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Subunit B of diphtheria toxin (DT) and its R-domain differ by the presence of T-domain. The aim of
the present work was to analyze the interaction of these toxin fragments with mammalian cells in order to
evaluate the T-domain’s influence on endocytosis in resistant cells. Internalization of recombinant fluorescent
subunit B and R-domain was characterized in toxin-resistant L929 cells derived from mouse connective tissue
and toxin-sensitive Vero cells from African green monkey kidney. It was found that during incubation of cells
in the presence of both subunit B and R-domain in the culture medium, Vero cells internalize more molecules
of subunit B than of R-domain. Under the same conditions, L929 cells internalize more molecules of R-domain
than of subunit B. Colocalization of fluorescent subunit B and R-domain in L929 was rapid and proceeded
almost completely at the early period of incubation compared to Vero cells in which it was slow and occurred
gradually. The obtained data suggest that T-domain influence internalization and endosomal transport of DT
in cells, which correlates with their toxin sensitivity. It was concluded that T-domain participates in intracel-
lular endosomal transport and sorting of DT only in toxin-sensitive cells by enhancing the internalization of

toxin molecules.
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iphtheria toxin (DT) is a single-chain pro-
D tein of 535 amino acid residues produced by
toxigenic strains of Corynebacterium diph-
theriae, which were lysogenized by corynephage f3
carrying the functional fox* gene [1]. DT is the main
factor that causes the development of diphtheria
symptoms. The cytotoxic action of DT is mediated
by catalytic transfer of ADP-ribosyl group from
NAD~™ to the diphthamide residue (modified histi-
dine) in eukaryotic translation elongation factor 2
(eEF-2). This leads to an almost complete arrest of
protein synthesis on ribosomes and cell death [1].
DT molecule is composed of two subunits:
subunit A and subunit B (SubB). The A-subunit of
DT consists of a single domain — the catalytic do-
main or C-domain (Cd). B-subunit is composed of
two domains: receptor domain or R-domain (Rd),
which is responsible for binding to the cell recep-
tor, and transmembrane domain or T-domain (Td),
which is involved in the process of Cd transfer in cy-

tosol across the endosomal membrane. DT binding
to its receptor on plasma membrane triggers in-
ternalization of DT-receptor complex through the
clathrin-dependent endocytic pathway [2]. When
pH in the endosomal lumen decreases during endo-
somal maturation, Cd enters in the cytosol where it
modifies eEF-2. The exact molecular mechanism by
which Cd passes through the lipid bilayer of endo-
some is unknown. However, it is supposed that Td
plays the main role in this process as it can penetrate
in the lipid bilayer [1].

DT receptor is the precursor of heparin-binding
epidermal growth factor-like growth factor, proHB-
EGF. ProHB-EGF is a single-chain transmembrane
glycoprotein of 146 amino acid residues [3]. There
are two types of mammalian species in relation to
their susceptibility to DT — toxin-sensitive and to-
xin-resistant. ProHB-EGF is present on cells of both
types of mammals. SubB of DT binds via its Rd to
the EGF-like domain of proHB-EGF, which is distin-
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guished in sensitive and resistant species only by 10
amino acid residues [3].

Binding and internalization of recombinant
DT derivatives (SubB, Rd, etc.) to cells from both
of these organisms, as demonstrated in [4-6], sup-
pose that the native toxin also enters both suscepti-
ble and resistant cells. It is believed that inside the
resistant cells Cd is not transported to the cytosol
from endosomal lumen [7], therefore these cells
stay alive even in the presence of high doses of DT.
However, there is no a confirmed assumption on how
the mechanism of Cd transport prevention occurs in
resistant cells. According to one point of view, due
to the amino acid sequence differences in proHB-
EGF, DT detaches from this receptor under the low
pH in resistant cells while in sensitive cells it retains
its position near the membrane and therefore could
penetrate into lipid bilayer.

Previously, we have created genetic constructs
based on pET-24a(+) vector [8, 9] for expression of
the SubB fused to enhanced green fluorescent pro-
tein EGFP (EGFP-SubB) [9] and Rd fused with fluo-
rescent protein mCherry (mCherry-Rd) [8]. It was
also shown that EGFP-SubB is capable of binding
and internalizing by mammalian cells both sensitive
and resistant to the toxin [4, 9]. It was found that
recombinant DT products which contain the Td, pro-
duced by E. coli, retain their ability to conduct ions
in artificial lipid bilayers [10, 11] and compensate the
work of vesicular proton pumps in living cells [6].
Therefore, our recombinant derivatives of toxin re-
tain the fully functional Td. Initial evidence of Td in-
volvement in the regulation of intracellular transport
of the DT was obtained in [5]. We suggested in [5]
that coat protein complex I (COPI) can be involved
in this process. The present work provides some new
data on the intracellular DT transport.

The aim of the present study was to evalua-
te the Td’s role in intracellular transport of DT in
toxin-resistant cells and compare obtained results
with sensitive cells. Recombinant DT derivatives
are convenient tools for studying the endocytosis
in cells dependent on proHB-EGF. EGFP-SubB and
mCherry-Rd were chosen as model DT derivatives
with and without Td, respectively. The variation in
numerous environmental parameters (temperature,
medium composition, etc.) was leveled by simultane-
ous addition of both these proteins to the same incu-
bation medium with mammalian cells. This allowed
comparing the concurrent internalization of these
proteins in a single cell. Different fluorescent labels

(excitation and emission maximums for EGFP are at
489 and 509 nm, respectively, while for mCherry —
at 587 and 610 nm) allowed tracking by confocal mi-
croscopy B-subunit and Rd intracellular transport
separately while cells were treated by EGFP-SubB/
mCherry-Rd mixture.

Murine L929 fibroblasts and green monkey epi-
thelium Vero cells were chosen as the objects in the
present work because they both are classical models
of highly resistant and highly sensitive to DT spe-
cies. Clone 929 derives from murine L cell line
[12]. The major amount of studies on DT mammali-
an resistance were conducted on different subclones
of L cell line [13-19]. On the contrary, Vero cell line
was widely used as a standard of highly sensitive to
DT cells [13, 14, 16-19].

As far as these cell lines are well-known and
comprehensively studied examples of DT cytotoxic
effects, they both stand at the forefront among the
other cells for the study of mammalian DT resistan-
ce and are most suitable as the main objects for the
present study.

Materials and Methods

In the present work there were used: bo-
vine serum albumin (BSA), isopropyl B-D-1-
thiogalactopyranoside (IPTG) from Amersham
(USA); acrylamide, N,N’-methylenebisacrylamide
from AppliChem GmbH (Germany); 2-mercaptoe-
thanol from Helicon (Russia); plastic Petri dishes
from Greiner BioOne (Austria); kanamycin, glu-
cose, chloramphenicol from “Kyivmedpreparat”,
Arterium Co. (Ukraine); 1,4-diazabicyclo[2,2,2]oc-
tane (DABCO), 7.5% sodium bicarbonate solution,
dibasic ethylenediaminetetraacetic acid sodium salt,
foetal bovine serum (FBS), Hoechst 33342, LB me-
dium, NaN,, paraformaldehyde (PFA), phenylarsine
oxide (PAO), RPMI-1640 medium with L-glutamine,
sodium dodecyl sulphate (SDS), stock solution of
amphotericin B, penicillin G and streptomycin for
cell culture, Trisma base, Triton X-100, urea from
Sigma (USA); imidazole from Shanghai Synnad
(China); KCI, NaCl, Na,HPO,, NaOH, KH,PO,
from Miranda-C (Ukraine); nickel-nitrilotriacetic
acid-agarose (Ni-NTA agarose), prestained protein
markers for gel electrophoresis from Thermo Fisher
Scientific (USA).

Mammalian cell culture. 1.929 and Vero cells
were obtained from the collection of cell bank of
Kavetsky Institute of Experimental Pathology, On-
cology and Radiobiology, NAS of Ukraine, Kyiv.
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Cells were maintained on RPMI-1640 with
2 mM of L-glutamine, 1.23 mg/ml sodium bicarbo-
nate, 5% FBS and antibiotics at 37 °C under 5% CO,
in the air [9]. Both cell lines were cultured under
5% concentration of FBS. Cells were used in experi-
ments at 70-80% confluency.

Production of recombinant proteins by E. coli
cells and their purification. Creation of the relevant
genetic constructs based on pET24(+) vector with
kanamycin resistance and protocols for protein ex-
pression in E. coli Rosetta BL21 (DE3) cells on LB
media by IPTG induction can be found in previous
publications [5, 9]. Purification of proteins by Ni-
NTA agarose column chromatography with imida-
zole elution gradient and determination of protein
concentration by tricine SDS-PAGE analysis with
TotalLab TL120 software were also performed ac-
cording to [5, 9].

Flow cytometry. The protocol of sample prepa-
ration for flow cytometry, including cell detachment
from Petri dish surface, assessment of cell density
in a counting chamber, endocytosis suppression by
NaN;, and low temperature (4 °C), adjusting condi-
tions of incubation medium to reduce a cell surface
non-specific protein adsorbtion by 1% BSA, is de-
scribed in detail in [4, 5].

In control samples, both cell lines were incu-
bated only in the presence of fluorescent proteins
EGFP and mCherry, which were fused to neither
parts of DT molecule. The concentrations of EGFP
and mCherry in controls were equimolar to EGFP-
SubB and mCherry-Rd in experimental samples.

Determination of fluorescence intensity of the
cells was performed using Coulter Epics XL (Beck-
man Coulter, USA) flow cytometer. The flow cy-
tometer data was analyzed with FCS Express flow
cytometry software.

Confocal microscopy. Sample preparation was
according to [4, 5]: cells were grown on the glass
coverslips, treated with target recombinant DT de-
rivatives and Hoechst 33342 for nuclear staining;
then followed PFA-fixation and mounting in poly-
vinyl alcohol media with DABCO as a non-specific
fluorescence quencher and antifade constituent.

Cells were incubated in a simultaneous pres-
ence of both EGFP-SubB and mCherry-Rd in media
during various time points of incubation (from 5 to
75 min). EGFP and mCherry were used in the con-
trol to assess the general non-specific internalization
of protein by cells.
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Incubation in the presence of 20 mM of PAO
was carried out in separate samples in order to
demonstrate the suppression of endocytosis in the
cells [20].

Resulted samples were analyzed by Zeiss LSM
510 Meta (Carl Zeiss, Germany) confocal micro-
scope.

Confocal image processing using ImageJ soft-
ware [21] was carried out to analyze the endosomal
internalization of fluorescently labeled proteins.

Results and Discussion

Determination of EGFP-SubB/mCherry-Rd
working ratio by flow cytometry. Cell fluorescence
intensity distribution in samples according to both
EGFP and mCherry fluorescence was analyzed in
Vero and L9209 lines. Light scatter dot plots (FS ver-
sus SS) showed the homogeneity of cells in samples
(data is not shown).

A molar proportion of EGFP-SubB and mCher-
ry-Rd at which both these proteins have the same
binding activity regarding proHB-EGF on the cell
membrane was determined according to [5], where
the same method of binding activity analysis was
used for evaluation of simultaneous SubB and Rd
interaction with Vero cells.

Under 2:1 molar ratio the same amounts of
EGFP-SubB as well as of mCherry-Rd bound to
Vero cells, and for 1.929 cells this proportion ap-
peared to be also completely suitable. This relation
of protein concentrations was used in the following
confocal microscopy experiments.

Data analysis of simultaneous internalization
of EGFP-SubB and mCherry-Rd by Vero and 1929
cells. Confocal images (Fig. 1 and 2) show that DT-
resistant cells can bind and internalize both EGFP-
SubB and mCherry-Rd. In the presence of 20 mM
PAO, which inhibits the formation of endosomes
[20], fluorescent proteins were almost completely
absent inside of the cytoplasm and localized on the
cell surface (data is not shown). This confirms that
these proteins were internalized in endosomes.

The calculation of the following parameters
was carried out by image processing software [21]:
endosome number in cells, total area of endosomes
on a cell cross-section and average endosomal size.
Analysis of selected values allows comparing the
amounts of fluorescent proteins in cells at any time
point of incubation, if assume that the quantity of
protein molecules internalized by living cell is pro-
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Fig. 1. Confocal images of L929 cells, incubated in the presence of both EGFP-SubB and mCherry-Rd pro-
teins in a concentration when they bind in equivalent quantity to cells. EGFP-SubB is represented by green
channel of fluorescence, mCherry-Rd — as red and Hoechst 33342 — as blue. Optical slice passes approxi-
mately through the middle of cells. According to typical experiment

portional to size and number of cellular vesicles (en-
dosomes).

The presence of two different fluorescent labels
(EGFP and mCherry) made it possible to track SubB
and Rd separately in the same cell, while they were
internalized simultaneously.

The internalization parameters mentioned
above were calculated separately for EGFP-SubB
and mCherry-Rd at various time points (Fig. 3). Ac-
cording to the obtained data in L929 cells the size
of endosomes containing Rd is sufficiently bigger
than that of endosomes containing SubB. Besides,
the total area and number of endosomes with Rd are
higher (or equal at 60-75 min; Fig. 3) than that of
endosomes with EGFP-SubB. These data suggest
that L929 cells internalize much more of Rd than
of SubB.

Compared to L929 in Vero cells the average
size of endosomes loaded with Rd is generally equal
(at 5-60 min; Fig. 3) to the average size of SubB
bearing endosomes. Moreover, at the later time

points of incubation (60-75 min) the total area and
endosome number are higher for the endosomes con-
taining EGFP-SubB. These indicate that Vero cells
internalize approximately the same amounts (or at
the later time even more) of SubB as of Rd.

Thus, Td could affect internalization and endo-
somal transport of DT in cells according to their tox-
in sensitivity. Particularly, in toxin-sensitive cells Td
could participate in intracellular endosomal trans-
port and sorting of DT by enhancing the internali-
zation and intracellular retention of toxin molecules
while in toxin-resistant cells could not.

Colocalization of EGFP-SubB and mCherry-
Rd in Vero and L929 cells. The presence of two dif-
ferent fluorescent labels in studied recombinant pro-
teins made it possible to not only characterize the
endosome dynamics for these two molecules sepa-
rately but also track the superposition (or colocaliza-
tion) of both proteins in cells.

Colocalization rate was evaluated by Pearson’s
correlation coefficient (PCC) [22] and Mander’s
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Fig. 2. Confocal images of Vero cells, incubated under the same conditions as L929 on Fig. 1. Representation
and designations are the same as in Fig. 1. According to typical experiment

colocalization coefficients (MCC1 and MCC2). Cal-
culation of both MCCs was carried out according to
modification, described in [23].

PCC, M1 and M2 were calculated in each
time interval of incubation from 5 to 75 min. PCC
changed in L.929 and Vero in the same way as MCCI1
and 2 (data is not shown). At the early stages of incu-
bation EGFP-SubB and mCherry-Rd were less colo-
calized in both cell lines than at later time periods.
It was also found that time colocalization pattern is
different in Vero and L929 cells (Fig. 4). L929 cells
are characterized by rapid colocalization at the early
stages of incubation (from 5th min), after which al-
most no changes in colocalization occurred. Com-
pared to L1929, Vero is characterized by a gradual
increase in SubB and Rd colocalization rate through-
out the whole incubation time.

Under the above-mentioned experimental con-
ditions colocalization is most likely the measure of
EGFP-SubB and mCherry-Rd commixture in the
same endocytic compartments and is not an evi-
dence of the protein-protein interaction between B-
subunit and Rd.
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During endocytosis, EGFP-SubB and mCher-
ry-Rd could be internalized in the same or different
vesicles. Besides, different vesicles may occasional-
ly fuse together during the process of intravesicu-
lar cargo sorting. Finally, both EGFP-SubB and
mCherry-Rd move to endolysosomes where they
could completely commix together.

Probably, dependence of colocalization on
time reflects the differences in endosomal intracel-
lular traffic of B-subunit and Rd in toxin-sensitive
and toxin-resistant cells. Thus, commixture of both
Td-containing and Td-free DT parts is different in
studied toxin-sensitive and resistant cells. Moreover,
rapid colocalization may indicate that the presence
of Td does not influence the internalization and traf-
ficking of studied toxin fragments in resistant cells.

There are some findings indicating that in DT-
sensitive cells toxin transport can be regulated by
some factors alongside proHB-EGF. For instance,
COPI, which is located at the outer side of the endo-
somal membrane, may facilitate the translocation of
the C-domain of DT through the lipid bilayer by yet
uncharacterized mechanism [5, 24].
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Fig. 3. Dependence of endosomal parameters on incubation time during simultanious internalization of
EGFP-SubB and mCherry-Rd proteins by cells L929 (A) and Vero (B) cells (M + S, n = 3). The differences are
significant relative to control samples (P < 0.05)

In mammalian cells, COPI may participate in

sorting of early endosomes and retrograde vesicular
transport in cells. We suppose that DT may affect
these COPI-mediated processes probably via interac-
ting COPI through the specific KXKXX motifs in

the transmembrane helix 1 of the Td [25]. However,
spatially COPI and DT are separated by the lipid
bilayer of endosomal membrane. Therefore, if DT
really affects the endosomal transport, some parts
of toxin can also interact with COPI (and possibly
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Fig. 4. Colocalization of EGFP-SubB and mCherry-Rd proteins versus incubation time by Pearson’s correla-
tion coefficient (PCC) in L929 and Vero cells (M = S, n = 3). The differences are significant relative to control

samples (P <0.05)

other molecules) as a result of partial penetration of
Td through the endosomal membrane.

Based on the results on endosome trafficking
and colocalization of SbB and Rd that were obtained
in the present study, we suppose that in resistant
cells DT does not participate in endosomal trans-
port because its Td is not inserted in the bilayer and
therefore — does not interact with COPI. Vice versa,
in toxin-sensitive species toxin can participate in en-
dosomal transport, because Td insertion is accompa-
nied by interaction with COPI at the opposite site of
the endosomal membrane.

If this is true, it could be also assumed that DT
is unable to form ion conductive channels in endo-
somal membrane in resistant cells. This agrees with
the data published in [6] and favor the hypothesis
that toxin-resistant species are deficient in the Cd
transport step [7], which is, hence, considered to be
dependent on a channel formation by Td.

In conclusion, we would like to notice once
again our main findings. It is obvious that both SubB
and Rd, produced in E. coli cells, are bound and in-
ternalized by toxin-resistant L929 cells as well as by
toxin-sensitive Vero cells. However, we found that
in selected cell lines internalization and intracellular
endosomal transport of SubB and Rd are different.
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It was shown that resistant L929 cells can in-
ternalize more molecules of Rd than SubB. Sensitive
Vero cells can internalize equal amounts or slightly
more molecules of SubB than Rd. Commixture of Rd
and SubB occurs rapidly in 1929 cells while gradu-
ally in Vero. This data can be explained by sugges-
tion that COPI is responsible for SubB transport al-
terations in toxin-sensitive cells. It is not excluded
that these differences may be connected with the
implementation of the mechanisms of the resistance
to DT.

Thus, our data suggest that Td affects internali-
zation and endosomal transport of DT in cells ac-
cording to their toxin sensitivity. We suppose that Td
participates in intracellular endosomal transport and
sorting of DT by enchancing the internalization of
toxin molecules (probably through interaction with
COPI) only in toxin-sensitive cells.
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Cy6omuuunis B nmudrepifiHoro TOKCHHY
(AT) ta ii R-momeH BiApi3HSAIOTHCS HAaSBHICTIO
a6o BiacytHicTi0O T-momena. MeToto pobotu OyIo
MpOaHaIi3yBaTH B3a€MOJII0 IUX (hparMeHTiB TOK-
CHHY 3 KJIITHHAMU CCaBIiB AJIS BUSIBJICHHS BILIUBY
T-nomMeHy Ha €eHIOUNTO3 y PE3UCTEHTHUX KIIITHHAX.
IaTepHanizaiis pekoMOIHAHTHUX (DITYOPECIEeHTHUX
noxigHux cybomuuuii B ta R-momeny Oyna oxa-
pakTepu3oBaHa B pe3UCTEHTHUX KiliTnHAxX 1929, o
MOXOJATH 13 CIIOJYYHOI TKAHWHU MU, T4 TOKCHUH-
YYTIAMBUX KJIITHHaX Vero 3 HUPOK adpUKaHCHKOI
3eneHoi MaBnu. BceranoBieHo, mo B mporeci
iHKyOamii KJIITHH 3a OIHOYACHOI MPHCYTHOCTI
cybomuauui B Ta R-momeny B KyibTypasibHO-
MYy CEpeOBHINi, KIITHHH Vero iHTepHai3yBaiu
Oinpie Moniekyn cyooxamautli B, Hixk R-momeny. 3a
TaKUX CaMUX YMOB KJIiTHHU L929 inTepHamizyBatn
Oinpme monekyn R-momeny, Hik cybommawmii B.
Komoxkamizamisi ¢myopecieHTHHX cyOoguHUIl B
ta R-momeny B kmitmHax L1929 Oynma miBuakoro
Ta BigOyBajach MPaKTHUYHO TMOBHICTIO Ha paHHIX
cTafisfx iHKyOamii MOPiBHSHO 3 KIITHHaMH Vero,
B SIKMX BOHa Oylla TOBiJIbHA 1 BifI0yBajach MOCTY-
noBo. OnepxaHi JaHi BKa3ylOTh Ha Te, 10 T-TOMEH
BIUTMBAE€ Ha IHTEpHANI3aIlif0 Ta EHI0COMAaJTbHUI
tpanciopt [T B kimiTWHAX BiAMOBITHO MO iXHBOT
YYTIAUBOCTI 70 TOKCUHY. J{iMIIJIM BHCHOBKY, IO
JUIIe B TOKCHHYYTIMBUX KiIiTHHax T-momeH Oepe
y4acTb y BHYTPIIIHBOKJIITHHHOMY €HIOCOMallb-
HOMY TpaHcropTi Ta copryBaHHi T musxom
M1 ICUJICHHSI 1HTepHAJI3aIli1 MOJIEKYJ TOKCHHY.

KniogoBi cnoBa: audrepiiiHui TOK-
cuH, iHTepHamizamis, proHB-EGF, kondoxamsna
MIKPOCKOITiI.
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Cyo0penuunna B nmudrepuitHoro TokcmHa
(AT) n eé R-moMeH OTJIMYArOTCST HAaJTHYUEM HJIH OT-
cyrcTBueM T-nomena. llenbto manHOM pabOTHI OBLITO
MMPOAHAIM3UPOBATh B3aMMOJICHCTBHE 3THX (par-
MEHTOB TOKCHHA C KJIETKAMHU MJIEKOITUTAIOIIMX JJIsI
BBLISBJICHUS BAMSHUS T-IOMEHa Ha JHIOIMTO3 B
PEe3UCTEeHTHBIX KJeTKax. MHTepHanmu3anus pexoM-
OMHAHTHBIX (PIIYOPECIICHTHBIX MPOU3BOTHBIX CYyOB-
ennHUIBI B 1 R-momena Oplta oxapakTepr3oBaHa B
pe3uCcTeHTHBIX kiaeTkax 1929, mpoucxoasmux u3
COCTMHUTEIHFHON TKaHU MBIIIH, H TOKCHHYYBCTBH-
TEITBHBIX KJIETKaxX Vero u3 moyex a(pukaHCKoi 3e-
JICHON MapTHIMIKH. YCTaHOBJIEHO, YTO B MPOIECCE
WHKYOaluy KIJIETOK MPH OJHOBPEMEHHOM IPHUCYT-
cTBUU cyObenquHUIEl B 1 R-moMeHa B KyibTypais-
HOW cpefie, KIETKH Vero HTEPHAIN30BalId O0JIbIIe
MOJIeKyN cyObequHuIbl B, uem R-gomena. [Ipu tex
K€ caMbIX yCJI0oBUsX KieTku L929 nnrepunanuszona-
i OoJIbIIIe MOJIEKYN R-momeHa, yeM cyObeTuHUIIBI
B. Komnokanuzamust (pimyopecieHTHBIX CyOBbennHH-
bl B 1 R-momena B kinetkax 1929 6puta 6picTpoit
MTPONCXOINIIA TPAKTUYECKHU MTOTHOCTHIO Ha PAaHHUX
CTausAX WHKYOAllMW TIO CPAaBHEHHUIO C KIETKAMH
Vero, B KOTOPBIX OHA ObLJIa ME/IJIEHHAS U IPOUCXO-
nuna mocrerneHHo. [lomydyeHHble qaHHBIE YKa3bIBa-
IOT Ha TO, 9TO T-JTOMEH BIIUSIET HA HHTEPHAIN3AIIIIO
U 3HA0coMabHbIN TpaHcnopT AT B kieTkax B co-
OTBETCTBUU C WX YYBCTBUTEIBHOCTHIO K TOKCHHY.
CraenaH BBIBOJI, YTO TOJIBKO B TOKCHHYYBCTBUTEIb-
HBIX KJeTKax T-IOMEeH y4acTByeT BO BHYTpHKJIC-
TOYHOM 3HJIOCOMAJIFHOM TPAHCTIOPTE U COPTHPOBKE
AT myTem ycuneHHs WHTEpPHAIU3AIUHA MOJEKYI
TOKCHHA.

KnoueBbie crnoBa: AUPTEpUHHBINA TOK-
cuH, natepHanuzanud, proHB-EGF, kondoxansaas
MUKPOCKOIIHSI.

103



ISSN 2409-4943. Ukr. Biochem. J., 2017, Vol. 89, N 5

10.

104

References

Ladant D, Alouf JE, Popoff MR. The
comprehensive sourcebook of bacterial protein
toxins / Elsevier. 3rd ed. 2006, 1047 p.

. Simpson JC, Smith DC, Roberts LM, Lord JM.

Expression of mutant dynamin protects cells
against diphtheria toxin but not against ricin.
Exp Cell Res. 1998; 239(2): 293-300.

. Abraham JA, Damm D, Bajardi A, Miller J,

Klagsbrun M, Ezekowitz RA. Heparin-binding
EGF-like growth factor: characterization of
rat and mouse cDNA clones, protein domain
conservation across species, and transcript
expression in tissues. Biochem Biophys Res
Commun. 1993; 190(1): 125-133.

. Labyntsev AJ, Korotkevich NV, Kaberniuk AA,

Romaniuk SI, Kolibo DV, Komisarenko SV.
Interaction of diphtheria toxin B subunit with
sensitive and insensitive mammalian cells.
Ukr Biokhim Zhurn. 2010; 82(6): 65-75. (In
Ukrainian).

. Labyntsev AJ, Kolybo DV, Yurchenko ES,

Kaberniuk AA, Korotkevych NV,
Komisarenko SV. Effect of the T-domain on
intracellular transport of diphtheria toxin. Ukr
Biochem J. 2014; 86(3): 77-87.

. Labyntsev AJ, Korotkevych NV, Kolybo DV,

Komisarenko SV. Effect of diphtheria toxin
T-domain on endosomal pH. Ukr Biochem J.
2015; 87(4): 13-23.

. Heagy WE, Neville DM Jr. Kinetics of protein

synthesis inactivation by diphtheria toxin in
toxin-resistant L cells. Evidence for a low
efficiency receptor-mediated transport system.
J Biol Chem. 1981; 256(24): 12788-12792.

. Labyntsev Al, Korotkevich NV, Manoilov KI,

Kaberniuk AA, Kolibo DV, Komisarenko SV.
Recombinant fluorescent models for studying of
diphtheria toxin. Bioorg Khim. 2014; 40(4): 433-
442. (In Russian).

. Kaberniuk AA, Labyntsev Al, Kolybo DV,

Oliynyk OS, Redchuk TA, Korotkevych NV,
Horchev VE, Karakhim SO, Komisarenko SV.
Fluorescent derivatives of diphtheria toxin
subunit B and their interaction with Vero cells.
Ukr Biokhim Zhurn. 2009; 81(1): 67-77. (In
Ukrainian).

Manoilov KYu, Gorbatiuk OB, Usenko MO,
Shatursky OYa, Borisova TA, Kolibo DV,
Komisarenko SV. The characterization of

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

purified recombinant fragment B as a tool to
study diphtheria toxin. Dopov Nac Akad Nauk
Ukr. 2017; (2): 88-99. (In Ukrainian).

Manoilov KYu, Gorbatiuk OB, Usenko MO,
Shatursky OYa, Borisova TA, Kolibo DV. The
characterization of purifed recombinant protein
CRMI197 as a tool to study diphtheria toxin.
Dopov Nac acad nauk Ukr. 2016; (9): 124-133.
(In Ukrainian).

Sanford KK, Earle WR, Likely GD. The growth
in vitro of single isolated tissue cells. J Nat/
Cancer Inst. 1948; 9(3): 229-246.

Mitamura T, Higashiyama S, Taniguchi N,
Klagsbrun M, Mekada E. Diphtheria toxin
binds to the epidermal growth factor (EGF)-
like domain of human heparin-binding EGF-
like growth factor/diphtheria toxin receptor and
inhibits specifically its mitogenic activity. J Biol
Chem. 1995; 270(3): 1015-1019.

Mitamura T, Umata T, Nakano F, Shishido Y,
Toyoda T, Itai A, Kimura H, Mekada E.
Structure-function analysis of the diphtheria
toxin receptor toxin binding site by site-directed
mutagenesis. J Biol Chem. 1997; 272(43): 27084-
27090.

Naglich JG, Metherall JE, Russell DW, Eidels L.
Expression cloning of a diphtheria toxin
receptor: identity with a heparin-binding EGF-
like growth factor precursor. Cell. 1992; 69(6):
1051-1061.

Moehring JM, Moehring TJ. Comparison of
diphtheria intoxication in human and nonhuman
cell lines and their resistant variants. Infect
Immun. 1976; 13(1): 221-228.

Moehring TJ, Moehring JM. Interaction of
diphtheria toxin and its active subunit, fragment
A, with toxin-sensitive and toxin-resistant cells.
Infect Immun. 1976; 13(5): 1426-1432.

Piersma SJ, van der Gun JW, Hendriksen CF,
Thalen M. Decreased sensitivity to diphtheria
toxin of Vero cells cultured in serum-free
medium. Biologicals. 2005; 33(2): 117-122.
Gabliks J, Falconer M. Interaction of diphtheria
toxin with cell cultures from susceptibile and
resistant animals. J Exp Med. 1966; 123(4): 723-
732.

Gibson AE, Noel RJ, Herlihy JT, Ward WF.
Phenylarsine oxide inhibition of endocytosis:
effects on asialofetuin internalization. Am J
Physiol. 1989; 257(2 Pt 1): C182-C184.



K. Yu. Manoilov, A. J. Labyntsev, N. V. Korotkevych, D. V. Kolybo

21.

22.

23.

Schindelin J, Arganda-Carreras I, Frise E,
Kaynig V, Longair M, Pietzsch T, Preibisch S,
Rueden C, Saalfeld S, Schmid B, Tinevez JY,
White DJ, Hartenstein V, Eliceiri K, Tomancak P,
Cardona A. Fiji: an open-source platform for
biological-image analysis. Nat Methods. 2012;
9(7): 676-682.

Dunn KW, Kamocka MM, McDonald JH. A
practical guide to evaluating colocalization
in biological microscopy. Am J Physiol Cell
Physiol. 2011; 300(4): C723-C742.

Costes SV, Daelemans D, Cho EH, Dobbin Z,
Pavlakis G, Lockett S. Automatic and
quantitative measurement of protein-protein

24.

25.

colocalization in live cells. Biophys J. 2004;
86(6): 3993-4003.

Murphy JR. Mechanism of diphtheria toxin
catalytic domain delivery to the eukaryotic cell
cytosol and the cellular factors that directly
participate in the process. Toxins (Basel). 2011;
3(3): 294-308.

Trujillo C, Taylor-Parker J, Harrison R,
Murphy JR. Essential lysine residues within
transmembrane helix 1 of diphtheria toxin
facilitate COPI binding and catalytic domain
entry. Mol Microbiol. 2010; 76(4): 1010-1019.

Received 06.06.2017

105



