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ABSTRACT Ebulin l is a type-II ribosome-
inactivating protein (RIP) isolated from the leaves
of Sambucus ebulus L. As with other type-II RIP,
ebulin is a disulfide-linked heterodimer composed
of a toxic A chain and a galactoside-specific lectin B
chain. A normal level of ribosome-inactivating N-
glycosidase activity, characteristic of the A chain of
type-II RIP, has been demonstrated for ebulin l.
However, ebulin is considered a nontoxic type-II
RIP due to a reduced cytotoxicity on whole cells and
animals as compared with other toxic type-II RIP
like ricin. The molecular cloning, amino acid se-
quence, and the crystal structure of ebulin l are
presented and compared with ricin. Ebulin l is
shown to bind an A-chain substrate analogue, pte-
roic acid, in the same manner as ricin. The galacto-
side-binding ability of ebulin l is demonstrated crys-
tallographically with a complex of the B chain with
galactose and with lactose. The negligible cytotoxic-
ity of ebulin l is apparently due to a reduced affinity
for galactosides. An altered mode of galactoside
binding in the 2g subdomain of the lectin B chain
primarily causes the reduced affinity. Proteins 2001;
43:319–326. © 2001 Wiley-Liss, Inc.
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INTRODUCTION

Ribosome-inactivating proteins (RIP) are a well-charac-
terized and ever-expanding class of proteins.1–4 RIP from
higher plants are divided into two classes. Type I RIP are
single-chain toxins with N-glycosidase activity; they depuri-
nate a specific adenine of ribosomal RNA essential for
binding elongation factors.5 Type-II RIP consist of an A
chain with N-glycosidase activity and a galactoside-
binding lectin B chain. The two chains are disulfide-linked
to form a heterodimer with the ability to bind and enter
cells. Upon delivery to the cytosol, the toxic moiety inacti-
vates ribosomes, killing the cell. Whereas the A chain is
responsible for the ribosome-inactivating activity, the B
chain is responsible for attaching the toxin to cell surface
galactosides and facilitating delivery to the cytosol. Both
chains are required for maximum cytotoxicity.

Ricin, a 65-kD type-II RIP from Ricinus communis, is
the archetype of the protein family. The structure, biochem-
istry, and cytotoxicity of ricin have been thoroughly exam-
ined and reviewed.6,7 The key residues of the ricin A chain

(RTA) binding cleft have been identified, and a mechanism
for the N-glycosidase activity has been described. Several
substrate analogues have been bound to the active site
cleft and their interactions viewed by crystallographic
methods.8,9

The structure of ricin B chain (RTB) clearly revealed the
mode of galactoside binding inherent in RIP B chains. The
B chain has two distinct structural domains. Each of these
domains contains three homologous subdomains desig-
nated a, b, and g.10 Only two of these subdomains, 1a and
2g, have shown galactoside-binding by crystallographic
methods with ricin. Based on these two sites, three struc-
tural criteria for galactoside-binding have been proposed:
an aromatic residue for stacking interaction with the
nonpolar face of the galactose ring, a carboxylate for
hydrogen bonding with galactose hydroxyls at positions 3
and 4, and a three residue kink in the polypeptide back-
bone that interacts with the polar face of the galactose
ring.11 The remaining four subdomains of RTB (1b, 1g, 2a,
and 2b) showed no bound galactosides, and each lacked at
least one of the three structural elements described above.

Ebulin l is a 56-kD type-II RIP isolated from the leaves
of Sambucus ebulus, commonly known as the dwarf el-
der.12 Previous experiments have shown ebulin l A chain
inactivates naked ribosomes with the same efficiency
displayed by ricin.12,13 Ebulin l is known to agglutinate
red blood cells and is purified by binding to a galactoside
affinity column.12 However, ebulin l is ;300-fold less toxic
to whole cells than is ricin, and is thus considered a
nontoxic RIP. This raises the question of why ebulin l has
such reduced cytotoxicity.

The molecular cloning, amino acid sequence, and crystal
structure of ebulin l are presented here, and compared
with ricin. Ebulin l A chain is shown binding to pteroic acid
(PTA) in the same manner as ricin, confirming that ebulin
l has a functional A chain. Crystal complexes of ebulin l
with galactose and with lactose demonstrate the mode of
galactoside binding for ebulin in sites 1a and 2g. Ebulin l is
shown to bind to an a-D-lactose-agarose matrix with less
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affinity than ricin. The reduced cytotoxicity of ebulin is due
to an impaired affinity for galactosides, caused by slight
alterations in the 2g subdomain of the B chain of the toxin.

MATERIALS AND METHODS
DNA Sequencing

DNA sequencing was carried out on the Aby Prism 377
automatic sequencer (PerkinElmer) at the Servicio de
Secuenciación Automatica de DNA (Centro de Investigacio-
nes Biológicas, Madrid, Spain). The sequence reactions
were performed with the Big-dye kit (PerkinElmer) using
the pCR2.1 plasmid and the M13 and M13R universal
primers, according to the manufacturer’s recommenda-
tions.

Synthesis of cDNA

Dwarf elder (Sambucus ebulus L.) young leaves from
early summer were collected and immediately dropped
into liquid nitrogen and stored until use. Total RNA was
isolated by the guanidinium isothiocyanate method,14 and
poly(A)-rich RNA was purified by oligo-d(T) column chro-
matography. Poly(A)-rich RNA (0.2 mg) was reverse tran-
scribed using the synthetic oligonucleotide J1 (59CGTCTA-
GAGTCGACTAGTGC(T)2039) in a reaction mixture
containing in 20 ml: 1 mM of each dNTP, 5 mM MgCl2, 50
mM KCl, 20 mM Tris-HCl (pH 8.4), and 20 U of pMulV
reverse transcriptase (PerkinElmer). The reaction mix-
ture was incubated for 16 min at 23°C (room temperature),
then for 20 min at 42°C, and finally 5 min at 99°C.

PCR Amplification of cDNA

For polymerase chain reaction (PCR) amplification, two
oligonucleotide primers were synthesized—sense A1
(59AATTTGGCGGGTGCCAARWSIAC39), and antisense
J2 (59CGTCTAGAGTCGACTAGTGC39). A1 was synthe-
sized based on the N-terminal amino acid sequence of
ebulin l.12 In this investigation, 2ml of the above-synthe-
sized cDNA was amplified by PCR (95°C 30 s, 50°C 1 min
30 s, 72°C 2 min, for 40 cycles) in the presence of primers
A1 and J2. The amplified DNA product was purified by the
High Pure PCR Product Purification kit (Boehringer-
Mannheim), cloned into the pCR2.1 vector (Original TA
cloning kit, Invitrogen) and sequenced in both directions.

Full-length cDNA was obtained by the 59RACE system
from Gibco-BRL (59RACE system for rapid amplification of
cDNA ends, version 2.0). First-strand cDNA was synthe-
sized from 0.2mg poly(A1) RNA using a gene-specific
primer B3 (59GATGACGATCAGATCCTTGGAGAC39). Af-
ter first-strand cDNA synthesis, the original mRNA tem-
plate is removed by treatment with a RNase Mix (mixture
of RNase H and RNase T1 from Gibco-BRL). Unincorpo-
rated dNTP, primer, and proteins were separated from
cDNA using a Glassmax spin cartridge (Gibco-BRL). A
homopolymeric tail was then added to the 39end of the
cDNA using terminal transferase enzyme (TdT) and dCTP.
PCR amplification is accomplished using 2.5 U of Amplitaq
DNA polymerase (Perkin–Elmer, Branchburg, NJ), a
nested gene-specific primer B2 (59GTTCGATAGACTC-
CCTCC39) that anneals to a site located within the cDNA

molecule, and a deoxyinosine-containing anchor primer
AAP (59GGCCACGCGTCGACTAGTACGGGIIGGGII-
GGGIIG39) provided with the AAP System (Abridged
Anchor Primer, Gibco-BRL).

The primary PCR product was reamplified using a
gene-specific primer B1 (59AGATAACGTATGTTGCGTG-
GTGC39) and the abridge universal primer AUAP (59GGC-
CACGCGTCGACTAGTAC39) provided with the AUAP
System (Abridged Anchor Primer, Gibco-BRL). 59RACE
product was cloned into pCR2.1 vector (Invitrogen) and
then sequenced.

cDNA Cloning

The cDNA from ebulin l mRNA was cloned using the
39RACE technique with a strategy similar to that used by
Wu et al.15 A degenerated primer specific for the N-
terminal stretch of ebulin A chain (primer A1) and an
unspecific primer for binding to the poly(A) tail (primer J1)
were constructed. This permitted amplification of a cDNA
fragment that contained most of the ebulin sequence (A
chain, B chain, and 39UTR). The leader and the 59UTR
sequences were determined by 59RACE technique as fol-
lows.16 A first copy of cDNA was obtained by RT using a
specific primer from a well-known internal sequence of the
B chain. Next a poly(C) tail was added to the 59 of this
cDNA, which enabled the binding of commercial primers
AAP and AUAP. Then, two amplifications were carried
out: one with the sense primer AAP and the antisense
primer B2 and the other one with the sense AUAP and the
antisense B1. Two fragments of cDNA were obtained
containing both the leader and the 59UTR sequences. Such
fragments overlapped with the cDNA sequence obtained
by mean 39RACE technique.

Crystallization

Ebulin l was purified as previously reported.12 Lyophi-
lized protein was suspended in 10 mM Tris-HCl (pH 7.5) at
concentrations ranging from 3 to 15 mg/ml. Hampton’s
Crystal Screen I (Hampton Research, Laguna Niguel, CA)
yielded suitable leads for diffraction-quality crystals. The
final crystallization conditions of the two crystal forms
used in structure determination are as follows: (1) 1.0 M
Li2SO4, 2% PEG 8000, 100 mM Tris-HCl pH 8.5:10–15
mg/ml protein, 4°C (orthorhombic); and (2) 1.1 M Na,K
tartrate, 100 mM Hepes pH 7.5:3 mg/ml protein, 25°C
(trigonal). Both orthorhombic and trigonal crystal forms
were grown by hanging drop vapor diffusion (1:1, precipi-
tating solution to protein). Trigonal crystals were exposed
to the following compounds by adding each compound to a
volume of artificial mother liquor in which the crystal was
soaked in (1) 2 mM lactose for 3 days; (2) 2 mM galactose
for 3 days; and (3) a saturated solution of pteroic acid for 5
days.

Data Collection and Reduction

Crystals were exposed to X-rays from a Rigaku RU200
rotating anode generator operated at 50 kV and 100 mA.
Data were collected on a Rigaku Raxis IV image plate
detector (Molecular Structure Corporation, Woodlands,
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TX). Orthorhombic crystals were capillary-mounted and
X-rayed at room temperature. Trigonal crystals were
transferred briefly (,1 s) to a 1:1 solution of artificial
mother liquor to 60% glycerol and then immediately into
liquid nitrogen. The cryo-cooled trigonal crystals were
maintained at 2120°C during data collection. The HKL
suite17 was used to index and reduce the data. The two
crystal forms were determined to belong to the orthorhom-
bic space group P212121 and the trigonal space group
P3221 or P3121, respectively. Data from three orthorhom-
bic crystals were merged into a single native data set.

Molecular Replacement, Model Building, and
Refinement

Molecular replacement was carried out with the orthor-
hombic native data and with ricin as a model18 (PDB
2AAI) using X-PLOR.19 The highest peak from the rota-
tion search was 4.0s above the mean; the next highest
being 3.3s above the mean. The Patterson correlation
coefficient of the highest peak was 2.5 times larger than
the next highest peak. The highest peak from the transla-
tion search was 8.3s above the mean, and the next highest
peak was only 4.8s above the mean. At this point, all
residues in the ricin model were mutated to alanine,
except conserved residues that were strongly represented
in electron-density maps. The ebulin l sequence was added
through successive rounds of model refinement and rebuild-
ing. Loops with residues inserted or deleted were adjusted
as polyalanines until side-chain electron density was
apparent. Two types of weighting schemes were used to
alleviate model bias in 2Fo–Fc electron-density maps:
SIGMAA from the CCP4 suite20 and LBEST.21,22 Model
coordinates and density maps were visualized on a Silicon
Graphics Indy using O.23 X-PLOR24–26 was used to per-
form simulated-annealing model refinement, bulk solvent
data correction, and selection of ordered water molecules.
Later rounds of refinement included cycles of PROTIN and
REFMAC from CCP4.27

The refined orthorhombic model was used as the search
model for a molecular replacement search of the trigonal
ebulin–lactose data, using EPMR (Agouron Pharmaceuti-
cals, La Jolla, CA). A clear solution (0.643 correlation
coefficient, 0.392 R) was found when performing the search
in space group P3221, indicating that to be the correct
enantiomorphic space group. X-PLOR maps28,29 of the
type Fo–Fc and 2Fo–Fc with free R cross-validated
SigmaA weighting were most helpful in determining
structural changes in the trigonal crystal form and in
locating bound lactose, galactose, and pteroic acid. The
geometric and stereochemical quality of the models was
assessed using PROCHECK.30

a-D-Lactose-Agarose Affinity Columns

Ricin and ebulin were tested for their relative binding
affinity to a-D-lactose conjugated to agarose beads (Sigma).
A laboratory supply of ricin from plant seeds was used.18

Both toxins were exhaustively dialyzed into phosphate-
buffered saline (PBS), and then 1 ml of each protein (;0.5
mg/ml) was loaded onto separate 1-ml a-D-lactose-agarose

columns. Each column was then washed with three-
column volumes of PBS. D-Galactose was used to elute
bound protein by competition with the galactose moiety of
a-D-lactose; 2-ml volumes of PBS containing increasing
levels of D-galactose (2.5–900 mM) were applied to the
column in a step gradient. The binding/washing eluate and
each of the eluting steps were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
The bands from SDS-PAGE were digitized and then
integrated using ImageJ (Wayne Rasband, NIH).

RESULTS AND DISCUSSION

The cDNA for ebulin l contains a 1,692-bp open reading
frame (ORF) encoding a polypeptide of 564 amino acids,
with one possible initiation codon at position 225 of the
processed expressed amino acid sequence. The gene se-
quence has been deposited in the EMBL Nucleotide Se-
quence Database, accession number AJ400822. Hydrolytic
processing of the signal peptide between residues 21 and 1
results in a polypeptide of 539 amino acids that contains
the N-terminal amino acid sequence12 of both the A and B
chains of ebulin l. Additional processing removes the
linker peptide and generates the two disulfide-linked
ebulin chains. A comparison of the amino acid sequence of
ebulin with ricin (Fig. 1) indicates the A chains share 34%
amino acid identity and the B chains share 48% identity.

Table I summarizes crystallographic data collected for
the two forms of ebulin. Table II summarizes the refine-
ment data for both the orthorhombic and trigonal models
of ebulin. Figure 2 exhibits representative electron density
for a section of the 2.8-Å electron-density map for the A
chain of the trigonal form.

The two refined models have very similar folding, but
there are significant structural differences between the
orthorhombic and trigonal forms. The orientation for
residues A147–A149, B156–B160, and B239–B243 is dif-
ferent for the two crystal forms. In the orthorhombic
model, B-chain residues 156–160 and 239–243 contact
residues A147–A149 of a neighboring molecule. The root-
mean-square deviation (RMSD) for all Ca atoms is 0.96 Å,
but excluding the above-mentioned lattice contact areas,
where Ca atoms differ in positioning by as much as 6 Å, the
RMSD for the remaining Ca atoms is 0.64 Å. Lattice
contacts with these B-chain residues of the orthorhombic
crystal form distort sugar-binding subdomain 2g. There-
fore, the trigonal crystals, lacking this symmetry contact,
are the better choice for examining sugar binding.

Figure 3 is a ribbon drawing of the backbone for the
ebulin heterodimer solved from the trigonal crystal data.
Ebulin has essentially the same secondary and tertiary
structure as ricin. To illustrate this, Figure 4 shows a
least-squares superposition of the trigonal ebulin model
and ricin. Both A and B chains are clearly homologues. The
RMSD of the Ca for the A chains is 1.51 Å and 1.36 Å for
the two B chains.

Although the ricin A chain is slightly larger than the
ebulin A chain (267 residues versus 253), there are no
major structural differences. The ebulin A model has two
sizeable deletions, compared with ricin A, which accounts
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for most of the size discrepancy. One deletion is a surface
loop that is 7 residues shorter in ebulin A, equivalent to
the loss of ricin A chain residues 155–161. The other is also
a surface loop that is shortened four residues in ebulin,
corresponding to ricin residues 97–100. The positions of
these two loops are indicated in Figure 4. Two other areas
of ebulin A chain have notable deviations in the polypep-
tide chain compared with RTA. Both arise from ebulin
inserting two residues. Ebulin residues 209 and 210 are
inserted in a surface loop. Residues 239 and 240 extend an
a-helical region of ricin (residues 245–248) by two resi-
dues.

Ebulin has roughly the same positioning of key active
site residues as the ricin A chain. One exception is that the
side-chain of the Tyr 77 (Tyr 80 in RTA) of ebulin is rotated
out of the binding site pocket, in an orientation more
similar to that seen in PAP, a type I RIP.31 The mode of
substrate binding for the active site of ricin has been
established by analyzing complexes with the substrate

analogue FMP8 and the inhibitor PTA.9 We soaked PTA
into the trigonal ebulin crystals and found it binds in the
same manner as for ricin (Fig. 5). The pterin ring stacks
with the side-chain of Tyr 77 and forms hydrogen bonds
with the backbone of Leu 78 and Gly 114. Arg 166 donates
a hydrogen bond to N5 of the pterin. This active site
structural similarity is consistent with the fact that ebulin
displays essentially the same enzyme activity as ricin in a
cell-free protein synthesis assay.12 Since the activity of
ebulin and ricin A chains is so similar, differential toxicity
between the heterodimeric toxins, observed on intact
animal cells, is most likely due to differences in their B
chains.13,32

The overall fold of the ebulin B chain is very similar to
that of the ricin B chain; there are only minimal deviations
from RTB in the trace of the polypeptide chain of ebulin
(Fig. 4). Ebulin has two areas in which residues are
inserted, as compared with ricin: a one-residue insertion
near the N-terminus (Ala 9) and a two-residue insertion in
subdomain 1g (Gly 156 and Glu 157). There are two
deletions of ebulin B chain compared with RTB: a two-
residue deletion in subdomain 1a (ricin residues 41 and
42), and a deletion of ricin residue Gly 208. None of the
insertions or deletions has a dramatic affect on the fold of
the protein. The insertion within subdomain 1a (sugar-
binding) does not affect the geometry of residues known to
be involved in lectin function. There are no deletions or
insertions within subdomain 2g, the other known sugar-
binding domain.

Ricin crystals bind the disaccharide lactose in two of the
six B-chain subdomains, 1a and 2g. As shown in Figure 6,
trigonal ebulin binds lactose in its 1a subdomain in a
nearly identical fashion to ricin. The ebulin 1a subdomain
uses the same sugar-binding residues as RTB; Trp 39, Asp
24, Gln 37, Asn 46, and Gln 47 of ebulin all interact with
the galactose unit. These ebulin residues correspond to
ricin residues Trp 37, Asp 22, Gln 35, Gln 46, and Asn 47.
No lactose was bound in the ebulin 2g subdomain, al-
though ricin and ebulin have very similar 2g binding site
geometries; that is, ricin residues Tyr 248, Asp 234, Asn
255, and Gln 256 correspond to Phe 249, Asp 235, Asn 256,
and Gln 257 in ebulin.

When a galactose complex was formed, ebulin again
showed the same mode of sugar-binding in the 1a subdo-
main as ricin (not shown). Galactose is also bound in the 2g
subdomain of ebulin. Although the side-chain alignment of
ricin and ebulin seems quite similar, the mode of galactose
binding in the subdomain 2g of ebulin is somewhat differ-
ent (Fig. 7). First, the orientation of the galactose is
rotated in the plane of the molecule nearly 90° from that of
the galactose moiety in ricin. This changes the hydrogen-
bonding pattern between the galactose hydroxyls and the
charged residues at the top of the binding cleft. In ricin, the
hydroxyls of C3 and C4 are within strong hydrogen
bonding distance of residues Asp 234 and Asn 255. Asp 234
seems the predominant hydrogen-bonding partner for the
galactose moiety. For ebulin, the C2 and C3 hydroxyls are
in hydrogen-bonding distance of Asp 235 and Asn 256, and
Asn 256 appears to dominate the galactose interaction.

Fig. 1. Amino acid sequence alignment of A and B chains of ricin and
ebulin. Sequence identities are marked with double dots (:). Sequence
conservations are marked with single dots (.). Key residues of the A-chain
active site and the B-chain galactoside-binding clefts are in bold.
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Asp 235 is oriented in a slightly different direction, away
from the saccharide. Second, the positioning of galactose
within the binding cleft is translationally shifted as
compared with ricin. Galactose bound to ebulin is ;2.5 Å
further into the binding cleft than the galactose moiety
bound to ricin. Furthermore, the galactose in ebulin is
shifted away from the hydrophobic stacking partner
(Phe 249), toward the polypeptide kink, and slightly
twisted out of the pocket toward Asn 254. In the
polypeptide kink, ricin residue Ala 237 is changed to Glu
238 in ebulin. That residue bonds to the C6 hydroxyl of
galactose in its altered orientation. Because of this
orientation, galactose bound to ebulin has stronger

hydrogen-bonding interaction with the backbone of the
polypeptide kink than that in ricin. The amine of Glu
238 forms a hydrogen bond with the O4 hydroxyl of
galactose, and the amine of Ser 239 also forms a
hydrogen bond with the O4 hydroxyl of galactose.

The orientation of galactose in subdomain 2g of ebulin is
subtly, but distinctly, different from that seen in ricin. The
consequence of this orientation is that it directs the C1
hydroxyl toward Asn 254. This would cause steric interfer-
ence for any sugars attached to the C1 hydroxyl, and is
presumably why no lactose was found in site 2g of ebulin
crystals. This altered mode of galactose binding in the 2g
site of ebulin may indicate a weaker binding to complex

TABLE I. Crystal Data Statistics

Orthorhombic
Trigonal
Lactose

Trigonal
Galactose Trigonal PTA

Space group P212121 P3221 P3221 P3221
Cell parameters (Å) a 5 57.3 a 5 b 5 74.0 a 5 b 5 73.6 a 5 b 5 74.2

b 5 97.7 c 5 191.5 c 5 190.9 c 5 191.0
c 5 114.0

Resolution limit (Å) 2.8 2.9 2.8 3.1
Number of crystals 3 1 1 1
Completeness (%) 86.0 97.7 99.8 97.5
Unique reflections 13,477 12,522 15,454 11,311
I/s1 (last shell) 8.9 (5.3) 11.5 (3.0) 11.6 (2.3) 7.3 (2.1)
Rmerge (last shell) (%) 9.3 (32.1) 8.7 (28.6) 8.9 (38.3) 11.8 (37.8)

PTA, pteroic acid.

TABLE II. Refined Model Statistics

Orthorhombic
Trigonal
Lactose

Trigonal
Galactose Trigonal PTA

Residues
A chain 1–251 1–252 1–254 1–252
B chain 3–266 2–264 2–264 2–264
Galactose 0 0 2 0
Lactose 0 1 0 1
Glycosylation at B185 Asn 2 NAG, 3 MAN 2 NAG, 1 MAN 2 NAG 2 NAG, 1 MAN

Bound waters 56 37 46 20
Average temperature factors (Å2)

All protein atoms 20.65 27.67 28.37 26.72
Waters 18.67 18.90 24.07 19.54
Side-chains 23.30 28.04 29.05 27.43

Resolution range (Å) 30.0–2.8 30.0–2.9 30.0–2.8 40.0–3.1
Crystallographic R

All refs with F . 2sF 0.194 0.237 0.264 0.219
Without bound waters 0.216 0.254 0.279 0.229

Rfree
All refs with F . 2sF 0.285 0.339 0.328 0.317
Without bound waters 0.291 0.344 0.336 0.325

RMSD
Bond distances (Å) 0.004 0.003 0.003 0.005
Bond angles (°) 1.370 0.658 0.653 1.054
Dihedral angles (°) 30.771 27.685 28.304 30.982
Planarity (°) 0.465 0.423 0.462 0.400

Ramachandran plot
Favored regions (%) 86.4 72.4 76.0 74.8
Disallowed residues 0 0 0 0

PTA, pteroic acid; RMSD, root-mean-square deviation.
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sugars. This, in turn, may alter or diminish binding to cell
surfaces.

As there are no significant structural changes between
ricin and ebulin within the 2g subdomain, the change from
Tyr to Phe at position 249 may account for the different
binding mode seen in the two proteins. There are other
nontoxic type-II RIP for which sequence, but not struc-

tural, information is available. Viewing the aligned se-
quences of nigrin b and sieboldin b shows a Phe at their
positions relative to Phe 249 of ebulin.33,34 The hydrogen
bonding between the O6 hydroxyl of galactose and Glu 238
in ebulin may be adventitious, a result of other changes
within site 2g. Nigrin b also has Glu at this position, but
siebodin b has Ala, as does ricin. It is not readily apparent
from the structure of ebulin why the mode of galactose
binding has changed for subdomain 2g. Slight changes in
the arrangement of key residues within the 2g subdomain
could cause the galactose-binding mode to shift to another
preferred orientation. Why a Tyr to Phe substitution
would alter binding of galactosides is also unclear. How-
ever, conservation of the substitution among other non-
toxic, type-II RIP makes a strong case for the Phe having a
significant role in the altered binding mode.

To compare the affinities of ebulin and ricin for a dense
matrix of sugars, both ricin and ebulin were separately
passed over lactose-agarose affinity columns. As shown in
Figure 8, ricin eluted at a significantly higher concentra-
tion of free galactose. This result supports the idea that
ebulin has some defect that limits its ability to bind
polysaccharides terminating in galactose. Of the two bind-
ing sites in ricin, the 2g galactose-binding site is the higher
affinity site.35 Perturbation of this site in ebulin could

Fig. 2. Section of the 2.8-Å electron density for the trigonal model. A
2Fo–Fc map with sigmaA-weighted phases. The map is contoured at
1.3 s.

Fig. 3. Ribbon drawing of the galactose-bound model of ebulin in
stereo. The termini of the A and B chains are labeled. Bound galactose
residues are drawn in thick bonds. Drawing was made with MOL-
SCRIPT.40

Fig. 4. Superposition of a Ca trace of ebulin 1 and ricin in stereo.
Ebulin is drawn in thick lines; ricin is drawn in thin lines. The A- and
B-chain termini of ebulin are labeled. The ricin numbering for two
deletions in the A chain are marked. Least-squares superposition of
molecules was done with O.23

Fig. 5. Stereo view of pteroic acid in the ebulin active site with key
residues labeled. Analogous residues of ricin have been superimposed in
thin lines.

Fig. 6. Galactoside-binding subdomain 1a of ebulin compared with
that of ricin. The key residues in ebulin are shown in thick lines with the
corresponding residues of ricin superimposed in thin lines. The position-
ing of a lactose molecule is shown for both ebulin (thick lines) and ricin
(thin lines).
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therefore lead to the observed drastic reduction in galac-
tose affinity.

Recent studies have raised the possibility of a third
sugar-binding site on ricin B chain. Mutational studies
have shown that ricin can still bind galactosides modestly
even if the confirmed 1a and 2g sites are partially dis-
rupted.36 Affinity-directed chemical modifiers interact with
ricin B chain at subdomain 1b (in proximity of Tyr 78), as
well as within the confirmed subdomains 1a and 2g.37 Tyr
78 is analogous to the hydrophobic stacking residue of the
confirmed sugar-binding domains. However, subdomain
1b lacks the conserved, charged residues responsible for
hydrogen bonding to galactose hydroxyls, and no saccha-
ride binding has been observed for site 1b in ricin (nor in
ebulin). Despite this, it is conceivable that the Tyr at
position 78 is accountable for some of the galactoside
affinity of ricin. By contrast, ebulin has Thr 78 at this same
position. The lack of a hydrophobic residue at this location
should entirely abolish any potential saccharide interac-
tion. It is possible that this may contribute to the reduced
ebulin affinity for galactoside matrices. However, we con-
sider the alterations in subdomain 2g to be largely respon-
sible for the observed reduced affinity of ebulin.

Ricinus communis produces isoforms of ricin with a
lower affinity for galactosides. The common isoform, dis-
cussed above, is known as ricin D. Ricinus communis

agglutinin (RCA) is an isoform that associates as a het-
erotetramer of the form A2B2. However, due to a His
substitution for Tyr 248 in the 2g subdomain, only the 1a
subdomain of RCA binds galactosides with high affinity.
RCA still has the ability to agglutinate cells because the
module provides two 1a sugar-binding sites. Another
isoform, ricin E, is apparently the result of a gene recombi-
nation of ricin D and RCA.38 In the B chain, domain 1 is
from ricin D and thus contains the functional 1a sugar-
binding site. Domain 2 is from RCA and does not bind
galactosides with high affinity.39 Ebulin l might be a
functional homologue of ricin E. What use Sambucus
ebulus and other plants have for nontoxic, type-II RIP
remains unclear. The carbohydrates and cell types we
have examined may not represent the natural B chain
ligands. It may be that the true binding target of ebulin,
and proteins of its class, has not been discovered.

CONCLUSIONS

We have shown that ebulin crystals bind galactose and
lactose in subdomain 1a in a similar manner to that of
ricin. Although ricin binds polysaccharides terminating in
galactose in subdomain 2g, ebulin crystals bind only the
monosaccharide galactose, and not the disaccharide lac-
tose. Galactose bound to subdomain 2g of ebulin is ori-
ented in a fashion that would prevent further saccharides
from being attached to the C1 hydroxyl. This is presum-
ably why ebulin crystals did not bind lactose in subdomain
2g. We have also shown that ebulin has a lower affinity
than ricin for a dense matrix of lactose. The reduced
cytotoxicity of ebulin compared with other type-II RIP is
most likely due to a weaker affinity for terminal galacto-
sides on cell surfaces. An altered mode of saccharide
binding in subdomain 2g is responsible for the reduced
affinity.

Fig. 7. Comparison of the galactoside-binding, 2g subdomains of
ebulin (top) and ricin (bottom). Galactose is bound to ebulin. Lactose is
bound to ricin. In both pictures, the galactose moiety is numbered at
significant carbons of the sugar ring. All contacts with lactose in ricin are
made with the galactose moiety. The glucose moiety (GLC) extends into
the solvent. The GLC extension (b-1,4 linkage) from the C1 hydroxyl of
the galactose moiety in ricin is not possible for the C1 hydroxyl of
galactose in ebulin, because of steric interference with 254 N.

Fig. 8. Profiles of ebulin and ricin eluted with galactose from a-lactose-
agarose affinity columns.
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