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Abstract In the past three decades a lot of research has
been done on the extended family of carbohydrate-
binding proteins from Sambucus nigra, including several
so-called type 2 RIPs as well as hololectins. Although
all these proteins have been studied for their
carbohydrate-binding properties using hapten inhibition
assays, detailed carbohydrate specificity studies have
only been performed for a few Sambucus proteins. In
particular SNA-I, has been studied extensively. Because
of its unique binding characteristics this lectin was developed
as an important tool in glycoconjugate research to detect sialic
acid containing glycoconjugates. At present much less
information is available with respect to the detailed
carbohydrate binding specificity of other S. nigra lectins
and RIPs, and as a consequence their applications re-
main limited. In this paper we report a comparative
analysis of several lectins from S. nigra using the gly-
can microarray technology. Ultimately a better under-
standing of the ligands for each lectin can contribute
to new/more applicat ions for these lect ins in
glycoconjugate research. Furthermore, the data from
glycan microarray analyses combined with the previous-
ly obtained sequence information can help to explain how
evolution within a single lectin family eventually yielded a set
of carbohydrate-binding proteins with a very broad specificity
range.
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Introduction

Elderberry species played an important role in studies related
to the biochemistry, molecular biology and physiology of both
plant lectins and ribosome-inactivating proteins (RIPs). The
first report of an elderberry lectin describing the isolation and
partial characterization of a lectin from bark tissue of
Sambucus nigra dates back to 1984 [1]. A few years later it
turned out that this lectin (now referred to as SNA-I) exhibits a
unique specificity towards NeuAc(α2-6)Gal/GalNAc [2] and
accordingly can be used as a powerful tool in glycoconjugate
research. Despite detailed biochemical studies the structure of
SNA-I remained unclear until cloning of the corresponding
cDNA revealed that the lectin is in fact a type-2 RIP structur-
ally and evolutionary related to ricin [3].

In the meantime ample evidence has been presented for the
occurrence of a fairly extended lectin/RIP family not only in
Sambucus nigra but also in other elderberry species like
Sambucus ebulus L., Sambucus sieboldiana Blume ex
Graebn., and Sambucus racemosa L.[4]. Of all elderberry
species, the lectin/RIP family from S. nigra is the best char-
acterized. It includes several so-called type 2 RIPs as well as
hololectins. For historical reasons the lectins are usually re-
ferred to by the abbreviation SNA (from S. nigra agglutinin)
followed by Roman numbers attributed in chronological order
of their discovery. Hitherto, SNA-I, SNA-II, SNA-III, SNA-
IVand SNA-V have been described [1, 3, 5–10]. In addition to
the genuine (i.e. agglutinating) lectins/RIP, a closely related
type 2 RIP was identified in 1997 that exhibited no aggluti-
nation activity and did not bind to any immobilized carbohy-
drate or glycoprotein and accordingly was named SNLRP,
which stands for S. nigra lectin related protein [11]. Lectins/
RIPs occur in all tissues of elderberry but are particularly
abundant in bark tissue, in which they represent >95 % of
the total protein content and are believed to play a role in
defense against herbivores.
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Analysis of the purified proteins revealed marked differ-
ences in the molecular structure of the different lectins. Some
lectins (SNA-II, SNA-III and SNA-IV) are homodimeric pro-
teins composed of identical subunits, whereas others (SNA-I,
SNA-V and SNLRP) are built up of two different subunits
(Table 1). Molecular cloning and sequence analyses eventu-
ally revealed the relationships between the different lectins at
the genetic level, and allowed classifying the different lectins
into the family of ricin-related lectins or type 2 RIPs. SNA-I,
SNA-V and SNLRP are type 2 RIPs, which are basically
chimeric proteins built up of an enzymatically active A-
chain and a lectinic B-chain held together by an inter-chain
disulfide boud. Both chains are derived from a single precur-
sor by a complex post-translational processing involving sev-
eral proteolytic events [3, 8, 11]. In the case of the precursor of
SNA-Van alternative processing takes place whereby not only
the linker between the A- and B-chain but a sequence of 272
amino acid residues covering the complete A-chain, the linker
and the first 8 amino acids of the B-chain are excised giving
rise to a protein consisting solely of a slightly truncated B-
chain. SNA-V and SNA-II are a rare example of two plant
proteins with a totally different molecular structure that are
derived from the very same precursor through a differential
post-translational processing [8]. SNA-IV closely resembles
SNA-II for what concerns its molecular structure. However,
the origin of the SNA-IV subunits is completely different
because it is not derived from a type 2 RIP precursor but from
the primary translation product of a gene in which the com-
plete A-chain, the linker sequence and the first 8 amino acid
residues of the B-chain are deleted [9]. The final quaternary
structure of the elderberry RIPs and lectins depends on the

degree of oligomerization of the protomers. Like in all other
plant lectins and type 2 RIPs non-covalent interactions medi-
ate the oligomerization of the elderberry proteins except for
SNA-I. In the latter type 2 RIP an extra Cys residue at position
47 of the B-chain allows the formation of inter-protomer
disulfide bonds [3].

The availability of the purified proteins also allowed study-
ing the biological activities of the elderberry type 2 RIPs
(SNA-I, SNA-V and SNLRP) and lectins (SNA-II and SNA-
IV). All three type 2 RIPs exhibit a high N-glycosidase
activity in vitro demonstrating that they possess a catalytically
active A-chain. However, their cytotoxicity towards animal
and human cells is rather low and can in no way be compared
with that of the genuine toxic type 2 RIPs, like ricin [4]. Most
probably the low cytotoxicity of the type 2 RIP from S. nigra
(as well as these from other elderberry species) results from a
low uptake/internalization, which itself might be linked to the
cell-binding properties and eventually to the sugar-binding
specificity. Apart from SNLRP all elderberry type 2 RIPs
and lectins agglutinate human erythrocytes and can be purified
by affinity chromatography on an immobilized carbohydrate
or glycoprotein [5]. Hapten inhibition assays revealed the
gross-specificity and allowed classifying the different
Sambucus lectins according to their carbohydrate-binding
specificity. The hololectins SNA-IVand SNA-II, and the type
2 RIP SNA-V exhibited specificity towards Gal/GalNAc and
Gal/GalNAc containing glycan structures [6, 8, 12] whereas
binding assays with SNA-I revealed specificity for
NeuAc(α2-6)Gal/GalNAc [2]. Since until now SNA-I (and
the nearly identical orthologs from S. canadensis and
S. sieboldiana [13]) is the only documented lectin that

Table 1 Overview of type 2 RIPs and lectins from S. nigra

Name Source Structure Molecular weight Reported carbohydrate
binding specificity

Protein synthesis
inhibition*

Agglutination
activity**

Reference

SNA-I Bark Tetramer 240 kDa Neu5Ac(α2-6)Gal/GalNAc + +++ [1]

[A-s-s-B]4 (4 × 60 kDa)

SNA-I’ Bark Dimer 120 kDa Neu5Ac(α2-6)Gal/GalNAc + ++ [32]

[A-s-s-B]2 (2 × 60 kDa)

SNA-V Bark Dimer 120 kDa GalNAc > Gal + + [8]

[A-s-s-B]2 (2 × 60 kDa)

SNLRP Bark Monomer 62 kDa – + – [11]

[A-s-s-B]

SNA-II Bark Dimer 60 kDa GalNAc > Gal – + [8]

[B]2 (2 × 30 kDa)

SNA-III Seeds Dimer 60 kDa GalNAc > Gal – +++ [5]

[B]2 (2 × 30 kDa)

SNA-IV Fruit Dimer 64 kDa Gal/GalNAc – +++ [7, 9]

[B]2 (2 × 32 kDa)

*, results based on hapten inhibition assays

**, +++, ++ and + indicate very strong, strong and weak agglutination activity of rabbit red blood cells; −, designates lack of activity
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interacts exclusively with glycoconjugates carrying the
Neu5Ac(α2-6)Gal/GalNAc linkage SNA-I was developed
into an efficient analytical reagent to detect sialic acid con-
taining glycans. Much less information is available with re-
spect to the detailed carbohydrate binding specificity of other
S. nigra lectins and RIPs, and as a consequence their applica-
tions remain limited. It was reported that the Gal/GalNAc
binding lectin SNA-II can recognize the carcinoma Tn epitope
(Ser-O-GalNAc) [14]. Since galactose-containing glycans on
the cell surface are important molecules e.g. for the interaction
between cells, or between cells and pathogens [15, 16], it is
important to have some more detailed knowledge on the
carbohydrate binding properties of the lectins. Therefore a
comparative analysis was made of the glycan binding speci-
ficities of the type 2 RIP B-chain and lectins from S. nigra
using glycan arrays [17]. A major advantage of the glycan
microarray is the availability of many glycans that can be
analysed in a single analysis using limited amounts of the
immobilized glycans and of the fluorescently labelled
carbohydrate-binding proteins. Ultimately a better under-
standing of lectin ligands can also contribute to new applica-
tions for these lectins in glycoconjugate research. In addition,
glycan microarray analyses combined with the previously
obtained sequence information can help to explain how evo-
lution within a single lectin family eventually yielded a set of
carbohydrate-binding proteins with such a broad specificity
range.

Materials and methods

Lectins and RIPs

Apart from SNLRP all S. nigra proteins were purified by a
combination of affinity chromatography and gel filtration as
described previously [1, 7–9]. SNA-I SNA-II and SNA-V
were isolated from lyophilized S. nigra bark whereas SNA-
IV was purified from fruits. SNLRP was isolated from a
lectin-depleted bark extract by ion-exchange chromatography
and gel filtration [11].

Glycan array screening

Glycanmicroarrays were printed as described previously [18].
The printed glycan array contains a library of natural and
synthetic glycan sequences representing major glycan struc-
tures of glycoproteins and glycolipids. Array version 2.0 and
2.1 with 264 and 303 glycan targets, respectively, were used
for the analyses with S. nigra RIPs and lectins (http://www.
func t ionalglycomics .org/ g lycomics /publ icda ta /
selectedScreens.jsp). The purified S. nigra proteins were la-
beled using the Alexa Fluor® 488 Protein Labeling Kit
(Invitrogen, California, USA) following the manufacturer’s

instructions. The labeled proteins were applied to separate
microarray slides and incubated for 60 min under a cover slip
in a dark, humidified chamber at room temperature. After
incubation, the cover slips were gently removed in a solution
of Tris-buffered saline containing 0.05 % Tween 20 and
washed by gently dipping the slides 4 times in successive
washes of Tris-buffered saline containing 0.05 % Tween 20,
Tris-buffered saline, and deionized water. After the last wash,
the slides were spun in a slide centrifuge for approximately
15 s to dry and immediately scanned in a PerkinElmer
ProScanArray MicroArray Scanner using an excitation wave-
length of 488 nm and ImaGene software (BioDiscovery, El
Segundo, CA, USA) to quantify fluorescence. The data are
reported as average relative fluorescence units (RFU) of six
replicates for each glycan present on the array after removing
the highest and lowest values.

Sequence alignment and phylogenetic analysis

ClustalW [19] was used for alignment of the eldeberry lectins/
RIP protein sequences. The phylogenetic tree of the sequences
was constructed using the constraint-based alignment tool-
COBALT (http://www.ncbi.nlm.nih.gov/tools/cobalt/) [20].

Results and discussion

Carbohydrate-binding properties of type 2 RIPs B-chain
and lectins from S. nigra

To corroborate the biological activity of the different S. nigra
lectins and B-chains of type 2 RIPs, detailed carbohydrate-
binding studies were performed using a screening of the
lectins on a glycan array. As shown in Fig. 1, all S. nigra
proteins exhibited a strong reaction towards a well-defined set
of carbohydrates/glycans of the glycan array. For each analy-
sis the 30 most reactive glycans were analyzed in detail to
determine the preferred glycan motifs for each protein
(Table 2).

The glycan array result for SNA-I (Fig. 1a) showed strong
binding to Neu5Ac(α2-6)Gal/GalNAc, which is in agree-
ment with previous reported publications [2]. All strongly
interacting glycans contain at least one terminal sialic acid
residue bound in the α2-6 linkage. Recent reports also
showed a comparative analysis of SNA-I and several sialic
acid binding proteins using a specific array containing
sialylated glycans [21–23]. These data also clearly indicated
that SNA-I is unique with respect to its carbohydrate-binding
properties. SNA-I showed stronger binding to 2-keto-3-de-
oxy-D-glycero-D-galactononic acid (Kdn) and Kdn deriva-
tives than the derivatives of more common Neu5Ac and
Neu5Gc [22]. Of all Sambucus nigra lectins under study
SNA-I showed the strongest binding to the glycan array which
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is in agreement with its very strong interaction with cells and
glycoproteins.

In contrast to SNA-I none of the other S. nigra lectins
tested exhibited any preference for sialic acid containing gly-
cans. SNA-II, SNA-IV and SNA-Vall clearly interacted with
Gal/GalNAc containing glycans as well as with the single
GalNAc residue. In the case of SNA-II and SNA-Vall reactive
glycans possess a terminal Gal or GalNAc residue, but sub-
stitution with (α1-2)Fuc is tolerated. Unlike SNA-II and SNA-
V, SNA-IV also recognizes Gal residues in sialylated complex
glycans. This sialic acid residue can occur in the α2-6 as well
as α2-3 linkage. Furthermore, SNA-IV is the only protein
tested that reacted with N-glycolylneuraminic acid

(Neu5Gc) (α2-6)-linked to GalNAc [NeuGc(α2-6)GalNAc].
Although Gal and Neu5Gc are also present on the array they
do not show up as interactors with any of the lectins under
study.

Though the glycan array analyses of SNA-I, SNA-II, SNA-
IV and SNA-V revealed previously unknown carbohydrate-
binding properties there was no conflict with the “old” results
based on hapten-inhibition assays. In contrast, analysis of
SNLRP on the glycan array revealed that this protein can no
longer be considered a “carbohydrate-binding-defective lectin
related protein” since it strongly interacts with GlcNAc-
oligomers (pentamer, hexamer, trimer with decreasing affini-
ty) as well as with many glycan structures containing GlcNAc
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Fig. 1 Glycan array analysis of
type 2 RIPs and lectins from
S. nigra. The Consortium for
Functional Glycomics website
(http://www.functionalglycomic.
org) supports the complete raw
data for all the proteins. Sugar
code used: green circles represent
mannose residues; yellow circles
and squares indicate galactose
and N-Acetylgalactosamine
residues, respectively; blue
squares indicate GlcNAc
residues, red triangles show
fucose, purple diamonds indicate
NeuAc and white diamonds
indicate NeuGc
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residues substituted with Gal residues. Taken into account that
SNLRP reacts with GlcNAc oligomers as well as both high
mannose and complex N-glycans it seems likely that SNLRP
reacts with the core structure of N-glycans. Apparently the
protein does not require oligomers of GlcNAc since also
glycan structures containing a single GlcNAc residue (e.g.
Galβ1-4GlcNAc) are recognized. However, the monomeric
GlcNAc was not reactive on the array.

A comparison of the glycans reacting with SNA-I, SNA-IV
and SNLRP revealed that they all interact preferentially with
type-2 lactosamine structures (Galβ1-4GlcNAc) (Table 2),
located internally or at the terminal branches of the glycans,
some of which are also sialylated. These glycan motifs are
responsible for blood group determination, cell-cell recogni-
tion and adhesion processes in the higher animals [24].

Based on the results of the glycan array results and in
particular on the top 30 most reactive glycans the Sambucus
lectins can be divided into three specificity groups (Table 2).
The first group comprises the lectins that recognize Gal/
GalNAc containing glycans, being SNA-II, SNA-V and
SNA-IV. SNA-I forms the second group and specifically
reacts with glycans containing terminal sialic acid residues
(α2-6) linked to Gal/GalNAc. Finally, SNLRP can be consid-
ered a GlcNAc binding lectin, representing a third specificity
group.

Two other S. nigra lectins, which have been isolated in the
past (namely SNA-III and SNA-I’) were not analyzed on the

glycan microarrays because the purified proteins were no
longer available. However, the results of preliminary specific-
ity studies indicate that the specificity of SNA-III is similar to
that of SNA-IV whereas SNA-I’ exhibits the same exclusive
specificity towards Neu5Ac(α2-6)Gal/GalNAc as SNA-I.

Carbohydrate-binding sites within the ricin B domain

Lectins of the ricin B-chain type consist of two β-trefoil
domains, which are binding domains found in various kinds
of proteins and show a pseudo threefold symmetry formed by
an α, β and γ-subdomain. It is commonly accepted that
triplication of an ancestral gene [25] encoding a conserved
amino acid sequence gave rise to the β-trefoil domains com-
posing the ricin B-chain [26, 27]. The specific amino acid
residues that form the actual sugar-binding site in ricin have
been determined by cocrystalization of ricin with several
carbohydrate and glycan structures [28]. It has been reported
that both theα-subdomain of the firstβ-trefoil domain and the
γ-subdomain of the second domain can interact with glycans.
No interaction with carbohydrate molecules has been shown
for the β-subdomain of the β-trefoil [29].

Sequence alignment of the full-length amino acid se-
quences deduced from the cDNA clones encoding lectins
and the B-chains of the type 2 RIPs from S. nigra revealed a
considerable degree of sequence conservation. Furthermore
alignment with the ricin sequence also enabled a comparative

Table 2 Glycan array data analysis. Top three glycan motifs that reacted with S. nigra type 2 RIPs and lectins
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analysis of the amino acid residues in the carbohydrate bind-
ing sites (Fig. 2, Table 3).

Three out of five residues (corresponding to Asp15, Gln27
and Gln40 in ricin) forming the carbohydrate binding site in
the α-subdomain of the β-trefoil of ricin are conserved be-
tween ricin and all Sambucus lectins under study. Trp residue
29 in the first binding site of ricin is also present in the Gal/
GalNAc binding proteins SNA-II, SNA-IV and SNA-V but
has been replaced by an Arg residue in SNA-I and a Leu in
SNLRP (Table 3). In addition, residue Asn39 of the ricin
binding site was replaced in SNLRP, but was conserved in
all other Sambucus proteins.

Similarly three out of five amino acids (Ile238, Asn248 and
Gln249 in ricin) in the carbohydrate binding site of the γ-
subdomain of the β-trefoil of ricin are conserved among all
sequences shown in Fig. 2. Asp227 from ricin is also present
in all Sambucus lectins, except for SNLRPwhere it is replaced
by a Glu residue. Tyr241 is conserved between ricin, SNA-I
and SNLRP, but was replaced by a Phe residue in the Gal/
GalNAc binding proteins SNA-II, SNA-IV and SNA-V.

At present SNA-II is the only lectin from S. nigra for which
information with respect to its three-dimensional structure is
available. In 2009 Maveyraud et al. [14] reported the X-ray
structure of SNA-II in complex with Gal and five Gal-related
saccharides (GalNAc, lactose, alpha1-methylgalactose, fucose,
and the carcinoma-specific Tn antigen) at 1.55 Å. These struc-
tural data confirm that the Gal/GalNAc-binding residues of
SNA-II are present around the conserved Asp16 in subdomain
I α and Asp227 in subdomain II γ. Three-dimensional struc-
tures have also been reported for the SNA-Vortholog found in
S. ebulus (called ebulin-I) [30]. The structures of both SNA-II
and the B-chain of ebulin-I appear to be identical.

At present no structural data are available for SNA-I.
However, based on the results of mutational analysis of
SSA-I (the SNA-I ortholog from S. sieboldiana), which shares
94 % sequence identity with SNA-I and exhibits the same
specificity) it was concluded that Ser197, Ala 233 and Gln234
in the B-chain of SSA-I are crucial for binding to the
Neu5Ac(α2-6)Gal/GalNAc sequences [31]. If so, one has to
conclude that this binding site is not confined to the γ-
subdomain of the second ricin domain but covers also (part
of) the β-subdomain (harboring Ser197). Though the conclu-
sions drawn for SSA are supported by the presence of the very
same amino acid residues in the sequence of the B-chain of
SNA-I (being Ser197, Ala233 and Gln234) they are
contradicted by the fact that in SNA-I’, which binds
Neu5Ac(α2-6)Gal/GalNAc almost equally well as SNA-I
[32], the presumed critical residues Ser197 and Ala233 are
replaced by an Asn and Asp residue, respectively. Irrespective
of these contradictory results the Neu5Ac(α2-6)Gal/GalNAc
binding site can be localized with certainty at the C-terminus
of the B-chain because it has been demonstrated that a 22 kDa
polypeptide corresponding to the C-terminal part of the B-

chain exhibits the same binding properties as the parent type 2
RIP [10].

At present only few sialic acid binding lectins of plant origin
have been reported. A ricin-like lectin specific for glycans
terminating with the sequence Neu5Ac(α2-6)Gal was also
purified from the fruiting bodies of Polyporus squamosus [33,
34]. Similar to SSA-I a Serine residue was shown to be a key
residue for the interaction between the lectin and the Neu5Ac
residue. Interestingly a novel sialic acid binding lectin was
created from a naturally occurring Gal binding ricin-like lectin
designated EW29Ch (C-terminal domain of earthworm 29-kDa
lectin). Using random mutagenesis by error-prone PCR the
lactose binding pocket of the scaffold protein EW29Ch was
modified into an extended binding site for α2-6 sialic acid,
confirming the close relationship between Gal binding and
sialic acid binding lectin of the ricin type [35].

Another interesting observation from the glycan array data
is that the different Sambucus lectins react with sulfated gly-
cans, mainly 6-O-sulfated galactoses. Recently a few papers
have shown that some basic amino acids in the ricin-like
lectins are crucial for the recognition of 6-O-sulfated glycans.
Wang et al. [36] have shown that modification of the terminal
Galβ has a significant effect on the interaction with the
Ricinus communis agglutinin 120, RCA120. Sulfation at the
6-O- or 2-O- positions of the terminal Galβ enhanced the
binding activity of RCA120 whereas sulfation at the 4-O-
position abolished the activity when compared with the non-
sulfated residues. Similarly, Hu et al. [37] have shown that
mutants of EW29Ch in which a Glu residue at position 20 was
replaced by an Arg or Lys residue acquired the ability to
recognize 6-O-sulfated galactose. Sequence alignment of all
Sambucus lectin sequences (Fig. 2) indicated that basic amino
acids (Arg or Lys, corresponding to Arg17 in ricin) are present
in subdomain Iα of all Sambucus lectins under study. In
addition, these basic residues are also present in subdomain
II γ of most Sambucus lectins (except SNA-I, SNA-I’ and
SSA). These data are in good agreement with the observation
that all Sambucus lectins analysed on the glycan array reacted
with sulfated glycans. SNA-I, SNA-II, SNA-IV and SNA-V
showed good interaction with 6-O-sulfated galactose residues
whereas SNLRP showed interaction with 6-O- sulfated, 4-O-
sulfated as well as 3-O-sulfated galactoses.

The complex mixture of type 2 RIP and related lectins covers
an unsually broad and unique range of carbohydrate-binding
specificities

Though the occurrence of multiple type 2 RIP genes within a
single plant species is the rule rather than the exception the
RIP/lectin family in elderberry species seems to be unique for
several reasons. First, even in the absence of a completed
genome sequence the total number of documented protein
and cDNA sequences of S. nigra exceeds that found in any
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Fig. 2 Sequence alignment of the
B-chains of the S. nigra type 2
RIP/lectins and ricin. ‘*’ Means
that the amino acids are identical
in all sequences; ‘:’ means
conserved conversions
(amino acids with the same shape,
charge and other properties),
and ‘.’ semi-conserved
substitutions (properties not the
same but still similar). Amino
acid residues forming the binding
sites in ricin are shown in green;
Amino acid residues replaced in
SNA-I by site-directed
mutagenesis to mimic the
conversion of the highly active
B-chain of SNA into the
completely inactive B-chain of
SNLRP are shown in purple;
Residues reported to be critical for
the binding to the sialic acid in
Neu5A(α2-6)Gal/GalNAc
sequence of 2-6-sialyllactose
(according to Kaku et al. [31]) are
indicated in blue. Basic residues
for 6S-Gal binding according to
Hu et al. [37] are highlighted in
yellow. Cys residue involved
disulphide bridges are shown in
bold. Homologous subdomains
(α, β, γ) are indicated by arrows

Table 3 Comparative analysis of
the residues forming the
carbohydrate binding sites of ricin
and the type 2 RIP B-chains and
lectins from S. nigra

RIP - B chain/lectin Subdomain- Iα Subdomain - IIγ

SNA-I Asp26, Gln39, Arg41, Asn48, Gln49 Asp231, Ile243, Tyr245, Asn252, Gln253

SNLRP Asp23, Gln36, Leu38, Ser45, Gln46 Glu230, Ile242, Tyr244, Asn251, Gln252

SNA-II Asp16, Gln29, Trp31, Asn38, Gln39 Asp227, Ile239, Phe241, Asn248, Gln249

SNA-V Asp24, Gln37, Trp39, Asn46, Gln47 Asp235, Ile247, Phe249, Asn256, Gln257

SNA-IV Asp18, Gln31, Trp33, Asn40, Gln41 Asp229, Ile241, Phe243, Asn250, Gln251

Ricin Asp15, Gln27, Trp29, Asn39, Gln40 Asp227, Ile238, Tyr241, Asn248, Gln249
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other species. Secondly, S. nigra is the only species identified
thus far in which both type 2 RIPs and lectins built up of
subunits sharing a very high sequence identity with the B-
chain of the type RIP have been identified. Third, the docu-
mented range of carbohydrate-binding specificities covered
by the mixture of S. nigra RIP/lectins is much broader than
that of any set of type 2 RIPs from any other species (e.g.
Ricinus communis, Viscum album). This taken together with
the availability of ample sequence information and detailed
specificity analyses using glycan microarrays raised the ques-
tion how evolution of a gene family within a single species
eventually resulted in a battery of proteins capable of
interacting with an extended range of carbohydrate structures.

Sequence alignments revealed a high degree of sequence
identity between the B-chains of the different elderberry RIP/
lectins leaving no doubt that they are all members of a single
protein family. Moreover, the elderberry proteins share also a
high sequence identity with ricin, and according to X-ray
crystallographic studies and molecular modelling have a near-
ly identical overall fold. Accordingly, the very detailed infor-
mation at the atomic level of the structure of the carbohydrate-
binding sites in ricin was exploited to explain and interpret the
results of the specificity studies of the elderberry lectins ob-
tained by hapten inhibition assays. Though this approach was
perfectly applicable to the Gal/GalNAc-binding properties of
e.g. SNA-II, SNA-IV, SNA-V and ebulin-I, as well as for the
apparent lack of sugar-binding activity of SNLRP it failed to
explain the Neu5Ac(α2-6)Gal/GalNAc binding properties of
SNA-I and SSA-I. Moreover, the introduction of the highly
performing glycan microarray technique revealed that the spec-
ificity of ricin is not primarily directed against Gal or
GalNAc but against more complex glycan structures, which
implies that the fine specificity (especially in terms of recog-
nition of complex glycans) of ricin homologs can hardly been
inferred from the conservation of the “canonical” residues
occurring in the two binding sites of the ricin-B-chain. This
limitation is clearly illustrated by the differences in specificity
between SNA-II/SNA-V and SNA-IV. Though these proteins
share all “canonical” amino acid residues in both the α-
subdomain of the first β-trefoil domain and the γ-
subdomain of the second domain SNA-IV is capable of
interacting with Gal residues in sialylated complex glycans
and [NeuGc(α2-6)GalNAc], whereas SNA-II/SNA-V is not.
Most probably these obvious differences in specificity rely on
differences in the amino acid sequence in the respective γ-
subdomains of the second domain.

SNLRP represents another example of the limitations in-
herent to predictions made on the basis of the presence/
absence of presumed critical residues in the binding sites.
Molecular modelling and docking studies with Gal and
GalNAc confirmed that the presumed inactive B-chain of this
type-2 RIP possessed only defective binding sites [11].
However, glycan microarray analysis revealed that SNLRP

strongly interacts with GlcNAc-oligomers as well as with the
core structure of N-glycans, and accordingly should be con-
sidered a genuine lectin with a specificity unprecedented
among type 2 RIPs.

Since it is evident that the carbohydrate-binding properties
of the different elderberry lectins are determined by the atomic
structure of the binding sites and thus eventually rely on the
amino acid sequence of the B-chains it seemed worthwhile to
check whether and if so to what extent differences in speci-
ficity are reflected in the overall phylogeny of the RIP/lectin
family. Analyses of the B-chain of the S. nigra type 2 RIPs and
lectins allowed to investigate the sequence similarity and
evolutionary relationships between the proteins under study.
Furthermore it allowed checking whether the grouping of the
Sambucus lectins in different clades could also be correlated
with their carbohydrate-binding properties. Therefore, a phy-
logenetic tree was built of the sequences of the S. nigra RIP/
lectins. Besides the RIP/lectins discussed here a few more
Sambucus type-2 RIPs as well as ricin were included. As
shown in Fig. 3 the dendrogram yields two major clades for
the Sambucus protein. The first clade groups the Gal/GalNAc
specific binding lectins SNA-V and SNA-IV whereas the
second comprises SNA-I, SNA-Im (an inactive mutant of
SNA-I in which two amino acid residues were replaced
[38]), SSA-I, SNA-I’ (a paralog of SNA-I missing the Cys
residue involved in the inter-protomer disulfide bond forma-
tion [32]) and SNLRP [11]. Ricin forms a separate branch.

Two major conclusions can be drawn from the dendro-
gram. First, there is no straight forward relationship between
sequence identity/similarity and carbohydrate-binding speci-
ficity. This can easily be explained by the fact that replacement
of one or two amino acids within a binding site can profoundly
alter the activity and specificity of a lectin but has little
consequences for its phylogeny, as is illustrated by SNA-I/
SNA-Im. Secondly, the sequence of the B-chain of ricin forms
a separate branch indicating that all elderberry sequences

SNA-IV

SNA-V

Ebulin

SNA-I

SNA-Im

SSA-I

SNLRP

SNA-I’

Ricin

Gal/GalNAc, Neu5Gc(α2-6)GalNAc

Gal/GalNAc

Gal/GalNAc

Neu5Ac(α2-6)GalNAc

Neu5Ac(α2-6)GalNAc

GlcNAc-oligomers

Neu5Ac(α2-6)GalNAc

Gal/GalNAc

Fig. 3 Phylogenetic tree of sequences encoding type 2 RIPs and lectins
from S. nigra and ricin. The dendrogram was made by using constraint-
based alignment tool (COBALT). Accession numbers: Ricin
(XP_002534649.1), SNA-I (U27122), SNA-I’ (U66191), SNA-II
(U41299), SNA-IV (U76523), SNA-V (U41299), SNLRP (U58357),
SSA-I (D25317), Ebulin (AJ400822)
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represent a monophyletic group and thus evolved from a
single ancestral gene through multiple gene duplication
events. It is most likely that gene duplication and/or excision
events have occurred in the ancestral lectin gene. In addition
amino acid changes in the carbohydrate binding sites resulted
in differences in the carbohydrate-binding specificity for the
different Sambucus lectins [39, 40]. Our data also agree with
the hypothesis that sialic acid binding lectins have emerged
during evolution from the Gal binding lectins, as evidenced by
the fact that some trace features of Gal recognition still remain
in the sialic acid binding lectins such as SNA-I [35].

Since no complete genome sequences are available the
exact composition of the S. nigra RIP/lectin gene family
cannot be determined yet. However, cDNA sequencing re-
vealed that most -if not all- of the currently identified genes
occur in multiple copies, and provided also indications for the
occurrence of RIPs and lectins that have not been identified
yet. Though only a preliminary analysis can be made of the
phylogeny and the evolution it seems likely that (as was
suggested previously by Kaku et al. [31]) a gene encoding a
Gal/GalNAc-binding lectin was at the basis of the current
elderberry RIP/lectin gene family. Genome and transcriptome
sequencing programs provided evidence for the occurrence of
(extended) type-2 RIP gene families in other species (e.g.
Ricinus communis, Viscum album). However, the range of
carbohydrate-binding specificites covered by the whole set
of type-2 RIP and related lectins is apparently far more narrow
than in elderberry.

Evidently, the simultaneous occurrence of large amounts of
three different type 2 RIPs raises the question of the physio-
logical importance of these proteins for elderberry. At present,
one can only speculate about the evolutionary advantage of
possessing such a mixture of carbohydrate-binding proteins.
Most likely, a synergistic effect between the different RIP/
lectins eventually results in an increased resistance to phy-
tophagous insects and/or herbivorous animals. Indeed, over
the years several experiments have shown that several RIPs
and lectins from S. nigra play an important role in plant
defense against pathogens [41] and insects [42, 43], or show
a more or less selective cytotoxicity towards tumor cells [44].
Mutational analysis with SNA-I have shown that especially
the B-chain of the protein, and thus the carbohydrate binding
properties of the protein play an important role in the toxicity
to cells and organisms. The variety of glycan-binding speci-
ficities from B-chains of type 2 RIPs and lectins from S. nigra
indicates that they will play an important role in the protein-
carbohydrate recognition taken place at the surface of cells.
For instance first evidence already showed interaction of
different Sambucus lectins with insect and animal cells [45,
46] and proved the importance of the carbohydrate binding
activity in the interaction with the cell surface [42, C. Shang,
unpublished data]. More research is needed to identify the
interacting proteins for the Sambucus lectins on the cell and

unravel how the lectins are internalized. Surely, a better
knowledge of the glycans interacting with the proteins will
enable to decipher the biological activity of these proteins and
will contribute to future applications of the lectins in
glycoconjugate research.
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