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Abstract—Aqueous extracts of mistletoe (Viscum album L.) contain toxic proteins (lectins) MLI (viscumin), MLII, and
MLIII. We previously cloned the gene encoding MLIII precursor. In the present study, a gene fragment encoding the carbo-
hydrate-binding subunit of mistletoe toxic lectin MLIII was cloned and expressed in Escherichia coli cells. The structure and
immunochemical properties of recombinant MLIII B-subunit were investigated using a panel of monoclonal antibodies
against M L-toxins. Sugar-binding activity of recombinant MLIII B-subunit was determined by ELISA. Amino acid sequence
analysis of the cloned MLIII compared with known mistletoe toxins and other ribosome-inactivating type Il proteins (ricin,
abrin a, and nigrin 4 B-subunits) revealed essential features of the recombinant MLIIIB primary structure that could deter-
mine sugar specificity of the lectin as well as immunomodulating and anti-tumor properties of mistletoe extracts.
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A parasite of coniferous and deciduous trees and
frutescent plants, European mistletoe (Viscum album L.)
is widely used in medicine. Toxic mistletoe lectins are
found in all mistletoe extracts and, together with visco-
toxins and other substances of non-protein nature, are
their main constituents. At present, aqueous extracts
from mistletoe leaves are used as immunomodulating [1]
and anti-tumor agents [2] in clinical practice in Europe.

Abbreviations: ABB) abrin a subunit B; GalNAc) N-acetylgalac-
tosamine; Gnd-HCI) guanidine hydrochloride; IPTG) iso-
propyl-B-D-thiogalactoside; MLI, MLII, and MLIII)
European mistletoe (Viscum album) lectins I (viscumin), II, and
I11; NK) natural killers; MLIB and MLIIIB) native B-subunits
of MLI and MLIII; mAB) monoclonal antibody; RIPI and
RIPII) ribosome-inactivating protein type I and II; rMLIA and
rMLIB) recombinant MLI subunits A and B; rMLIIIA and
rMLIIIB) recombinant MLIII subunits A and B; RTB) ricin
subunit B; SNAV) nigrin b (Sambucus nigra agglutinin V);
SNAVB) nigrin b subunit B; KML-1, KML-2, and KML-3)
lectins 1, 2, and 3 from Korean mistletoe Viscum album subsp.
coloratum; KMLB1, KMLB2, and KMLB3) B-subunits of
KML-1, KML-2, and KML-3; VCA) lectin from Korean
mistletoe Viscum album subsp. coloratum (Viscum album subsp.
coloratum agglutinin); VCAB) VCA subunit B; DTT) dithiothre-
itol.

* To whom correspondence should be addressed.

Three known isoforms of toxic mistletoe lectins—
MLI (viscumin), MLII, and MLIII [3]—belong to the
ribosome-inactivating protein type II (RIPII) family [4].
Like all RIPII members, mistletoe toxins are glycoprotein
heterodimers composed of two subunits bound together
by disulfide bonds. The toxin subunit A possesses highly
specific N-glycosidase activity and cleaves the adenine
residue at position 4324 of eucaryotic 28S rRNA of major
ribosomal 60S subunit [5], which results in arrest of pro-
tein synthesis in the cell. The B-subunit is a lectin bind-
ing carbohydrates on the cell surface and inducing cell
agglutination in vitro [6]. B-Subunit can also facilitate
internalization of the enzymatic subunit of the toxin, so
that RIPII proteins are more cytotoxic in comparison to
the RIPI proteins composed of a single active subunit [7].

Despite high homology of their amino acid
sequences [8, 9], toxic mistletoe lectins are different in
sugar specificity determined from the inhibition of
hemagglutination by various mono- and disaccharides.
MLI is more specific to galactose, whereas MLIII pre-
dominantly binds GalNAc, and MLII has equal affinity
to both sugars [6, 10, 11]. These toxins are also different
in molecular weights of their A- and B-chains, which are,
respectively, 29 and 34 kD for MLI, 27 and 32 kD for
MLII, and 25 and 30 kD for MLIII. In concentrated
solutions, MLI forms noncovalent heterotetramer AB-
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BA with molecular weight of 115 kD, whereas MLII,
MLIII, ricin, and abrin a remain heterodimeric [6].

Moreover, the toxins are different in their biological
activity. Buessing et al. [2] found that MLIII is most
active in induction of apoptotic death of cultured human
lymphocytes. This data is consistent with the reports of
Dietrich et al. [8] and Kopp et al. [12], who have demon-
strated that MLIII is the most potent (followed by MLII
and MLI) inhibitor of the growth of leukemic Molt4 cells.
Hajto and coworkers [1] found that the sugar-binding
MLI subunit B stimulates the activity of natural Kkillers
(NK-cells) in vivo, whereas the A-chain has no activity at
the same concentration because of inability to bind with
carbohydrate-containing cell receptors.

The production of recombinant sugar-binding sub-
units of toxic mistletoe lectins seems to be useful in stud-
ies on possible therapeutic effect of isolated B-chain and
on the effect of glycosylation on protein structure and
function. Eck and coworkers [13] expressed recombinant
MLI subunit B and studied both its lectin activity and
biological activity of the heterodimer formed from co-
renaturation of recombinant MLI subunits A and B. The
recombinant heterodimer had the same biochemical and
biological properties as the native toxin MLI. The binding
properties of rMLIB and native MLIB were found differ-
ent towards 3-D-lactose and N-acetylgalactosamine and
similar towards asialofetuin.

In this study, we have cloned a preprolectin gene
fragment encoding the B-subunit of mistletoe (V. album
L.) toxin MLIII and expressed the rMLIIIB protein in
Escherichia coli cells. The deduced amino acid sequence
of MLIII B-chain was compared with amino acid
sequences of B-chains of viscumin and other mistletoe
lectins, ricin, abrin a, and nigrin 5. We found some differ-
ences in primary structure between MLIB and MLIIIB
proteins. Using ELISA, we demonstrated that the rena-
tured recombinant protein rMLIIIB interacts with specif-
ic monoclonal antibodies and expresses sugar-binding
activity.

MATERIALS AND METHODS

Escherichia coli strains, plasmids, enzymes, and chem-
icals. Oligonucleotides were synthesized by Sintol
(Russia). DNA-modifying enzymes were purchased from
Fermentas (Lithuania). The kits QIAprep and QIAquick
(QIAGEN GmbH, Germany) were used for isolation of
plasmid DNA and purification of PCR (polymerase chain
reaction) products. The cells of E. coli, strain BL21 (E. coli
B F~ dem ompT hsdSy (rg mg) gal A) (DE3), were pur-
chased from Stratagene (USA). The plasmid pET11cjoe
was kindly provided by A. Patel (MRC Virology Unit,
Institute of Virology, Glasgow, UK) and used for the
cloning and expression of the sugar-binding subunit of
MLIII. All chemicals were purchased from Sigma (USA).
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Toxins and their subunits. The toxic mistletoe lectins
MLI, MLII, and MLIII were purified from leaves of
mistletoe (Viscum album L.) as previously described [3].
The purity of prepared specimens was determined using
SDS-PAGE and ELISA.

Cloning and sequencing of the gene fragment encoding
the mistletoe lectin MLIII subunit B. From the reported
sequence of previously cloned full-length gene encoding
a precursor of the toxic mistletoe lectin MLIII [9], the
following oligonucleotide primers containing the Ndel
(forward primer) and BamHI (reverse primer) restriction
sites (given in bold) were synthesized for the cloning of a
fragment of the MLIIIB-encoding preprolectin gene into
the expression vector pETlIcjoe: forward-ML3B:
5'AAAAGCTAGCCATATGGACGATGTTACCTG-
CACTG 3’; reverse-ML3B: 5’AAAAAGGATCCTTA-
TCATGGCACGGGAAGCCACATTT 3'. This DNA
fragment was amplified from the plasmid pUCI19 carrying
the full-length gene encoding the mistletoe preprolectin
MLIIT (rMLg2) by PCR with 7ag DNA-polymerase.
Reaction was carried out in a standard reaction mixture
(30 ul, final volume) containing 1.5 mM MgCl,, the
primers forward-ML3B and reverse-ML3B (10 pM
each), and 2 ng of rMLg2 plasmid DNA template on a
MasterCycler 5370 thermocycler (Eppendorf, Germany).
The amplification protocol was as follows: primary denat-
uration at 94°C for 4 min followed by 35 cycles of denat-
uration at 94°C for 30 sec, annealing at 58°C for 30 sec,
and elongation at 72°C for 1 min. PCR products were
separated electrophoretically in 1% agarose gel. A DNA
fraction containing the product with expected length of
~800 bp was recovered from gel slices with the QIAquick
spin kit. Both the PCR product and the plasmid
pETll1cjoe were digested with the Ndel and BamHI
endonucleases and ligated with the T4 DNA-ligase. The
strain E. coli BL21 (DE3) was used for transformation
with the vector thus obtained. Restriction analysis of plas-
mids isolated from the ampicillin-resistant clones con-
firmed the presence of inserted DNA fragment of expect-
ed length.

A nucleotide sequence of the preprolectin MLIII
gene fragment encoding B-chain was determined by
MWG-Biotech AG (Germany). The deduced amino
acid sequence of the recombinant protein was compared
with the primary sequences of B-subunits of the follow-
ing RIPII proteins: toxic lectins from European mistle-
toe V. album: MLI (A58957) and MLIII (P81830);
lectins from Korean mistletoe V. album subsp. coloratum:
VCA (AAL40417), KML-1 (AAM46935), KML-2
(AAM46936), and KML-3 (AAM46937); as well as ricin
(X02388), abrin a (M98344), and nigrin b (P33183)
using the ClustalX (v.1.81) software. A phylogenetic tree
of known lectin B-chains from European and Korean
mistletoes was constructed on the basis of their amino
acid sequences according to the neighbor-joining
method described by Saitou and Nei [14].
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Expression of the recombinant protein. Transformed
E. coli cells carrying a plasmid with the inserted prepro-
lectin MLIII gene fragment encoding B-subunit were
grown on a shaker at 37°C in 5 ml of Luria—Bertani
medium containing 50 pg/ml of ampicillin. Induction of
protein synthesis was initiated in the culture at A¢y, = 0.6-
1.0 with 1 mM (final concentration) of isopropyl B-D-
thiogalactoside (IPTG). Four hours after additional initi-
ation at 28°C, the cells were harvested by centrifugation at
4000g for 10 min. The cells were lysed in a standard sam-
ple buffer containing 2-mercaptoethanol, and the protein
expressed was analyzed by 12.5% SDS-PAGE. Bacterial
clones expressing the recombinant protein with expected
molecular weight of about 30 kD were selected.

Immunoblotting. To confirm specificity of expressed
proteins in E. coli cell lysates after electrophoretic separa-
tion, immunoblotting was performed with polyclonal
mouse antiserum against the denatured toxin MLIII and
with monoclonal antibody TA7 raised against denatured
A-chains of all three mistletoe toxins [15]. Proteins were
blotted onto a 0.45-um nitrocellulose membrane
(Schleicher & Schuell, Germany; Ref. No. 401099)
according to a semidry blotting protocol. The membrane
with adsorbed proteins was incubated overnight in 4% dry
defatted milk solution in PBS containing 0.05% Tween
20, washed, and then incubated for 1 h with either anti-
MLIII antiserum (1 : 1000) or TA7 mABs (10 ug/ml) at
37°C. Then the membrane was washed and incubated
with goat anti-mouse IgG antiserum conjugated with
horseradish peroxidase (IMTEK, Russia). Membrane
was stained in 15 ml of PBS solution containing 3 mg of
3,3’-diaminobenzidine, 10 mg of 4-chloro-1-naphthol,
32% ethanol, and 0.06% H,0,.

Isolation, purification, and renaturation of the recom-
binant protein. The recombinant protein rMLIIIB was
found in inclusion bodies, which were isolated by sequen-
tial lysis of the cells with lysozyme, DNase I, RNase A,
and Triton X-100 followed by washing of the protein with
STET buffer (50 mM Tris-HCI, pH 8.0, containing 8%
sucrose, 50 mM EDTA, and 5% Triton X-100). The pro-
tein concentration and homogeneity was determined by
SDS-PAGE. The purified recombinant protein rMLIIIB
was dissolved in buffer containing 7 M of Gnd-HCI,
50 mM Tris-HCI, pH 8.0, and 2% 2-mercaptoethanol
followed by incubation at room temperature for 1 h and
centrifuged at 12,000g for 15 min. For renaturation, the
denatured rMLIIIB protein was added dropwise into
PBS, pH 7.4, up to 130-fold dilution (the final protein
concentration was 15 pg/ml) and incubated for 16 h at
4°C. As an internal control of renaturation, the native
MLIII toxin was denatured in the buffer with Gnd-HCI
and then renatured under the same conditions as used for
rMLIIIB. Protein aggregates were removed by centrifuga-
tion, and antigenic epitopes of MLIII subunits A and B
and sugar-binding activity of MLIII chain B were assayed
in remaining dissolved protein by ELISA.
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ELISA. The concentration of renatured proteins was
determined using enzyme immunoassay (ELISA) with
polyclonal anti-MLIII serum. Lectins were sorbed onto
immunological plates and incubated with anti-MLIII
serum and then with the secondary goat anti-mouse IgG
antibodies conjugated with horseradish peroxidase.
Immunochemical properties of rMLIIIB were studied
using sandwich-ELISA with a pair of previously raised
anti-MLIII mABs, E12 [16] and MTC12 [17]. Specificity
of given antibodies to the MLIII subunit B was confirmed
by ELISA in the presence of dithiothreitol (DTT). In this
case, we used the previously described pair of mABs, HS
and H11 [18], specific to the MLIII subunit A. Previous
screening allowed selection of glycosylated immunoglob-
ulins 3F12 carrying sugar residues specific to the mistle-
toe toxins MLI, MLII, and MLIII. We tested the carbo-
hydrate-binding activity of rMLIIIB by ELISA with gly-
cosylated immunoglobulins 3F12 and anti-MLIIIB mAB
MTCI12. ELISA was conducted in Costar 96-well plates
(Corning, USA) according to the standard protocol [9].

RESULTS

Cloning and sequencing of the toxic mistletoe lectin
II1 subunit B. Based on the previously cloned full-length
sequence of the MLIII preprolectin gene [9], we have
constructed oligonucleotide primers for the amplification
of the preprolectin gene fragment encoding the B-sub-
unit. The resulting recombinant product rMLIIIB was
compared by deduced amino acid sequence with the B-
subunit primary sequences of toxic lectins from European
mistletoe V. album (MLIB and MLIIIB), Korean mistle-
toe V. album subsp. coloratum (VCAB, KMLIB, KML2B,
and KML3B) (Fig. 1), as well as with B-subunits of ricin
(RTB), which is specific both to galactose and N-acetyl-
galactosamine [19, 20], abrin a (ABB), which is prefer-
ably specific to galactose [6, 21], and nigrin & (SNAVB)
specific to N-acetylgalactosamine [22] (Fig. 2).

The recombinant MLIII subunit B is highly homol-
ogous to other toxic mistletoe lectins (table). Using the
neighbor-joining method [14], we have constructed a
phylogenetic tree for the B-subunits of toxic lectins iso-
lated from European and Korean mistletoe (Fig. 3). The
Korean mistletoe lectin VCA is phylogenetically closer to
the European mistletoe lectin MLIII, whereas MLI is
more closely related to KML1, KML2, and KML3.

The recombinant protein we have obtained differs in
its amino acid sequence determined by the method of
Edman degradation from the B-subunit of European
mistletoe lectin MLIII (MLIIIB) by three amino acid
residues: Asnl173 (in rMLIIIB) — Asp; Ala201 — Thr;
and Ser255 — Pro; the two last substituted residues in the
MLIIIB primary structure are identical to those in MLIB.
The VCA subunit B also closely resembles rMLITIB with
19 substitutions. The amino acid sequence of rMLIIIB
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1 & 4L 4 50

MLIB (1) DDVTCSASEPTVRIVGRNGMCVDVRDDDFRDGNQIQLWP SKSNNDPNQLW
rMLIIIB (1) DDVICTASEPTVRIVGRDGLCWVDVRDGEKFHNGHNPIQLSPCESTHNTDP MO L
MLIIIE (1) -DVICTASEPTVRIVGRDGLCVDVRDGKFHNGNE IQLSPCKSNT DPNO LW
WCADB (1) DDVICTASEPTVRIVGRDGLCWVDVRDGEEYMNGHNP IQLWEPW————DPTMNQLW|
FMLE1 (1) DDVICTTSEPTVRFVGRNGLCLDVPEGDYHDGSRIQLWPCKSHNSDONGLW
EMLEBEZ (1) DDGTCTASEPTVRIVGLNGLCWVDVRNGEFHDGHNP IQLWEPCKSHT DRI LW
FMLE3 (1) DDGTCTPSEPTVWIVGLNGLCVDVRHGKFHDGNE I[OLWECKSHNT DRNG LW

* * **: E S o * * * *:*:** H =+ * % & =+ - * * % %+

51 100

MLIB {51) TIKRDGTIRSNGSCLTTYGYTAGSVYVMIFDCHNTAVREAT LWOIWGHNGETIT
rMLIIIB (51 TIRRDGTIRSHGRCLTTYGYTAGVYVMIFDCHNTAVEEAT LWOIWENETI T
MLITITIE (50) TIRRDGTIRSWGRCLTTYGYTAGVY VMIFDCHNTAVEEATIWQIWGNGTI T
VOB {47) TIRRDGTIGSNGRCLTTYGEYTAGVYVWVIFDCNTAVREAT LWOIWGENGETI I
FMLE1 {51) TIRRDGTIRSNGRCLTITYGYTAGSYIMIYDCHNRGGWDLTTWOIBGNGIIL
EMLEBEZ (51) TIRRDGTIRSNSECLTTYGYRDGMYVMIYNCHNTAVREEATIWQIWENGTIV
KMLE3 {51) TIRRDGTIRSNSKCLTTYGYRDGMYVMIYNCHNTAVREATIWOIWENGTIV
**:***** * % ol o e o * *::*: * * H H =+ +* * % ****:

101 150

MLIE (101) WNPRSNLVLAASSGIK---GTTLTVQTLDYTLGRGW|LAGHNDTAPREVTIYG

rMLIIIB (101 NPREMNLVLGAASGSS———GTTLTVOTQVYSLGEOGEW| LAGHNDTAPREVT IYG
MLIIIE (100) NPRENLVLGAASGSS-———GTTLTVOTOVYS LGOGW|LAGHNDTAPREEVTIYG
WCAR (27) NPRSNLVLGAASGSS-———GTTLTVOTOVYF LEOGEW| LAGHDTAPREEWVT I Y3
EMLE1 (101) WPREMMVIGTESGSRGTRETTFTLOTLGYS LGQGW|LASWNDTAPEEVTIVYG
EMLEZ (101 WPRESLVLEAASGHNS-———RTRELTVOTOAY S LiGOEWLASHNDTAPREEVTIY S
EMLES (1071) NPKSSLVLGAASGSS***RTTLTVQTQAYSLGQGWLASHDTAPREVTIYG
+* & * -*-- * & * ** +* Eo e - - ol e el - - - -
151 200
MLIE (148) FRDLCMESHNGESVWWETCVSSOKMNORWALYGDGSIRFEQMNQDOCLTCGRD
rMLIIIE (142) FREDLCMEANGASVWWETCES SHENONWALYZDES I RPEONODOCL T CQIED
MLITITIE (147) FRDLCMEANGASVWWETCSSSKEMODWALYGDGSTIRPEQMNQDQCLTCOGD
WCAR (144) FGMNLCMEANGASVSWVETCEGSKENOKWALYGNGSIRFEKONQDOCLTSOGD
EMLE1 (151) FELOHCMETSGEEWVWWETCVISGEOMNORWALYZDES I RPERPYODOCLT S0
EMLEZ (148) FRDLCMEANGSSVWWETCVSNEQMOKWALYGDGS I RFEQMNENQCLTCQED
EMLEZS (1427 FRDLCMEANGSSVXVETCVSHKQNQKWALYGDGSIRPKQNRNQCLTCQKD

* * k% * * * * * * * * *ExE L & E i E
201 4 250
MLIB 198 SYWSTVINIVSCSAGSSGQORWWVETNEGAT LNLENGLAMDWVAQANPELERIT T
rMLIIIE 1283 SWESAVINIVSCEAGSSGORWVEFTNEGTI LNLNNGLVMDVAQSHNEFSLRERRI T
MLIIIB 197 SYSTVINIVSCSAGSSGQORWWVETNEGTI LN LNNGLVMDWAQSHNEPSLERI T

{ )
i )
{ )
WVCAB  (194) SVSTVFNIVSCSAGSSGQRWEFTNEGTI LNLNNGLVMDVAQSNESLRRII
{ )
! )

EMLEB1 201 SYERSVINLEFSCTAGSPROPWWETNEGAT LNLENERELAMDVARSHNEPSLERI T
EMLEZ 198 SWETVINIVSCSAGSSGORWVEFTNEGTI LN LENGLVMDVAQSHNEPSLRRIT T
KMLBE3 (1987 SVSTVINIVSCSAGSSGORWWFTNEGTI LNLENGLVLDVAQSNPSLRRII
* * * *: **:*** * ** * X X * **x X & * * X :*** :** o

2514 g 268

MLIB (248) IYPATGKPMNQMWLEVE

rMLIIIE (248) IYPATGHSHNQMWLEVE
MLIITIE (247) IYPATGNPNQMWLEVE
WIZAB (244) IYPATGKPNQMWLEVE

KMLE1 (251) IFSVTGNPNQMWLEVE
FMLBZ (248) IYPATGKPNQMWLEVE
KMLE3 (248) IYPATGKPNQMWLEVE

* - * * EEE R

Fig. 1. Multiple alignment of B-subunit amino acid sequences of toxic lectins from European mistletoe V. album: MLI (MLIB, A58957)
and MLIIT (MLIIIB, P81830), recombinant MLIII (rtMLIIIB), and lectins from Korean mistletoe V. album subsp. coloratum: VCA (VCAB,
AAL40417), KML-1 (KMLB1, AAM46935), KML-2 (KMLB2, AAM46936), and KML-3 (KMLB3, AAM46937). Identical amino acid
residues are marked by asterisks, resemblance by colons, possible sites of glycosylation (N-x-T/S) are underlined, repeated sequences Q-
x-W are highlighted by rectangles, conservative residues in sugar-binding sites of proteins are marked by arrows. Amino acid residues in the
rMLIIIB sequence that are different from those in MLIB are bolded.
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1 { Iy 4 50

MLIB {l) —-——-DDVTCSASEPTVRIVGRNGMCVDVRDDDEF RDGNQIPSKSNNDP
rMLITIB (1) ———-DDWVTCTASEPTVRIVGRDGLCVDYVRDGKFHNGNPIQLSPCKSNTDP
RTE (1) ————— ADVCMDPEPTVRIVGRNGLCVDVRDGRFHNGNATRIWPCKSNTDA

LBE (1) IVEKSKICSSRYEPTVRIGGRDGMCVDVYDNGYHNGNRI IMWKCKDRLEE
SNAVE (1) ——-DGETCTLRTSFTRNIVGRDGLCVDVRNGYDTDGT PL-P CGTO--R

E . ****

52 100
MLIB (47) NOQLWTIKRDGETI RS@CLTTYGYTAGVYVMI FDCNTAVEEATLWQ IWGN
rMLITIB (47) NOIWTIRRDGTIRSNGRCLTTYGYTAGVYVMIFDCNTAVREAT WD TWGN
RTE  (46) NQLWTLKRDNTIRSNGKCLTTYGYSPGVYVMIYDCNTAATDATRWQIWDN
ABE  (51) NQIWTLKSDKTIRSNGKCLTTYGYAPGSYVMIYDCTSAVAEATYWEIWDN
SNAVE (d6) NORWTFDSDDTIRSMGKCMTANGINNGSNIVIFNCSTAAENATKWEYVPID
B . . g S *:* & & ::*: & :* & & -
101 150
MLIBE  (97) GTIINPRSNLVLAASSGIKGTTLTVQTLDYTLCGQCWLAGNDTAPREVTIY
rMLIIIE  (97) GTIINPRSNLVLGRASGSSGTTLTVOTQVYSLGQGWLAGNDTAPREVTIY
RTE (96) GTIINPRESLVLAAT SGNSGTTLTVOTNIVAVSGWLPTNNTOPEVTTIV
ABE  (101) GTIINPKSALVLSAESSSMGGTLTVQOTNEYLMRQOGWRTGNNTSPFVTSIS
SNAVE  (96) GSTIINPSSGLVMTAPRAASRTILLLEDNIYAASOCWTVINNVKPIVASIV
*:**** * **: * - ok ok & +
151 200
MLIB (147) GFRDLCMESNGGS-—-VWVETCVSSOKNORWALYGDGS IRPKONODOCLTC
rMLITIB 147y GFRDLCMEANGAS ——VWVETCGS SKENQNWALYGDGES IRPKOQNQDQCLTC

(147)
(147)
RTB (146) GLYGLCLQANSGR--VWIEDCSSEKAEROWALYADGSIRPQONRONCLTS
(151)
(146)

ARE  (151) GYSDLCMOAQGSN——VWMADCDSNEKEQOWALYTDGS IRSVONTNNCLTS
SNAVE (146 GYKEMCLQSNGENNGVWMEDCEATSLQQQWALYGDRTIRVEEIRGLCVTT

+ :*_ - ** + - + S S S :** *:*
201 { 250
MLIB 185y GRDSVSTVINIVSCSAGSSGORWNVEFTNEGAI LNLKNGLAMDVAQANPKLE
rMLIIIB (195) QGDSVSAVINIVSCSAGSSGORWVETNEGTILNLNNGLVMDVAQSNPSLR

( )
( )
RTB 1194) DSNIRETVVKILSCGPASSGORWMFENDGTILNLYSGLVLDVRRSDPSLK
( )
( )

LBE 199y KDHKQGSTILLMGCSNGWASIORWNVEFEKNDGS IYSLYDDMVMDVEKGSDPSLK
SNAVE (196 NGYNSKDLIIILKCQGLPS—QRWFFNSDGAIVNPKSRHVMDVRASNVSLR
- [ + H bk & * + ** -
251 4 { 272
MLIB (245) RITIYPATGKPNOMALEVE-———
rMLITIB (245) RIIIYPATGNSHNOMWLEVE——-—
RTE (244) QIILYPLHGDPNOIWLPLE-——-
ABE  (249) OTIILWPYTCKPNQIWLTLE -
SNAVE (245) EIIIFPATGNENQOWNTQVLES

R & RS N

Fig. 2. Multiple alignment of B-subunit amino acid sequences of ribosome-inactivating type Il proteins: European mistletoe V. album
lectins MLI (MLIB, A58957) and recombinant MLIII (rMLIIIB), ricin (RTB, CAA26230), abrin a (ABB, AAA32624), and nigrin b
(SNAVB, 2210286A). Notations are the same as in Fig. 1.
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Identity and resemblance of B-subunit amino acid sequences of the toxic lectins MLI (MLIB, A58957) and MLIII
(MLIIIB, P81830) from European mistletoe V. album L., recombinant MLIII (rMLIIIB), and Korean mistletoe V.
album subsp. coloratum lectins VCA (VCAB, AAL40417), KML-1 (KMLB1, AAM46935), KML-2 (KMLB2,

AAM46936), and KML-3 (KMLB3, AAM46937)

Identity, %
Resem- MLIB rMLIIIB MLIIIB VCAB KMLBI1 KMLB2 KMLB3
blance, %
MLIB 86.3 86.7 82.9 71.8 81.4 79.5
rMLIIIB 89.7 98.5 91.6 73.3 86.3 84.8
MLIIIB 90.1 98.5 92.0 73.3 86.7 85.2
VCAB 86.7 92.4 92.8 68.0 81.4 80.2
KMLBI1 80.5 79.7 79.7 75.2 71.8 70.7
KMLB2 86.7 88.6 89.0 84.4 78.2 96.2
KMLB3 85.6 87.8 88.2 84.0 77.8 97.0

compared with that of MLIB has 36 substitutions of
amino acid residues, most of which are not conservative
and can influence both the physical properties and sugar
specificity of the protein.

We have found two significant substitutions of alter-
natively charged amino acid residues: Asp28 in MLIB is
substituted by Lys in rMLIIIB, and Lys170 in MLIB by
Glu in rMLIIIB. Moreover, in six positions basic amino
acid residues are substituted by polar or aliphatic ones:
Lys115 and Lys242 — Ser; Argl73, Lys229, and Lys254 —
Asn; Argl96 — Gly, and three additional positively
charged amino acids appear: Lys28, Arg63, and Lys169.
We have also found three substitutions of acidic amino
acid residues by polar or aliphatic ones: Asp27 — Gly;
Asp31 — Asn; and Asp125 — Val; and appearance of two
additional negatively charged residues: Aspl8 and
Glul70. The majority of these substitutions are also pres-
ent in the primary structures of MLIIIB and VCAB.
Because of these differences, rMLIIIB compared with
MLIB contains two less negatively charged and five less
positively charged amino acid residues, so the obtained
recombinant protein is characterized by lower p/ (5.43
versus 7.63 of the native MLIB) and the charge at neutral
pH (—2.23 and +0.69, respectively).

Amino acid substitutions at positions 27 and 38 can
influence the structure and properties of the N-terminal
carbohydrate-binding site of rMLIIIB. Gly27 instead of
Asp in MLIB is observed in B-chain structures of all
mistletoe lectins analyzed, as well as of RTB and SNAVB,
whereas the substitution Trp38 — Ser was found in MLI-
I1B only. The latter substitution of the conservative aro-
matic amino acid residue in the N-terminal carbohy-
drate-binding site could lead to decreased affinity of
MLIIIB to sugars because of the lack of stacking interac-
tion of aromatic amino acid with the hydrophobic plane
of a binding sugar residue. Amino acid substitutions at
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positions 239, 242, and 254 are essential for the C-termi-
nal sugar-binding site. The presence of Ser239 and
Asn254 in rMLIIIB allows positioning of GalNAc in this
site.

The amino acid residues GIn34 and Ilel14 are
involved in hydrophobic interaction between B-subunits
of two MLI molecules, when the heterotetramer is
formed [23], so their substitution by Pro and Ser, respec-
tively, makes MLIII and other mistletoe toxins unable to
form the tetramer.

The substitution of Lys242 in MLIB by Ser in
rMLIIIB transmutes Asn240 in MLIII into a possible gly-
cosylation site comprising the sequence N-x-T/S. In
MLIB, the glycosylation site is in position Asn61. The
substitution of Ser63 in MLIB by Arg in rMLIIIB with-
draws glycosylation at this site. The glycosylation site
Asn240 is present in structures of other mistletoe lectins,
which also do not undergo glycosylation in position
Asn61. The overall number of possible glycosylation sites

KMLB1

rMLIIB
MLIIIB

Fig. 3. Phylogenetic tree for B-subunits of the toxic lectins MLI
(MLIB,_A58957) and MLIII (MLIIIB, P81830) from European
mistletoe V. album, recombinant MLIII (rMLIIIB), and Korean
mistletoe V. album subsp. coloratum lectins VCA (VCAB,
AAL40417), KML-1 (KMLB1, AAM46935), KML-2 (KMLB2,
AAM46936), and KML-3 (KMLB3, AAM46937).
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Fig. 4. SDS-PAGE in 12.5% polyacrylamide gel (a) and
immunoblotting of native mistletoe lectins and recombinant pro-
tein rMLIIIB, which was expressed in E. coli cells, with anti-
MLIII serum (b) and monoclonal antibody TA7 (c). Lanes: 1)
MLI; 2) MLII; 3) MLIII; 4) lysate of cells producing rMLIIIB,
no induction; 5) lysate of cells producing rMLIIIB, induction
with IPTG; 6) supernatant of the lysate of cells producing
rMLIIIB, induction with IPTG; 7) purified rMLIIIB; &) lysate of
cells producing rMLIIIA, induction with IPTG. On the left,
molecular weights (kD) of ovalbumin, lactate dehydrogenase,
and restriction endonuclease Bsp981.

is three in MLIB, rMLIIIB, MLIIIB, KMLBI, and
KMLB3 whereas in VCAB and KMLB?2 it is four.
Zimmermann and Pfueller [24] demonstrated that B-
subunits of the native toxic lectins MLI and MLIII have
only two glycan components.

The amino acid sequence of rMLIIIB, as well as B-
subunits of the Korean mistletoe lectins KML-1, KML-
2, and KML-3, contains ten cysteine residues, whereas
their number is nine in MLIB and eight in VCAB.
Additional cysteine derives from the substitution Ser40 —
Cys, so MLIIIB, KMLB1, KMLB2, and KMLB3 can
form another disulfide bond with Cys21 in the N-termi-
nal domain of the protein, which is also characteristic of
B-subunits of other RIPII.

The recombinant rMLIIIB contains 53.6% conser-
vative amino acid residues identical to those of RTB and
resembles RTB by 79.0% in its primary structure; these
identity and resemblance values of rMLIIIB are 53.2 and
67.3% with ABB and 43.1 and 56.5% with SNAVB,
respectively.

Expression of recombinant B-subunit of toxic mistle-
toe lectin III. Bacterial clones carrying plasmids with
inserted gene encoding the mistletoe lectin subunit B were
chosen for expression analysis. Expression of recombinant
proteins in E. coli cells was determined by 12.5% SDS-
PAGE (Fig. 4a). Maximum production of the protein was
achieved 4 h after induction with IPTG. Clones express-
ing recombinant protein with molecular weight of about
30 kD were selected for further experiments. Specificity of
produced recombinant protein was confirmed by
immunoblotting. Since mABs recognizing the denatured
B-subunit of MLIII in immunoblotting have not yet been
raised, we applied two-step immunological assay: the first
step with the use of polyclonal anti-MLIII serum against
denatured toxin suggested the recombinant protein to be a
derivative of mistletoe toxins (Fig. 4b); and the second
step with monoclonal antibody TA7 against denatured A-
chains of three toxic mistletoe lectins proved that the pro-
duced protein is not the A-chain of MLIII (Fig. 4c).

The recombinant MLIII subunit B is found in inclu-
sion bodies of E. coli cells and constitutes ~3% of the total
protein. The inclusion bodies containing the recombinant
B-subunit were purified from other cell components by
lysis of cells with detergents followed by washing of the
recombinant protein with STET buffer. For the assess-
ment of protein yield and purity, we conducted SDS-
PAGE with given concentrations of native mistletoe toxin
MLIII.

Immunochemical properties and sugar-binding activi-
ty of the recombinant B-subunit of toxic mistletoe lectin
II1. The prepared recombinant protein rMLIIIB was dis-
solved in a denaturing buffer containing Gnd-HCI.
Protein folding was conducted by gradual 130-fold dilu-
tion of rMLIIIB in PBS, so that the final protein concen-
tration was 15 ug/ml. To follow the folding process, the
native toxin MLIII was also denatured in the buffer con-
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taining Gnd-HCI and afterwards renatured under the
same conditions. The primary immunochemical detection
of renatured proteins and alignment of their concentra-
tions for further immunoassays with mABs was performed
using polyclonal anti-MLIII serum (data not shown).

We studied immunochemical properties of the rena-
tured proteins using sandwich-ELISA with the pair of
mABs, EI12 [16] and MTCI2 [17], previously raised
against MLIII. As shown previously, mAB E12 interacts
with B-subunit of MLIII [16]. The specificity of mAB
MTCI12 to ML subunits was not clear. We studied it by
ELISA in the presence of dithiothreitol (Fig. 5). Taken in
combinations H8§—E12-biotin and MTC12—H11-biotin,
the mABs H8 and H11, which are specific to the MLIII
subunit A [18], could only recognize the entire native
mistletoe toxin MLIII in sandwich-ELISA. In these
mAB systems the signal decreased by 70-75% in the pres-
ence of reagent splitting the disulfide bond between A-
and B-subunits of the protein. In sandwich-ELISA the
mAB pair MTCI12—E12-biotin interacted equally with
native and DTT-treated MLIII. Thus, the mAB MTC12
was found to be specific to the B-subunit of toxic mistle-
toe lectin MLIII.

We studied the renatured proteins for antigen epi-
topes using sandwich-ELISA with the anti-MLIIIB mAB
pair E12—MTCI12-biotin. The folding of antigen epitopes
in tMLIIIB was found to be successful under the given
renaturation conditions. The antigenic activity of recom-
binant protein was 20% of that of native MLIII (the con-
trol, taken as 100%), and the activity of MLIII after
denaturation—folding was 83% of control (Fig. 6a).

100 - — = —
80 -

£ 60-

c

o

o

) |

o 40
20 1
0 T T T T T 1

Fig. 5. Subunit specificity of the anti-MLIII monoclonal anti-
body MTCI12 (the interaction with native MLIII in sandwich-
ELISA in the absence of DTT was taken as 100%): H8/MLIII +
DTT/E12-biotin (/), H8/MLIII/E12-biotin (2), MTC12/
MLIII + DTT/E12-biotin (3), MTC12/MLIII/E12-biotin (4),
MTCI12/MLIITI + DTT/H11-biotin (5), MTC12/MLIII/HI11-
biotin (6).
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Fig. 6. Interaction of native MLIII (7), denatured MLIII
(dMLIII) (2), and renatured recombinant MLIII subunit B
(rMLIIIB) (3) in sandwich-ELISA with anti-MLIIIB mABs
(E12 and MTC12) and glycosylated immunoglobulins (3F12) in
systems E12—MTC12-biotin (a) and 3F12—MTCI12-biotin (b).
Interaction with the native MLIII in sandwich-ELISA (control)
is taken as 100%.

To analyze the carbohydrate-binding activity of the
renatured proteins, the glycosylated immunoglobulins
3F12 carrying sugars interacting with lectins were sorbed
onto a plate, and the anti-MLIIIB mAB MTC12 was used
for lectin detection. Activity of the renatured proteins was
significantly lower in the system 3F12—MTCI12-biotin
compared with the system E12—MTCI12-biotin, even
when the MLIII folded after denaturation was used,
which retained only 13.8% of the native MLIII activity.
The activity of rMLIIIB was 7.5% of control (Fig. 6b).

DISCUSSION

Cloning and sequence analysis of the toxic mistletoe
lectin III subunit B. In this study, we have cloned the
mistletoe preprolectin I1I gene fragment encoding the B-
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subunit. The toxic mistletoe lectins MLI and MLIII are
highly homologous by amino acid sequence, but different
in affinity to carbohydrate residues of galactose and N-
acetylgalactosamine [6, 10, 11]. A comparative analysis of
amino acids comprising the carbohydrate-binding sites of
B-subunits of these proteins can explain the influence of
differences in primary structure on the protein specificity
to carbohydrates. The differences we have found are
probably evidence that these toxic lectins are encoded by
distinct genes rather than are products of post-transla-
tional modifications of a common precursor.

We found previously that the mAB TB33 raised
against MLI B-chain does not recognize B-subunits of
MLII and MLIII [25]. Catalytic subunits of toxic mistle-
toe lectins are also different because the mAB H11 spe-
cific to MLIII chain A does not react with MLI [26], and
the mAB TAS5 specific to MLIA does not interact with
MLIII [17]. All those observations suggest significant dif-
ferences in primary structures of both A- and B-chains of
toxic mistletoe lectins, which is indicative of several genes
encoding these V. album toxins. Soler et al. [27] proved
that two distinct genes encode A-subunits of ML toxins in
European mistletoe. Our data are consistent with the
study of Park et al. [28], who found three genes encoding
KML-1, -2, and -3 in Korean mistletoe.

As one can judge by the phylogenetic tree for amino
acid sequences of mistletoe lectin subunits B created in
our study (Fig. 2), the European mistletoe lectins MLI
and MLIII are disposed rather distantly, and in evolu-
tionary aspect this difference comes from the presence of
different genes encoding these proteins rather than from
post-translational modifications of the proteins. At least
two groups of toxins can be assigned among lectins of
Korean mistletoe, one of which is highly homologous to
MLIII from European mistletoe (lectin VCA), and the
other to MLI (lectins KML-1, KML-2, and KML-3).
Toxins KML-2 and KML-3 are highly homologous and
comprise a separate group, wherein their identity by
amino acid sequence is 98.2% [28]. The sequence of the
European mistletoe lectin MLII is not yet known;
nonetheless, one can expect that its determination would
substantially complete the picture and facilitate under-
standing of the origin and evolution of toxic mistletoe
lectins.

Immunochemical properties and carbohydrate-bind-
ing activity of recombinant B-subunit of toxic mistletoe
lectin III. In accordance with the data of immunochemi-
cal analysis of the recombinant MLIII B-subunit proper-
ties, only 20% of renatured protein is active in the reac-
tion with monoclonal antibodies E12 and MTC12. Yet
lesser extent of correct folding demonstrates rMLIIIB in
the case of carbohydrate-binding activity. This fact can be
explained by more complex structure of lectin carbohy-
drate-binding sites formed by several -sheets [23]. The
confirmation of this suggestion is that our internal exper-
imental control, the native MLIII toxin denatured in the
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buffer with Gnd-HCI and renatured again, possessed low
lectin activity as well. We analyzed the carbohydrate-
binding activity of the proteins using glycosylated
immunoglobulins, which, owing to their size, can make a
steric obstacle in the interaction of specific mAB with
MLIIIB epitopes. In particular, we found that the native
MLIII was not active in the 3F12—E12-biotin sandwich-
ELISA system (data not shown). Nonetheless, a fifth part
of the recombinant rMLIIIB protein was successfully
renatured and epitopes were properly folded, because the
mAB E12 and MTCI12 used in the assay did not recognize
the denatured MLIII in immunoblotting or ELISA (data
not shown).

Mechanisms responsible for the pharmacological
effect of the toxic mistletoe lectins have not been ade-
quately studied. A supposition has been put forward that
anti-tumor activity of ML-toxins is due to their
immunomodulating activity rather than cytotoxicity [29].
Some investigators assert that viscumin is the major effec-
tive component in mistletoe extracts; however, the contri-
bution of MLIT and MLIII, as well as other viscumin-like
components in the effect of the extracts cannot be exclud-
ed. The found differences in cytotoxic effect of ML-tox-
ins [8, 12] might result from different carbohydrate speci-
ficity of the protein subunits B as well as from the peculi-
arities of intracellular transport of their enzymatic sub-
units. We demonstrated previously that individual chains
of toxin, which are found in mistletoe extract, can alter its
properties [30]. Thus, further studies of the isolated
recombinant MLIII subunit B regarded as an agent for
anti-tumor and immunomodulating therapy are required.

This study was supported in part according to the
bipartite agreement between the Federal Ministry of
Science and Technologies of Russia and the Ministry of
Education and Scientific Researches of Germany (proj-
ect RUS 01/237).
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