMI-1640 medium
with L-glutamine and 10% FBS, containing
100 mg/1 of streptomycin, 10 000 U/l of
penicillin G and 250 pg/1 of amphotericin B
was used for cell growth at 37 °C temperature
and 5% CO, in the air.

The DT cytotoxicity testing. Cell cultivation
was conducted in the presence of native DT
(0.3 ng/ml) during 24 hours after cells reached
confluence. The toxin concentration in wells
was reduced by double dilution from 2.5 to
0.3 png/ml. The percentage of living cells was
determined by incubation in solution prepared
with addition of 100 ul of 5 mg/ml of MTT-
reagent solution in PBS per 1 ml of RPMI-
1640 with L-glutamine. After the incubation
the medium was removed and the solution
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(10% SDS and 0,6 M HCI in DMSO) was added
to dissolve the formazan crystals formed by
viable cells. The test results are recorded at
570 nm wavelength and 630 nm reference
wavelength.

Comparison of the interaction of
proHB-EGF and its ligands by ELISA. All
manipulations until the visualization were
done in 100 ul of FBS, rinsed with distilled
water on each stage. Sorption of hHB-EGF
and mHB-EGF was conducted during the
night at 4 °C, the concentration was 10 ng/ml.
10 ng/ml BSA was used as a negative control.
All subsequent stages of incubation were
performed during 1 hour each, at 37 °C. Free
protein binding sites of sorption surface
were blocked in 1% solution of skim milk.
Recombinant derivatives of DT in the presence
of 0.04% Tween-20 were added to the wells
covered with HB-EGF after blocking; the
concentration reduced by double dilution from
10 to 0.156 ng/ml. To detect the recombinant
derivatives of DT we used biotinylated F(ab)’2
horse antibodies against DT and streptavidin—
peroxidase polymer conjugate of working
dilution determined experimentally in the
presence of 0.04% Tween-20 in PBS. For
visualization, 100 ml of solution, prepared
directly before the experiment, were added
in every well: 1 ml 0.001% TMB in DMSO
per 9 mL of phosphate-citrate buffer (0.1 M
Na,HPO,, 0.05 mmol sodium citrate, pH
5.0) and 2 pl 30% H,0,. The reaction was
conducted for 5 min at 37 °C and was stopped
by addition of 50 ul of 1 M sulfuric acid. The
results of analysis were established at 450 nm
wavelength.

Results and Discussion

More and more researchers become
interested in DT because it allows creating
medical preparations and agents for biological
studies. Creating recombinant analogues of
the toxin is of high scientific and economic
importance. The aim of the present work is
to compare the binding of native DT with the
mammal cellular receptors with that of its
recombinant analogues.

Obtaining and purification of the
recombinant proteins. Preparations of mHB-
EGF and hHB-EGF were purified from soluble
fraction of the cell lysate. CRM197 and EGFP-
SbB formed only in fully insoluble form (as
bacterial inclusion bodies) during the expression
in cells of E. coli; refolding was conducted in
vitro to return the correct conformation of these
two products. The purity and concentration
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of preparations of all obtained proteins were
satisfactory for ELISA (Fig. 1).

Cytotoxicity of DT. The results of MTT
test (Fig. 2) show that DT causes significantly
reduced percentage of viable cells of Vero line
(> 50% at concentration of 0.3 pg/ml) but no
significant changes in L.929 cells viability.

L929 and Vero are cell lines, well-
characterized sensitive and resistant
respectively to DT. L929 clone is derived from
cell line of mice L [22]. Cells from L line are
resistant to DT and are derived from house
mouse (Mus musculus L.). Most studies of the
resistance to DT are conducted using the L line
[2, 8-10]. L929 is the subclone of L line, it is
a well-characterized model of mammalian cells
with high resistance to DT [23—-25].

Vero cells are derived from African green
monkey (Cercopithecus aethiops L.), these cells
are sensitive to DT and are the model of cells
highly sensitive to even the slightest amounts
of toxin [9, 8, 10, 23, 24].

DT exhibited high cytotoxicity to Vero cells
and no cytotoxicity to L929 (Fig. 2), thus it
maintained inherent natural functions.

Comparison of the interaction of proH B-
EGF and derivatives of DT using ELISA.
Increase of the number of ligands bound with
proHB-EGF with the increased concentration
of ligands in the incubation medium are given
on graphs (Fig. 3). Native DT is characterized
by the weak interaction with mHB-EGF in
comparison with its recombinant derivatives
(Fig. 3, B). DT and its recombinant derivatives
both interact with high efficiency with the
hHB-EGF.

Thus, the recombinant proteins do not
reproduce the properties of DT concerning
its interaction with the receptors of resistant
animal species. The reason for this fact is
not yet fully understood. We offer several
assumptions:

Recombinant proteins have undesirable
amino acid sequences that are absent in
native DT. When the targeted nucleotide
sequence embeds in the expression vector it
was inevitable that some peptide appendages
occurred on either side of the targeted
polypeptide chain. Histidine tag (6xHis-tag)
is also among them, which is necessary to use
IMAC. In all used constructions 6xHis-tag
is located at the C-terminus of the molecule
(R-domain) near the site of binding with EGF-
like domain of proHB-EGF. The elimination
of tags is possible through the use of vectors,
which are useful for expression of only the
needed sequences or these containing protease
cleavage site to cleave the unwanted parts. In

1 2 3 4 5 6

Fig. 1. Electrophoregram of used proteins:
1 — EGFP-SbB; 2 — hHB-EGF; 3 — mHB-EGF;

4 — CRM197; 5 — molecular mass markers: 200,
150, 120, 100, 85, 70, 60, 50, 40, 30, 25, 20, 15 and
10 kDa; 6 — DT. Bands corresponding to the target

protein are indicated with a rectangular frame

this case the process of purification will be
much harder.

Mutations. Among the toxin’s mutations
that reduce [25, 26] or enhance [27] the
interaction with receptors of sensitive
organisms, are known only those that belong
to its R-domain. Mutations that could
contribute to the appearance of the ability
of the toxin to interact with the receptor of
the resistant mammals are not described.
Nucleotide sequencing of CRM197 (performed
at Ukrainian Laboratory of Quality and Safety
of Agricultural Products) has shown that
R-domain contains such mutations as S374T,
1418T, V432A, R494G, and I509M. Each
of these mutations could potentially affect
binding with the receptor of resistant species.

The incorrect folding of DT polypeptide
chain expressed in E. coli. The presence of
the native functions is the main issue in
obtaining any recombinant protein in foreign
cells. DT is a secretory protein (exotoxin) and
its predecessor contains a signal peptide [28,
29]. DT folding occurs during the transport
of the DT polypeptide chain through the
plasma membrane involving Sec protein-
translocation pathway [30]. In the case of
expression from pET24a(+) plasmid in
E. coli cells, the folding occurs in the cytoplasm
or not at all (in which case the bacterial
inclusion bodies are forming). The selection
of the proper organisms for expression (for
example Corynebacterium glutamicum [31],
of the same genus as C. diphtheria) and proper
expression vectors (for example pET-22b [32]
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Fig. 2. Histograms of the results of MTT test: Vero and L929 cells at 0.3 pg/ml DT during experiment,
compared to the control (absence of any agents)
Materials and methods contain detailed description of the cytotoxic test and reliability changes

A

B

Fig. 3. Comparison of the interaction of DT
with HB-EGF with that of its recombinant derivatives using ELISA:
AE450 — extinction difference at 450 nm between samples: studied (HB-EGF) and control (BSA);
A — fragment of human receptor hHB-EGF used as antigen; B — fragment of mouse receptor
mHB-EGF used as antigen

which directs product to the periplasm) are the
possible ways to eliminate mis-folding.

The necessity of the functionally active
center of DT molecule for the proper interaction
with the receptor. There are some facts which
support that point mutant CRM197 and native
DT interact with cells differently [33—3T7].
Possibly only the intact molecule of the toxin
can properly interact with receptors. Since
CRM197 has no functionally active center, we
can assume that the sequences of the catalytic
center interact with proHB-EGF and determine
the resistance of insensitive animals.

Thus, the obtained results show that the
recombinant analogues of DT have some
functions of the native toxin (interaction
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with the receptor of sensitive cells and
internalization), while other functions are
inconstant. The DT receptor of the resistant
species of mammals interacts with available
recombinant fragments and derivatives of DT
more intensively than the native toxin. The
results are supporting the existing idea that
native DT has much weaker interaction with
proHB-EGF of the resistant cells, which is
the determining factor of the toxin resistance
mechanisms. In transgenic mice that express
human proHB-EGF, only in certain specific
types of cells could a selective ablation of these
cells be performed using DT, as shown in [38].
Ablation is conducted to study the functions
of cell populations. According to the results
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of this work the recombinant derivatives of B
subunit of the toxin will nonspecifically affect
the other mice cells, so its usage for such
ablation is impractical.

Nowadays, various derivatives of DT are
widely used in anticancer therapy to block the
interaction of growth factor HB-EGF with EGFR
receptors which are involved in carcinogenesis.
Soluble HB-EGF derives from proHB-EGF
and consequently contains EGF-like domain.
That’s why soluble HB-EGF also effectively
interacts with DT. This fact can be useful during
preclinical testing of diphtheria toxoid on mostly
resistant to DT laboratory animals (rats and
mice) with induced tumors, because the obtained
derivatives of DT are also able to interact with
HB-EGF of these species. Existing derivatives
of DT can effectively block the interaction of
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B3A€EMO/IA PERKOMBIHAHTHHUX
JUOPTEPIMHUX TOKCOI/IIB
3 RIAITHUHHUMMN PEITEIITOPAMM in vitro
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MeToio po6oTu 6yJI0 TOPiBHAHHSA in vitro oco-
O6smBOCTEN pelenitii IPUPOTHOTO AUPTEPiIHHOTO
TokcuHy — T Ta #0oro HETOKCUUYHUX PEKOM-
0iHAHTHUX aHAJOTIB — ToKcoixiB. [Iaa oIljiHto-
BaHHA JIiraHI-pelenTOPHOI B3aeMozIii 3acToco-
ByBaJIX MeTOJl iMmyHoeH3uMHOTO0 ananisy ELISA,
Ie AK 3B’A3yBaJbHUIN ITap BUKOPUCTOBYBAJIHU
peKoMOiHAaHTHI aHaJIOTH KJIITUHHOTO peIllernTopa
nudrepiiinoro Tokcuny HB-EGF Bixg uyrtnusux
Ta Pe3UCTEHTHUX 0 TOKCUHY opraHisMmis. 3a pe-
gyabraramMmu ELISA nmpupomHuii gudrepilinmii
TOKCUH, Ha BifMiHy Bif peKOMOiHAaHTHUX TOKCO-
iniB — CRM197 ra cybomuuuiii B, B3aemonmias 3
HB-EGF mumii 3 ngy:xe HusbKoio adinuictio. ITpu
nromy HB-EGF nfogmuu 3 o4HAKOBO BHCOKOIO
adinHicTIO 3B’A3yBaB AK TOKCOioMU, TaK i HATUB-
HuM gudrepitinnii Tokcus. OTiKe, HOCIiAMKeH] pe-
KOMOiHAHTHI aHAJOTu TOKCUHY, IO iX OJepP:KaHo
y kaituuax E. coli, He BiATBOPIOBAJIU ITOBHOIO Mi-
pOI0 pemenTopHOi crerudivyHOCTI TPUPOTHOTO
TOKCHUHY, II[0 CJiJi BPaXOBYBaTH y Pasdi BUKOPU-
CTaHHA X IPOTEiHiB AK 610TeXHOJOTIUHUX IIPO-
IOYKTiB.

Knwuwosi cnoea: pudTepiiHUA  TOKCHUH,
cyoonuauA B nudrepiinoro rokcuny, CRM197,
HB-EGF.

B3APIMOI[EIZCT}3PIE PERKOMBHUHAHTHBIX
JUOTEPUNHBIX TOKCOHUA0B C
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ITesnnio paboThHI OBLIO CpaBHEHUE in Vitro 0co-
GEHHOCTEH peleniiny IPUPOIHOTO AU(GTEePUNHO-
ro TokcuHa — [T u ero HETOKCUYHBIX PEKOMOU-
HAHTHBIX aHAJOTOB — TOKcOumIoB. {1 OolleHKU
JUTaHI-PEIleITOPHOTO B3aMMOIEWCTBUS IIPUMe-
HAJIW METOJ UMMYHO9H3UMHOTO aHanausa ELISA,
rZie B KaUuecTBe CBABYIOIIETO CJIOA MCIIOJb30BaIN
PeKOMOMHAHTHBIE aHAJOTH KJIETOUYHOTO peIen-
Topa mudrepuiitnoro Tokcuua HB-EGF ot uys-
CTBUTEJIbLHBIX U PE3UCTEHTHBLIX K TOKCHUHY Op-
raausMmoB. Ilo pesyabraram ELISA mpupomaHbIit
IndTepuiiHBIN TOKCUH, B OTJIMUYNE OT PEKOMOU-
HAHTHBIX TOKcoug0B — CRM197 u cy0be AuHUIIBI
B, BzaumopeiicreoBan ¢ HB-EGF mMbIinnu ¢ oueHb
HU3Ko apuraHOCTHIO. [Ipm aTom HB-EGF uenose-
Ka ¢ OQMHAKOBO BBICOKOII a(DMHHOCTHIO CBA3LIBAJ
KaK TOKCOUbI, TaK WM HATUBHBIN AUQMTEPUNHBIN
ToKkcuH. Takum o0pasoM, HCCJEeJOBAaHHBIE pe-
KOMOWHAHTHBIE aHaJIOTH TOKCHUHA, IMOJYUYeHHBIe
B KJeTKax E. coli, e BOCIPOU3BOAUIN B IIOJHO
Mepe PelenTOPHON CIelu@UIHOCTH TPUPOTHOTO
TOKCHHA, YTO CJeAyeT YUUTHIBATh B CJIydyae MHC-
MMOJIL30BAHUSA 9TUX IIPOTEMHOB KaK OMOTEXHOJIO-
TUUECKUX MPOAYKTOB.

Karouesvre cnosa: nurepuiiHbiii TOKCUH, Cy0be-

muaumna B pudrepuiinoro Toxkcmua, CRM197,
HB-EGF.
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