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Small angle neutron scattering as sensitive tool to detect
ligand-dependent shape changes in a plant lectin
with β-trefoil folding and their dependence on the nature
of the solvent
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Abstract The galactoside-specific Viscum album L. agglu-
tinin (VAA) is a potent biohazard akin to ricin and a
mitogen for immune and tumor cells. These activities
depend on cell surface binding to glycans. It is an open
question whether the process of ligand binding alters the
lectin’s shape. Small angle neutron scattering (SANS)
experiments revealed that the carbohydrate ligand lactose
induced a decrease of the radius of gyration of dimeric
VAA from 54.5±1 to 49.5±1 Å in water. Apparently, VAA
in aqueous solution and at the concentrations tested at
3.6 mg/ml and above adopts a compacted structure as
response to ligand binding. In contrast to the behavior in
aqueous solution, lactose binding in DMSO resulted in an

increase of the lectin’s radius of gyration from 49±1 to
55.5±1 Å. Because shape changes may be reflected in the
thermostability of the protein, this parameter was examined
by activity assays of protein exposed to 60°C and 70°C and
by differential scanning calorimetry (DSC). In line with the
lactose-induced conformational alterations revealed by the
SANS experiments, lactose presence enhanced the thermo-
stability of VAA in water. Thus, binding of the carbohy-
drate ligand in solution can entail changes in shape and
thermostability in the case of the tested plant lectin.
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Introduction

Lectins (proteins with a carbohydrate-binding module
without enzymatic activity acting on the ligand) exert a
wide range of physiological functions such as contact
formation in fertilization, regulation of cell growth includ-
ing mitogenic or pro- and anti-apoptotic activities, cell
adhesion and migration, endocytosis, glycoprotein folding
and quality control as well as immune mediator production/
release [1–5]. Efficient cross-linking of cell surface ligands
after specific binding as prerequisite for signaling, however,
may not be the only consequence of the binding process
[5, 6]. It could also be possible that the lectin responds to
the occupation of the carbohydrate-binding site with a local
conformational or even a global shape change. Ligand
binding might hereby act as a molecular switch, controlling
other types of interaction by protein–protein (or lipid)
recognition, akin to a posttranslational modification. This
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concept opposes current evidence on lectin structures from
crystallography, for example the key-like accommodation
of the ligand into the binding site by diffusion into crystals
[2]. In order to examine the concern that the spatial
constraints imposed in a crystal might hamper detection of
ligand-induced structural changes a sensitive approach to
spot shape changes for proteins in solution should be tested.

Small angle scattering (SAS) using X-ray (SAXS) or
neutron (SANS) beams is a means toward this aim,
delineating the solution structure of biological macromole-
cules at a fairly low resolution (typically 1 nm) [7]. Its
monitoring allows structural characterization under physio-
logical conditions and detection of changes as response to
experimental parameters (e.g. ionic strength, temperature and
ligand concentration). The scattering curves can be processed
using the ab initio method to calculate the proteins’ shape
[8]. Because hydrodynamic parameters such as sedimenta-
tion and diffusion coefficients can be predicted from protein
structures [9, 10], respective methods (e.g. ultracentrifuga-
tion or dynamic light scattering) play a valuable role in
validating structure model obtained from SAS data [11].

We have previously introduced SANS to lectin research.
It indeed proved reliable and sensitive to analyze a lectin’s
shape in solution and to pick up ligand-dependent effects
on this parameter, using human galectin-1 as proof-of-
principle case [12]. In essence, lactose binding led to a
significant reduction of the radius of gyration of this protein
with the β-sandwich fold [12]. In the course of examining
solvent effects on the human lectin in the next step, we also
processed a second lectin. Initial evidence was provided for
an alteration of the aggregation status of a plant agglutinin/
toxin when using water and the aprotic solvent dimethyl
sulfoxide (DMSO) as solvent [12]. Of note, the studied
galactoside-specific plant lectin has a β-trefoil folding [13,
14]. It thus differs markedly from the galectin with its
antiparallel β-strand pattern [15]. This structural difference
prompted the question as to whether occupation of the
lectin site will also trigger a shape alteration in this case.

Thus, we purified the galactoside-specific agglutinin/
toxin from Viscum album L. (VAA; also referred to as
viscumin or ML-1), different from a second mistletoe lectin
specific for N-acetylgalactosamine [16, 17]. So far, its
ligand binding had been analyzed by atomic force micros-
copy, Scatchard analysis, surface plasmon resonance and
titration calorimetry [18–20]. We herein resolve the
question as to whether ligand binding has a bearing on
the shape of this lectin with the β-trefoil fold. Moreover,
because this lectin maintained binding capacity in aprotic
solvent [21], we studied shape parameters also in DMSO.
Our data reveal remarkable shape alterations in response to
occupation of the carbohydrate-binding site in water and in
DMSO. In line with this effect, the lectin’s thermostability
is increased by ligand presence.

Material and methods

Materials

Lactose and [D6]DMSO (deuteration grade >99.9%) were
obtained from Sigma (Steinheim, Germany). D2O (deutera-
tion grade >99.8%) was purchased from Merck (Darmstadt,
Germany). All other reagents were of analytical grade.

Sample preparation

VAA was purified from extracts of dried mistletoe leaves
using affinity chromatography on lactosylated Sepharose
4B, obtained by ligand conjugation after resin activation
with divinyl sulfone, as the crucial step [22]. Analyses of
purity and activity were performed by gel filtration, one-
and two-dimensional gel electrophoresis, haemagglutina-
tion, solid-phase and cell binding/growth assays [20,
23–25]. Prior to SANS measurements, H2O of freshly
prepared VAA solutions in phosphate buffer (PB; 20 mM,
pH 7.2, H2O) was exchanged to D2O by adding PB in D2O
(20 mM, pD 7.2), followed by a step using a Millipore
centrifugal concentrator with a 10 kDa MW cut-off. The
procedure was repeated three times to ensure that the
remaining contents of H2O was less than 0.5%. This buffer
exchange method was instrumental for preparing high-
quality VAA samples in D2O with minimum extent of
aggregation. To prepare VAA solutions in DMSO, the
protein was first lyophilized and then dissolved in neat
DMSO. [D6]DMSO was employed for SANS experiments,
while regular DMSO was the solvent when performing
differential scanning calorimetry (DSC). The protein sol-
utions were routinely centrifuged prior to measurements to
remove any insoluble material.

SANS experiments

The SANS experiments were performed on the instrument
SANS-1 at the Geesthacht Neutron Facility GeNF,
Geesthacht, Germany [26]. The range of the modules of
the scattering vectors q (q ¼ 4p sin q=l, where 2θ is the
scattering angle and λ is the wavelength) from 0.01 to
0.25 Å−1 was covered by using four sample-to-detector
distances (from 0.7 to 7 m). The neutron wavelength λ was
8.1 Å (measured by routine time-of-flight experiments)
with a wavelength resolution of 10% (full width at half-
maximum value). The two-dimensional isotropic scattering
patterns were azimuthally averaged, converted to an
absolute scale and corrected for detector efficiency by
using the incoherent scattering pattern of pure water [27].
The background from the solvent and sample cell was
subtracted from the raw patterns by conventional procedures
[28]. Scattering data were processed by indirect Fourier
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transformation (IFT), a model-independent method, to obtain
the radii of gyration of the particles and their pair-distance
distribution function p(r) [29]. The IFT method also
provided the scattering intensity at the zero angle to calibrate
the molecular weight of the protein, using bovine serum
albumin (BSA) at a concentration of 5 mg/ml as reference.

Heat treatment and activity assays

Lyophilized VAA was dissolved in phosphate-buffered
saline (PBS) or PBS containing either the ligand lactose
or the inert osmolarity control mannose at a concentration
of 20 mM. Treatment at three different temperatures (RT =
room temperature, 60°C and 70°C) lasted 10 min in a
volume of 50 µl. Following brief centrifugation lectin was
adsorbed to the plastic surface of microtiter plate wells at
100 ng/50 µl for 12 h at 4°C, remaining sugar was
thoroughly removed by a series of washing steps, and the
binding assay using biotinylated asialofetuin as probe was
carried out as described previously [30].

Differential scanning calorimetry

The thermostability of the lectin in DMSO was examined in
a Mettler Toledo star system. The protein solution was
heated from 20 to 120°C at a scan rate of 0.5°C/min. After
initial heating, the samples were cooled and then reheated
to determine whether the transition was reversible.

Results and discussion

In the first series of experiments we assessed the lectin’s
radius of gyration at three different concentrations to

establish a firm basis for measurements in the presence of
ligand. Confirming previous data sets [12], the IFT analysis
of spectra shown in Fig. 1 gave almost identical data at
protein concentrations of 3.6 mg/mL (54±1 Å) and 5.9 mg/
mL (54.5±1 Å). The radius of gyration at 15.2 mg/mL was
slightly increased (56±1 Å). This comparison revealed that
a protein concentration of 5.9 mg/mL is within the dilute
region, and there were no significant interparticle inter-
actions hindering IFT analysis.

Using BSA at a concentration of 5 mg/mL as a reference,
the molecular weight of VAAwas estimated to be 135 kD by
comparing scattering intensities at zero angle. In line with
literature data [13, 20, 31] and our gel filtration analysis of
aliquots run in parallel the lectin consistently formed (AB)2
dimers (A = toxin subunit, B = lectin subunit) under these
conditions. This confirms that the dimer structure seen in
crystals [13, 14] was not due to a crystal packing force.
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Fig. 1 Normalized SANS spectra of VAA in phosphate buffer
(20 mM, pD 7.2, D2O) at different protein concentrations. The spectra
were normalized by dividing scattering intensity I with protein
concentration C
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Fig. 2 Effect of the ligand on SANS spectra of VAA in phosphate
buffer. a SANS spectra at 5.9 mg/mLVAA in 20 mM phosphate buffer
(pD 7.2, D2O), in the absence and presence of 20 mM lactose. b Pair
distance distribution p(r) function obtained from the corresponding
scattering curves in a
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The effect of ligand binding on SANS spectra at a VAA
concentration of 5.9 mg/mL in PB is shown in Fig. 2a. The
scattering intensities of VAA at low angle were clearly
decreased by adding 20 mM lactose. IFT analysis gave a
radius of gyration of 49.5±1 Å. Comparison of the p(r)
function (Fig. 2b) revealed that VAA in aqueous solution
has a more compact structure after accommodating the
ligand than before, effectively a decrease by 5 Å. The
maximum distances within a protein particle at both
conditions were around 175 Å. This value was close to
the maximum length (176 Å) calculated from the dimen-
sions (157×63×48 Å) of a VAA dimer in crystals [14].
Availability of data on hydrodynamic properties by ul-
tracentrifugation [24] facilitates further comparison. A
modified Svedberg equation can be used to predict the
sedimentation coefficient from the molecular weight and
the diffusion coefficient [32]. Using a previously estab-

lished correlation [10], the diffusion coefficient of VAA can
be estimated from its molecular weight (135 kDa) and
radius of gyration (54.5 Å without ligand and 49.5 Å with
ligand). SANS data thus predicted the sedimentation
coefficients of 5.8 S and 6.1 S for VAA in the absence
and presence of ligand, respectively. These numbers are
close to the experimental data of the VAA dimer obtained
by ultracentrifugation [24].

Having detected an effect of ligand presence on VAA’s
shape in water, we next examined this parameter for VAA
in DMSO. As demonstrated previously [12, 21], VAA was
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Fig. 3 Effect of the ligand on SANS spectra of VAA in DMSO. a
SANS spectra at 9.6 mg/mL VAA in [D6]DMSO, in the absence and
presence of 20 mM lactose. b Pair distance distribution p(r) function
obtained from the corresponding scattering curves in a
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Fig. 4 Effect of ligand presence (20 mM lactose) on thermostability
of VAA, revealed by glycan-binding capacity in solid-phase assays.
Prior to activity assays, the samples were treated for 10 min at room
temperature (RT, left panel), at 60°C (middle panel), and 70°C (right
panel). 20 mM D-mannose worked as inert osmolarity control in
parallel

Fig. 5 DSC spectra of VAA in DMSO in the absence and presence of
ligand (100 mM lactose). The temperature of a solution containing
10 mg/mL VAA in DMSO was raised from 20 to 120°C at a scan rate
of 0.5°C/min
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readily brought into solution in the aprotic solvent and its
tendency for aggregation reduced. As shown in Fig. 3a,
ligand presence also altered the SANS spectra of the lectin
in DMSO. In contrast to the behavior in water, the
scattering intensities at low angle significantly increased
when lactose was present, and the radius of gyration of
VAA was increased from 49±1 Å to 55.5±1 Å. The p(r)
function shown in Fig. 3b intimates that the protein
adopted a “loose” structure upon binding of lactose in
DMSO (dielectric constant of 46.7 significantly lower than
that of water at 78.4). Consequently, we assumed that the
structural change (compaction or loosening) might have a
bearing on the lectins’s capacity to withstand thermal
denaturation.

To verify this concept, we tested VAA activity in water
after heat treatment in the absence and presence of the
ligand lactose. It can be seen in Fig. 4 that the presence of
20 mM lactose during heat treatment enhanced extent of
glycan binding in the assay, suggesting that VAA in the
presence of lactose has increased thermostability. Mannose
used as negative control showed negligible effects on
thermostability. In contrast to a stabilizing effect of lactose
in water associated with adopting a compacted shape, the
SANS data led to expect that lactose binding renders the
protein less thermostable in the aprotic solvent. Indeed,
DSC data fulfilled this prediction. After initial heating of
the protein-containing solution from 20 to 120°C at a scan
rate of 0.5°C/min, the samples were cooled and then
reheated to determine whether the transition is reversible.
In the absence of the ligand, the initial heating yielded a
maximum temperature Tm (temperature at the peak) with a
value of 73.2°C. A repeated cycle gave a baseline,
suggesting that the protein was irreversibly denatured
after the initial heating (for clarity, only the initial heating
curve is shown in Fig. 5). Strikingly, adding 100 mM
lactose resulted in a significant decrease of the Tm value to
55°C.

Conclusions

Presence of lactose reduced the radius of gyration of VAA
in water, with the ensuing consequence of increased
thermostability. In DMSO, where the ligand-free protein is
subject to reduction in radius of gyration, lactose binding
accounts for an increase of this parameter, with ensuing
decrease in thermostability. The detected activity of the
ligand to act as modulator of shape may have implications
for cellular toxin uptake after glycan binding and design of
inhibitors for this potential biohazard [25, 33]. Also, these
data present a challenge to molecular modeling of protein
dynamics that had recently moved to flexible ligand
docking for a galectin [34].
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