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Bark lectins from the elderberry plants belonging to the genus Sambucus specifically
bind to Neu5Acs2,6Gal/GalNAc sequence and have long been used for the analysis of
sialoglycoconjugates that play important roles in many biological phenomena.
However, molecular basis of such a unique carbohydrate binding specificity has
not been understood. To answer these questions, we tried to identify the amino-acid
residues in the Japanese elderberry bark lectin, Sambucus sieboldiana agglutinin
that enabled the lectin to recognize sialic acid by using in silico docking simulation
and site-directed mutagenesis. These studies showed that three amino-acid residues,
Si97, Agzz and Qz34, in the C-terminal subdomain of SSA-B chain are critical for the
binding to the sialic acid in Neu5Aca2,6Gal/GalNAc sequence. Replacement of one of
these residues to the one in the corresponding position of ricin B-chain completely
abolished the binding to a sialoglycoprotein, fetuin. Conserved presence of these
amino acid residues in the corresponding sequences of two other elderberry lectins
with similar binding specificity further supported the conclusion. These findings
indicated that the replacement of the corresponding amino-acid residues in a
putative Gal/GalNAc-specific ancestral lectin to these amino-acid residues generated
the unique NeubAcas2,6Gal/GalNAc-specific elderberry lectins in the course of
molecular evolution.
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Abbreviations: PBS, phosphate buffered saline; PDB, protein data bank; RIP, ribosome-inactivating protein;

SNA, Sambucus nigra agglutinin; SSA, Sambucus sieboldiana agglutinin.

Plant lectins with defined carbohydrate binding specifi-
cities have been used as invaluable tools for the
detection, fractionation and isolation of glycoconjugates
(1). Compared to the popular use of plant lectins in
glycobiology and related fields, their biological roles
are not well understood, though their involvement in
the plant defense systems has been indicated. As the
carbohydrate binding specificity of plant lectin is the
base of both its application as well as the presumed
biological functions, it is important to clarify the
molecular basis of the specific recognition of carbohy-
drates by these lectins.

Several bark lectins from the elderberry plants
belonging to the genus Sambucus specifically bind to
Neu5Aca2,6Gal/GalNAc sequence (2, 3) and have long
been used for the analysis of sialoglycoconjugates (4-7)
that play important roles in many biological as well as
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pathological phenomena (8). A fruit lectin from the
elderberry was also shown to bind to sialoglycoprotein
(9). The binding specificity of these elderberry lectins is
quite unique and so far no other lectin with similar
binding specificity has been isolated from plants, except
Maackia amurensis lectin that recognizes 2,3-linked
sialylated oligosaccharides (10, 11).

The elderberry bark lectins are tetrameric glycopro-
teins consisting of two types of subunits, one with a
carbohydrate binding site and another one without it.
The ¢cDNA cloning as well as molecular modeling studies
revealed that each subunit of elderberry bark lectins has
highly homologous structure to the galactose-specific
lectin subunit (B chain) and ribosome- inactivating
subunit (A chain) of type 2 ribosome-inactivating pro-
teins (RIPs), such as ricin and abrin (12, 13), indicating
a close evolutionary relationship between these proteins.
While the lectin subunit of ricin B chain preferably
binds to Gal/GalNAc, the corresponding subunit of
Sambucus sieboldiana agglutinin (SSA) specifically
binds to NeubAcu2,6Gal/GalNAc sequence, as described.
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Scatchard analysis in the binding studies (2) as well as
the establishment of monomeric-monovalent derivative
of SSA (5) showed that the carbohydrate-binding
subunit of elderberry lectins carries one carbohydrate
binding site, whereas the ricin B chain carries two
carbohydrate binding sites with different binding char-
acteristics (14, 15).

It has not been understood how the elderberry bark
lectins obtained such a unique carbohydrate binding
specificity and what could be the outcome of such
molecular evolution for these plants themselves.
Although Chen et al. (16) reported that the Dy3; and
Nyg of SNA are involved in the binding to galactose and
fetuin from the comparison of the amino-acid sequence
with a structurally related elderberry protein without
lectin activity as well as from the site-directed mutagen-
esis, these results did not explain how the elderberry
bark lectins obtained the unique binding specificity to
NeubAca2,6Gal/GalNAc sequence. To answer these ques-
tions, we tried to find out the critical changes in the
structure of Japanese elderberry bark lectin, SSA that
enabled the lectin to recognize sialic acid residue in
NeubAca2,6Gal/GalNAc sequence. In this article, we
describe the heterologous expression of the carbohydrate
binding domain of SSA-B subunit in Escherichia coli and
identification of amino-acid residues critical for the
binding to NeubAco2,6Gal/GalNAc sequence, especially
to the sialic acid residue, by using in silico docking
simulation and site-directed mutagenesis of the carbohy-
drate binding domain. Possible course of molecular
evolution from Gal/GalNAc binding lectin to NeubAc
02,6Gal/GalNAc lectin and its outcome for the plant are
also discussed.

MATERIALS AND METHODS

Preparation of Japanese Elderberry Bark Lectin and
its Antibody—The NeubAco2,6Gal/GalNAc-specific bark
lectin (SSA) was purified from the extract of the twigs
of Japanese elderberry (Sambucus sieboldiana) by affi-
nity chromatography on fetuin—agarose as previously
reported (17). Rabbit anti-SSA antibody was also raised
and purified as described (17).

Construction of Expression Vectors—The DNA frag-
ment corresponding to SSA-B chain was amplified by PCR
using a forward primer with Nde I site at 5’ end [5'-CGCAT
ATGGGGGGCGAGTACGAAAA AGTG-3] and a reverse
primer with BamH 1 site at 3’ end [5-CGGGATCCC
TAAGCTGGCTGTGTG GTA-3, designated as primer A],
and the plasmid for the whole SSA ¢cDNA as a template
(12). The PCR product was isolated from low melting
agarose (0.7% sea plaque agarose) gel, ligated into pCR II
vector (Invitrogen Co., Carlsbad, USA) using TaKaRa
Ligation Kit ver.2 (Takara-Bio Inc., Sigma, Japan) and
transformed into E. coli JM109. The sequence of inserted
DNA of a positive colony was confirmed by an ALF DNA
sequencer (Amersham Biosciences, Piscataway, USA).

The plasmid encoding SSA-B chain was digested
with restriction endonucleases Nde I and BamH 1.
The obtained fragment was subcloned into an expres-
sion vector pET-16b that adds a poly-histidine tag
(His-tag) to the N-terminal of the expressed protein
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(Novagen, Darmstadt, Germany) and transformed into
E. coli BL21 (DE3) according to the manufacturer’s
instruction.

The DNA fragment for SSA-B chain amplified with
the pCR II plasmid was further divided into two parts for
N-terminal region (SSA-BN, 1-348Dbp) and C-terminal
region (SSA-BC, 349-786 bp) by the treatment with Nde
I/Xho 1 and Xho I/BamH 1, respectively. Both fragments
were subcloned again into the pET-16b expression vector.
The plasmid DNA for SSA-BC domain was also sub-
cloned into pET-5a (Novagen, Darmstadt, Germany)
vector and transformed into E. coli BL21 (DE3) to
express SSA-BC domain without the His-tag.

Site-directed Mutagenesis of SSA-BC Domain—PCR-
based site-directed mutagenesis was performed as
follows. Two sets of PCR were used to replace
serinel97 of SSA-BC domain to glutamic acid (S;97E).
The primer sets used were, (i) the primer for Ndel site at
5 end [6-CGCATATGCTCGAGAAAAATA TCCATGC
CG-3/, designated as primer B] and S;97E1 antisense
primer [5-CCACGAGCCCGAAGATC TTATCG TCA] and
(i) S;97E2 sense primer [5-TGACG ATAAGATCTTC
GGGCTCGTGG] and primer A, respectively. PCR was
carried out by using EX Tag polymerase (Takara-Bio
Inc., Sigma, Japan) and the plasmid for the SSA-BC
domain as a template. Both PCR products were purified
by agarose gel electrophoresis, added together into the
PCR buffer and heated for 3min at 94°C. The solution
was cooled down to 37°C over 1h, kept for 15 min, added
with EX Taq polymerase and primers A and B, then
subjected to PCR amplification. The PCR product was
ligated into pCRII vector and transformed into E. coli
JM109. After confirming the sequence, the pcr amplicon
was treated with Nde I and BamH I, and the resulting
fragments were subcloned to pET 5a and transformed
into E. coli BL21(DE3).

The other four site-directed mutagenesis, Ag33R, Qa34A,
K541@Q and DygsT in the SSA-BC domain were also
carried out similarly by using the following primer sets.
Antisense primers; Aj33R1 [5-TATGGACGTTAGACA
ACACGATTCT-31, Qg34A1 [5'-TATGGACGTTGCAGCAC
ACGATATCT-3], K341Q1 [CTCTCTTCGACAAATCATTC
TCT], D19sT1 [CCACGAGCCCAGTACTCTTATCGTCAI.
Sense primers; Ag33R2 [5-GAGTATCGTGTTGTCTAAC
GTCCATA-3'], Qo34A2 [6'-AGATATCGTGTGCT GCAAC
GTCCATA-3], Ks411Q2[AGAGAATGATTTGTCGAAGAG
AG], D19sT2 [TGACGATAAGAG TACTGGGCTCGT GG].

Purification and Refolding of Recombinant Proteins—
The E. coli for the expression of recombinant protein was
pre-cultured with 5ml LB-Ampicilin (LB-Amp) medium
overnight with 250 rpm at 37°C and then transferred to
250ml of the same buffer. IPTG was added to the
medium to make a final 0.5mM when the turbidity at
600nm reached 0.6-0.8 and further incubated for 3h.
The E. coli cells were harvested by centrifugation
(10,000 rpm) for 5min at 4°C. The harvested cells were
washed with PBS containing 1mM PMSF and homo-
genized with a French Press. The inclusion body fraction
was recovered from the homogenate by ultracentrifuga-
tion (36,000 rpm) for 1h at 4°C.

The His-tagged recombinant proteins (His-rSSA-B,
His-rSSA-BN and His-rSSA-BC) were purified by
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affinity chromatography on Ni-Sepharose 6B (Novagen,
Darmstadt, Germany). Briefly, the inclusion body frac-
tion from a 250ml culture was solubilized with 40ml
of the binding buffer (5mM imidazole, 0.5 M NaCl in
20mM Tris-HCI, pH 7.9) containing 6 M urea and
ultracentrifuged. The solubilized protein was applied to
a Ni-Sepharose 6B column (2.5 ml) pre-equilibrated with
the same buffer. After washed with the binding buffer, the
bound protein was eluted with the elution buffer (6 M urea,
1M imidazole, 0.5 M NaCl in the 20 mM Tris—HCI, pH 7.9).
The eluted protein fraction was applied to a gel filtration
column, PD-25G, Amersham Biosciences, Piscataway,
USA, equilibrated with the denaturing buffer [8 M urea,
10mM glutathione reduced form (GSH) in 20mM
Tris—HCI, pH 8.8] to exchange buffer.

Refolding of denatured His-tagged proteins was carried
out with the combination of reduced (GSH) and oxidized
form (GSSG) of glutathione. The purified His-tagged
protein in the denaturing buffer was kept for 5min at
65°C, then immediately diluted 40 times with the
refolding buffer (8 M urea, 10mM GSH, 4mM GSSG in
20mM Tris—HC], pH 8.8). The mixture was kept for 4h
at room temperature or overnight at 4°C, then dialysed
against PBS overnight.

Recombinant proteins without His-tag, such as rSSA-
BC domain and those with the site-directed mutagenesis
were also subjected to denaturation/renaturation as
described earlier. The renatured rSSA-BC protein was
purified by using affinity chromatography on fetuin—
agarose (17). The rSSA-BC protein that bound to the
column was eluted with 0.5M lactose in PBS, then
subjected successively to gel filtration (PD-25G) and
dialysis against PBS to remove lactose.

The mutagenized SSA-BC protein was applied to an
anti-SSA antibody-Sepharose 4B column pre-equilibrated
with PBS and the bound fraction was eluted with
0.17M glycine-HC1 (pH 2.3). The fractions were
collected in the tubes containing one per tenth volume
of 1M Tris—hydroxymethylaminomethane for immediate
neutralization.

Homology Modeling and Ligand Docking—Homology
modelling of SSA was performed by using the following
steps. (i) Homology search from Protein Data Bank
(PDB); (ii) Sequence alignment with an algorithm (I18)
that is a variant of the Needleman and Wunsch
algorithm (19) but improved for the accuracy of the
alignment owing to the introduction of the concept of
hydrophobic core scores (20); (iii) Loop searching and
loop replacement when insertion/deletion sites are
required; (iv) Side chain replacement; (v) Removal
of the steric hindrances between side chains, in which
10,000 random conformational searches for each side
chain were carried out by using random numbers which
reproduce normal distribution of dihedral angles
x experimentally found in crystals (21); (vi) Energy
minimization. A program package for protein engineer-
ing and drug design, BIOCES[E] (NEC Corp., Tokyo,
Japan), was used for all the above molecular modelling.
This package runs on an OCATANEZ2 (Silicon Graphics
Inc., Mountain View, CA, USA).

Docking of ligands and molecular dynamics simula-
tions of the complex models were carried out using
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Discover/Insight II (Accelrys Inc., San Diego, CA, USA)
on an OCATANE2 and Amber on an Express5800/MD
Server (NEC Corp., Tokyo, Japan), respectively.

Analysis of Carbohydrate Binding Properties by
ELISA—Lectin activity was determined by enzyme-
linked immunosorbent assay (ELISA) as reported pre-
viously (5). Briefly, a 96-well flat-bottom microtitre plate
was coated with fetuin solution (1 pg/50 pl/well) in 0.1 M
carbonate buffer (pH 8.5) and kept overnight at 4°C.
The fetuin solution was then discarded, and the plate
was incubated with 1% BSA in the same buffer (100 pl)
for 1h at 37°C to prevent non-specific binding. The wells
were rinsed three times with PBS/0.05% Tween 20
(this rinsing was repeated after all subsequent steps).
Then, 50 ul of PBS containing each recombinant protein
(0.1% BSA/0.05% Tween 20) was added to each well
and incubated for 1h at 37°C. The protein bound to
the coated fetuin was detected with the partially
purified anti-SSA antibody (1/2,000) and HRP-labelled
goat anti-rabbit IgG (1/2,000, Sigma Chemical Co.,
St Louis, MO, USA). After incubation with the substrate
[2,2"-azino-bis(3- ethylbenzothiazoline-6-sulfonic  acid)
diammonium salt], the colour intensity at 415nm was
determined by a microplate reader (MTP-32, Corona
Electric Co., Ltd., Japan).

Hapten inhibition experiments were carried out as
follows. A solution of PBS-Tween—BSA containing vary-
ing amount of test sugars (50 ul) was added to each well
of a fetuin-coated plate and incubated at 4°C for 30 min.
Then, each lectin solution (100ng/50 ul) was added and
incubated for 1h. Determination of the bound protein
with the anti-SSA antibody was carried out as described
previously.

Analysis of Carbohydrate Binding Properties with a
Biosensor (Biacore)—Fetuin was dissolved in 10mM
sodium acetate buffer (pH 4.8) to make a 0.1mg/ml
solution and immobilized on a sensor tip for Biacore
(Biacore AB Corp, Uppsala, Sweden) as described by the
operation manual. Each one of the wild-type SSA
(30 pg/ml), rSSA-BC (10 pg/ml), or mutagenized SSA-BC
protein (10pug/ml) was dissolved with 10mM HEPES
buffer (pH7.4) containing 0.15 M sodium chloride, 3.4 mM
EDTA and 0.05% Tween 20 and reacted with the
immobilized lectin using Biacore 1000. Kinetic para-
meters were calculated from the sensorgram using the
program installed in the instrument.

RESULTS

Heterologous Expression and Characterization of
Carbohydrate Binding Domain of SSA—For the detailed
study of the carbohydrate recognition by SSA with
molecular modelling as well as site-directed mutagenesis,
it was necessary to establish a suitable heterologous
expression system and also to know which subunit, A
or B subunit, carries the carbohydrate binding site.
Concerning to the carbohydrate binding subunit, it was
confirmed that the B chain of SSA carries the binding
site by the analysis of N-terminal amino-acid sequence
of the subunit, prepared as a form of stable monomer (5),
that was adsorbed to fetuin—agarose and recovered
(data not shown).
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For the heterologous expression, several eukaryotic
systems such as yeast (22), Xenopus oocytes (15, 23),
COS cells (24, 25), have been preferably used for the
expression of ricin B chain. In this study, however,
we tried to establish the conditions of the expression in
E. coli as well as the recovery of soluble proteins carrying
carbohydrate binding activity because of the advantage
for the production of enough amount of recombinant
protein. The B chain was first expressed as a poly-
histidine-tagged protein (His-rSSA-B) for the ease of
purification. As most of the expressed B chain was
recovered in the form of inclusion body, we tried to
establish a condition to recover the active, renatured
protein by successive denaturation/renaturation treat-
ment. We found that the conditions for the immediate
dilution step after the denaturation by urea, e.g. the urea
concentration after dilution and the ratio of oxidized/
reduced form of glutathione in the renaturation solution,
greatly affected the recovery of the active lectin, which
was estimated by using the ELISA-type binding assay
(5, 26). The finding that the ratio of GSSG/GSH is
very important for the refolding is understandable as
the SSA-B chain contains 10 cysteine residues, making
a numerous possibility of mismatched disulfide linkage
formation. Under the optimal conditions we established,
over 32% of the expressed protein was recovered as soluble
protein with the binding activity (data not shown).

By using the similar approach, we then expressed
N- and C-terminal domains of SSA-B chain separately
(1-116 amino-acid residues for N-terminal domain,
117-262 amino-acid residues for C-terminal domain)
and examined which domain carries the binding site
(Fig. 1). As shown in Fig. 2, the expressed C-terminal
domain (His-rSSA-BC) showed the binding to fetuin,
whereas the N-terminal domain (His-rSSA-BN) did not
bind, indicating the carbohydrate binding site resides
in the C-terminal domain of the B subunit. As the
His-rSSA-BN prepared in this experiment lacked
some amino-acid residues corresponding to a part of
v-subdomain of ricin-like lectins, it seems impossible to
exclude the presence of other carbohydrate binding
site(s) in the N-terminal domain only from this experi-
ment. However, combining the results with the previous
finding that SSA carries two carbohydrate binding sites
in the tetrameric molecule consisting of two A and two B
subunits (3), the carbohydrate binding subunit, B-chain,
should contain only one carbohydrate binding site in its
C-terminal domain.

Analysis of the binding specificity of the expressed
His-rSSA-BC protein resulted in an unexpected observa-
tion. On the contrary to SSA, which was specific to only
2,6-linked sialylated oligosaccharides/glycoconjugagtes,
the interaction of the expressed His-rSSA-BC protein
and fetuin was inhibited by both 2,3- and 2,6-linked
sialyllactose (data not shown). As the expressed
C-domain was tagged with poly-histidine sequence, we
suspected that the addition of the poly-cationic group
might have affected such change in the binding
specificity. Thus, we expressed the C-terminal domain
of the B subunit without the poly-histidine tag
(rSSA-BC), followed by the affinity purification on a
fetuin—agarose column (Fig. 3A). As shown in Fig. 3B
and C, the rSSA-BC protein expressed without the
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I GGEYEKVCSVVEVTRRISGWDGLCVDVRGG 30
31 HYIDGNPVQLRPCGNECNQLWTFRTDGTIR 60
61 WLGKCLTTSSSVMIYDCNTVPPEATKWVVS 90
91 IDGTITNPRSGLVLTAPQAAEGTALS 116

SSA-BC domain

117 LEKNIHAARQGWTVGDVEPLVTFIVGYKQM 146
147 CLRENGENNFVWLEDCVLNRVEQEWALYGD 176
177 GTIRVNSNHSLCVTSEDHEPSDLIVILKCE 206
207 GSGNQRWVFNTNGTISNPNAKLVMDVAQHD 236
237 ISLRKIILYRPTGNSNQQWITTTQPA 262

Fig. 1. Structure of SSA-B subunit and its N-/C-terminal
domains. (A) Schematic representation of ¢cDNA sequences
encoding SSA-B subunit (SSA-B), its N-terminal domain
(SSA-BN) and C-terminal domain (SSA-BC). (B) The amino-
acid sequences of SSA-BN and SSA-BC.

100

50

Relative binding activity (%)

0 -
N C

Fig. 2. Binding activity of the N- and C-terminal domains
of SSA-B subunits to fetuin. Fetuin solution was coated on a
96-well flat bottom plate (1pg/well). Binding activity of the
N-terminal (N) and C-terminal (C) domains of SSA-B subunit
(each 100ng/well) to fetuin was analysed with the His-tagged
proteins prepared as described in the experimental procedures.

poly-histidine tag showed the binding specificity towards
NeubAcu2,6 lactose as similar to the original SSA
(Concentrations required for 50% inhibition were 0.048
and 0.032mM for NeubAcwu2,6 lactose, and 11.2 and
9.3mM for lactose, both for SSA and rSSA-BC, respec-
tively). On the other hand, both of the binding of rSSA-
BC and SSA to fetuin were not inhibited by Neu5Acx2,3
lactose, showing the poly-histidine tag really affected the
binding specificity of His-rSSA-BC protein.

Analysis of the Amino-Acid Residues Critical for the
Binding to Sialylated Oligosaccharides—To find proper
candidates of the amino-acid residues involved in the
binding to silaylated oligosaccharides, we performed
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Fig. 3. Binding specificity of the expressed rSSA-BC
protein. (A) The rSSA-BC protein without His-tag was
expressed and purified as described in the experimental
procedures. SDS-PAGE was carried out using a 15% acrylamide
gel, followed by CBB staining (1, rSSA-BC, 6ug) or Western
blotting with anti-SSA antibody (2, rSSA-BC, 1lug; 3, SSA,
0.2 ug). Binding specificity of SSA (B) and rSSA-BC protein
(C) was analyzed by inhibition of the binding to fetuin with
haptenic sugars. Varying amount of each sugar (50ul) was
added to each well of the fetuin-coated plate and incubated for
30 min at 4°C. SSA or rSSA-BC solution (100 ng/50 ul) was added
to each well and incubated for 1h. The bound protein was
detected with anti-SSA antibody as described in experimental
procedures. Filled circles, Neub5Aco2,6lactose; filled triangles,
NeubAca2,3lactose; filled squares, lactose.

homology modelling as well as ligand docking studies.
As the amino-acid sequence of the SSA-B chain showed
a very high homology (46% identity over the entire
sequence) with the B chain of ricin (PDB ID: 2AAI)
(12, 14), the B chain of ricin was selected as the most
suitable template for homology modelling.

The model of the SSA-ligand complex was built as
follows. We used the information on the crystal structure
(PDB ID: 2CWG) (27) of wheat germ lectin complexed
with an O-linked tetrasaccharide, Neub5Acx2,3Galf1,3
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Fig. 4. Neu5Aco2,6lactose (A) and Neub5Aca2,3lactose
(B) in the binding cleft of SSA. Connolly surface of SSA
model is shown. NeubAco2,6lactose and NeubAca2,3lactose are
displayed by coloured ball-and-stick in each. Ys45 and Toys,
which cause steric hindrance with the NeubAca2,3lactose, are
shown in orange and pink, respectively.

(NeubAc 22,6) GalNAc-a-1-O-Thr, and also the B chain of
ricin (PDB ID: 2AAI) (14) complexed with its ligand,
lactose, to generate 3D structure of the SSA-ligand
complex. The structure of the NeubAcu2,6GalNAc, which
is a part of the tetrasaccharide in 2CWG, was super-
imposed on the structure of the lactose in 2AAI. The
superposition was performed by least square fitting of
the common galactose frame, generating the complex
structure of the B chain of ricin and NeubAca2,6lactose.
Then the NeubAco2,6 lactose was docked into the
binding site of SSA on a 3D display referring to the
structure of the complex described earlier. The complex
model was further refined by molecular dynamic calcula-
tion. We also tried to dock NeubAco2,3 lactose forcibly
into the cleft of SSA by the similar approach. In
this case, the structure of NeubAca2,3lactose was
taken from the published crystal structure (PDB ID:
1WGC) of the complex between wheat germ lectin
and NeubAco2,3lactose (28). As shown in Fig. 4,
NeubAca2,6lactose was smoothly docked to the binding
cleft of SSA but Neub5Aca2,3lactose did not fit to the cleft
because of the steric hindrance between the sialic acid
residue and the surrounding amino-acid residues such as
Tsoss and Yous. Glucosyl residue of NeubAca2,6lactose
seemed to be extruded from the binding cleft, different
from the galactosyl and sialic acid residues that are
located within the binding cleft. This coincides with the
previous observation with NMR analysis that the C-3
and C-4 of the galactose residue, but not the glucose
residue, of lactose mainly interact with SSA (29).
Detailed view of the SSA-NeubAca2,6lactose complex
in Fig. 5 indicated that the Oy of Sig7; of SSA makes a
hydrogen bond between the carboxyl group of sialic acid,
as similar to the one between the serine residue (Si14)
of WGA and sialic acid in the crystal structure of
WGA-sialic acid complex (PDB ID: 1WGC). On the
other hand, the corresponding amino-acid residue in
ricin is glutamic acid (E;99) that seems to cause
electrostatic repulsion between the negative charge of
the carboxyl group in the sialic acid, supporting the
inability of ricin to interact with sialylated oligosacchar-
ides. Formation of another hydrogen bond was suggested
between the Ne of Qg34 and the hydroxyl group attached
to C-9 of the sialic acid. Again, the corresponding amino-
acid residue in ricin is alanine (As3;) that cannot form
any hydrogen bond, adding another support for the
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Fig. 5. Model of SSA and Neu5Aca2,6lactose complex.
(A) Main chain of SSA is displayed by yellow tube model.
Neub5Aca2,6lactose is shown by coloured ball-and-stick in each
atom (carbon, green; nitrogen, blue; oxygen, red). Side chains of
the amino-acid residues in SSA that are critical for the binding
to sialic acid are indicated by coloured stick for each atom. Side
chains of ricin corresponding to those of SSA are coloured by
pink and their names are shown in parentheses. Cyan dotted
lines indicate the hydrogen bonds. (B) Alignment of S197 to Koy
of SSA B subunit to the consensus sequence of ricin B subunit.
The bold character indicated the amino-acid residues subjected
for the site-directed mutagenesis.

inability of ricin to bind sialic acid. While the conversion
of Rase in ricin to Agzs in SSA created a space to dock the
glycerol group of sialic acid, the steric conflict between
the glycerol group and the bulky R3¢ residue seems
to contribute to the inability of ricin to interact with
sialic acid.

To examine whether these amino-acid residues indi-
cated by the docking simulation are really involved in the
interaction with sialic acid, we replaced these amino
acids with the corresponding ones in ricin, namely, Sig7
to E, Agzs to R and Qa34 to A, by introducing necessary
mutation into the plasmid vector for SSA-BC expression.
After the expression in E. coli and the following
purification, the binding characteristics of the mutated
SSA-BC proteins were analysed by using a biosensor
based on surface plasmon resonance (Biacore).

As shown in Fig. 6 and Table 1, the expressed SSA-BC
domain showed a high-affinity binding to fetuin, although
the Ka value was slightly lower than that of the native
SSA. On the contrary, all the mutated proteins, Si97E,
As3s3R and Qa34A, showed very low binding to fetuin, which
did not allow the kinetic treatment. These results clearly
demonstrated, as expected from the docking simulation,
that these amino-acid residues are critically important for
the binding to sialic acid residues in the 2,6-linked
sialylated oligosaccharides. In other words, the substitu-
tion of these amino-acid residues from those of ricin-like
molecules to SSA seems to generate a lectin that
specifically binds to NeubAca2,6Gal/GalNAc sequence.

From the docking simulation, several other amino-acid
residues in the SSA-BC domain were also indicated for
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Fig. 6. Interaction of mutated rSSA-BC proteins with
fetuin. Interaction of rSSA-BC and mutated proteins with
fetuin was analysed by Biacore. These proteins (10 pg/ml) were
applied to the sensor chip with the immobilized fetuin following
the operation manual. The expressions such as Sig7E, Ag33R,
Q2344 indicate the mutation introduced to the corresponding
proteins.

the possible interaction with the Neu5Ac of 2,6-sialyllac-
tose. Ky41 and Dygg in SSA, which correspond to Qs44 and
Ts00 in ricin, respectively, were indicated to interact with
C-8 and NH group of NeubAc residue (Fig. 5). However,
the replacement of these amino-acid residues to those
corresponding amino acids in ricin did not affect the
binding specificity of SSA-BC protein (Table 1).

As the mutated proteins might lose the ability to bind
to fetuin, we used the affinity chromatography on
immobilized anti-SSA antibody, instead of the fetuin—
agarose used for SSA/rSSA-BC purification, for the
purification of the mutated proteins. Although we used
different approaches for the purification of these
proteins, the fact that the mutated proteins for Ko4;
and Djgs showed comparable affinity to the wild type
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Table 1. Kinetics data for the binding fetuin to SSA/
rSSA-BC/the directed mutagenesis SSA-BC.

K, M~1s71)32 K4 (S7HP K /KM 1y
SSA 2.78 x 10* 3.96 x 102 7.02 x 108
rSSA-BC 1.29 x 10* 1.89 x 1072 6.83 x 10°
S197E - - -
AgssR - - -
Qa34A — — —
DyosT 1.74 x 10* 3.11x 1072 5.59 x 10°
Kos1Q 1.63 x 10* 4.00x 1072 4.08 x 10°

3Association rate constant. PDissociation rate constant. “Association
constant.

rSSA-BC indicated the difference of the purification
method did not affect the binding specificity of these
proteins.

DISCUSSION

In this article, we identified critical amino-acid residues
required for the recognition of sialic acid by the Japanese
elderberry bark lectin, SSA, by using molecular model-
ling/docking simulation and site-directed mutagenesis.
As all the three amino-acid residues critical for the
binding of SSA to sialic acid, Sig7, Asss and Qa34, are
conserved in the corresponding position of two other
NeubAca2,6Gal/GalNAc-specific elderberry lectins, SNA T
(13) and SNA I; (9), the finding seems to be applicable for
these lectins too. Replacement of one of these amino-acid
residues to the one in the corresponding position of ricin
B chain completely abolished the binding ability to
fetuin. These results indicated that the mutation of the
corresponding amino-acid residues in a putative ances-
tral lectin, which might be structurally related to ricin/
abrin type lectins, to these amino-acid residues enabled
SSA to generate a novel sialic acid binding site adjacent
to the Gal/GalNAc binding site that is conserved in the
ricin-like molecules (15).

The notion that SSA uses Gal/GalNAc binding site
corresponding to the 2y subdomain in the ricin B chain
(14, 15) for the binding to galactose residue in
NeubAcu2,6lactose was supported from the following
observations. (i) SSA-BC domain that include the
sequence corresponding to the 2y subdomain of ricin
carries the carbohydrate binding site; (ii) Critical amino-
acid residues for the binding to Gal/GalNAc in the 2y
subdomain of ricin, such as Dgsy4, Yous, Nase and Qase,
were fully conserved in the corresponding positions of
SSA-BC domain; (iii) Elderberry lectins such as SNA and
SSA behave basically as Gal/GalNAc binding lectins
(2, 3) that corresponds to the specificity of 2y subdomain
of ricin but not to that of Gal-specific 1o subdomain of
ricin (15); (iv) The indication of the amino-acid residues
involved in the binding to sialic acid by the docking
simulation based on such assumption was supported
experimentally by the site-directed mutagenesis. It
should be worth to show experimentally that the
mutated SSA that lost the ability to sialic acid still
retains the binding ability to Gal/GalNAc for further
support of the hypothesis.

Concerning to the specific binding of the elderberry
bark lectins to 2,6-linked sialylated oligosaccharides,

Vol. 142, No. 3, 2007

but not to 2,3-linked sugars, the docking simulation in
Fig. 4 clearly showed the difficulty to bind to 2,3-linked
forms because of the steric hindrance between the sialic
acid residues with the side chains of several amino-acid
residues. Additionally, the substitution of the equatorial
hydroxyl group at C-3 position of Gal/GalNAc residues in
these oligosaccharides by sialic acid also seems to cause
the inability to interact with these lectins. As discussed
already, these elderberry lectins share a basic property
as a Gal/GalNAc binding lectin that requires the
interaction with the equatorial hydroxyl group at the
C-3 position and the axial hydroxyl group at the C-4
position of Gal/GalNAc for the binding (2, 3, 29). Thus,
the substitution of the hydroxyl group at the C-3 position
should decrease the fitness of Gal/GalNAc residue to the
binding site in the elderberry bark lectins.

Interestingly, the situation seems to be different in
the case of 2,3-linked sialylated oligosaccharide-specific
lectins from Maackia amurensis seeds, MAL and MAH
(10, 11, 30). In the case of Maackia amurensis lectins,
substitution of the equatorial hydroxyl group at the C-3
position of galactose did not diminish the binding,
rather enhanced the affinity of the corresponding
sugars to the lectins. Yamamoto et al. (31) discussed
the differences between the elderberry bark lectins and
Maackia amurensis lectins from the differences in the
dominant ligand for these lectins, that is, Gal/GalNAc
is the dominant sugar for the elderberry bark lectins,
whereas sialic acid is the dominant sugar for the
Maackia amurensis lectins.

What could be the outcome of such development of
carbohydrate binding specificity in the elderberry bark
lectins for plant itself? Plant lectins and RIPs have been
considered as a part of defense machinery in plants
(32, 33). In the case of traditional type 2 RIPs, the
carbohydrate binding subunit (B chain) serves to deliver
the toxic subunit (A chain) to the target cells by binding
to the cell surface carbohydrates with terminal galactose
residues (34). If the elderberry bark lectins also bind to
the target cells and are internalized as similar to other
type 2 RIPs, it would be intriguing to consider that the
binding of the B chain to sialoglyco-conjugates favours to
deliver the toxic subunit to mammalian cells specifically,
because such molecules are abundant on the mammalian
cell surface but not present in the plant cells. However,
such a speculation has a major drawback because the
A chain of the elderberry bark lectins showed almost no
ribosome inactivating activity, though structurally
related to the A chains of traditional type 2 RIPs (12, 13).

In addition to the Neub5Acu2,6Gal/GalNAc-specific
bark lectins discussed here, the elderberry plants
belonging to the genus Sambucus produces various
types of lectins and RIP-related proteins. They produce
a truncated polypeptide corresponding to a part of the
Neub5Aa2,6Gal/GalNAc-binding subunit (9), Gal/GalNAc-
specific lectins (35, 36), type 2 RIPs with in wvitro
ribosome-inactivating activity but not toxicity (37-39), a
type 2 RIP with inactive B chain (40) and a monomeric
lectin corresponding to the B chain of typical type 2 RIPs
(26). Similarity in the sequence of those genes encoding
these elderberry proteins clearly indicates that they
evolved from a small number of ancestral genes.
Although it has been postulated that the presence of
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a wide repertoire of these lectins/RIPs favours the plants
to protect themselves from various types of predators,
validity of such a speculation should further be examined
in future studies.

The finding of amino-acid residues critical for the
interaction between elderberry lectins and sialylated
oligosaccharides reported here should contribute to
understand how these lectins obtained such a unique
binding specificity during molecular evolution and also to
design novel lectins/RIPs that bind to sialoglycoconju-
gates specifically. Very recently, Yabe et al. (41) reported
the creation of a sialic acid binding lectin by error-prone
PCR based on the assumption that various naturally
occurring sialic acid binding lectins have evolved from
the ancestral Gal-binding lectins. The findings reported
in this paper coincide with this assumption and should
help to develop such an approach to create novel and
useful lectins.

We thank Dr Julie E. Krawetz for her help in the
construction of the plasmids for site-directed mutagen-
esis. This work was partly supported by a MEXT-
HAITEKU grant from the Ministry of Education,
Culture, Sports, Science and Technology, Japan.
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