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The crystal structure of mistletoe lectin I (ML-I) isolated from the European mistletoe Viscum album in
complex with the most active phytohormone zeatin has been analyzed and refined to 2.54 A resolution. X-ray
suitable crystals of ML-I were obtained by the counter-diffusion method using the Gel-Tube R crystallization
kit (GT-R) onboard the Russian Service Module on the international space station ISS. High quality hexagonal
bipyramidal crystals were grown during 3 months under microgravity conditions. Selected crystals were
soaked in a saturated solution of zeatin and subsequently diffraction data were collected applying

Ié;{ﬁg;‘ff, synchrotron radiation. A distinct F,-F. electron density has been found inside a binding pocket located in
Mistletoe lectin subunit B of ML-I and has been interpreted as a single zeatin molecule. The structure was refined to
Zeatin investigate the zeatin-ML-I interactions in detail. The results demonstrate the ability of mistletoe to protect
Microgravity itself from the host transpiration regulation by absorbing the most active host plant hormones as part of a

Plant hormone
Water stress

defense mechanism.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Cytokinins (CKs) are a group of phytohormones, first discovered
during the 1950’s and characterized as substances able to induce
plant cell division and differentiation. Most natural CKs are NG6-
substituted adenine derivatives generated as degradation products
during depurination of DNA [1]. Since their discovery a substantial
number of biochemical, physiological and genetic studies have
focused on elucidating the diverse roles of CKs in plant growth and
particular water transport and water stress conditions [2]. Cytokinins
are also involved in other essential processes as sink/source relation-
ship, vascular development, chloroplast differentiation, apical dom-
inance and senescence. It seems that these effects result from
molecular interactions with other plant hormones and environmen-
tal signals [3].

Zeatin, 6-(4-hydroxy-3-methylbut-2-enylamino)purine (Fig. 1),
was found at first in maize and is the most common and most active
CKidentified so far [4]. Studies concerning structure-activity relation-
ships have revealed the importance of the isoprenoid side chain for
cytokinin activity [5]. Although the effects of cytokinins in plants are
well known, the mechanism of their perception is still not fully
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understood [6,7]. Moreover, zeatin and other N6-substituted adenines
show pharmacological activity in humans and found applications in
molecular medicine [1].

Plant lectins are a heterologous group of proteins classified on the
basis of their ability to bind in a reversible and specific way sugar
molecules and more complex carbohydrates [8]. It is also known that
plant lectins are directed against foreign glycans and accordingly they
can interact with other organisms, either in recognition or even with
defence related activities. In addition to the carbohydrate binding
affinity a number of lectins have hydrophobic sites and binding
pockets capable of accommodating distinct hydrophobic ligands
[9,10]. The specific binding of non-carbohydrate ligands to lectins
demonstrates the bifunctional nature of this protein family. Mistletoe
lectin I (ML-I) is a member of the ribosome inactivating proteins type II
(RIP type II) family. ML-I is a heterodimeric plant protein with a
carbohydrate binding B-chain and an enzymatic A-chain. The latter
acts on the ribosome and inhibits the protein synthesis by cleaving the
N-C glycosylic bond of a specific adenine residue in the 28S rRNA.
There are three structurally distinct types of RIPs: type I — simple
polypeptide chain, type II — consisting of chain A, functionally
equivalent to type I and a second B-chain with lectin function, and
type III — a single chain with carboxy-terminal extension of unknown
function [11,12]. The bipartite molecular structure of ML-I also
facilitates its binding to the mammalian cell surface, to enter via
endocytic uptake and to deliver the catalytically active polypeptide
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trans-Zeatin

Fig. 1. Chemical structure of zeatin and atom nomenclature as used in the text.

into the cytoplasm, where it inhibits protein synthesis as described
before [13]. To understand the regulatory potential of ML-I the
structural analysis of complexes with plant hormones like cytokinins
is of particular interest since these compounds occur naturally and
perform regulatory functions in water transport and water stress
response [14,15].

2. Material and methods
2.1. Protein purification

For protein isolation crude material of the European mistletoe
(Viscum album) growing on apple trees (Malus domestica) was
collected during February to March. After removal of fruits, leaves
and small branches tissues were flash-frozen and ground into powder,
dissolved in water and centrifuged. The supernatant was loaded on an
affinity column with lactose immobilized with divinyl sulphone [16].
ML-I was purified and separated from other lectins by aminophenyl-
boronic-acid affinity chromatography as described previously [17].
Prior to crystallization ML-I was dialyzed against 0.2 M glycine-HCI
buffer at pH 2.5.

2.2. Crystallization

Crystals of ML-I were obtained applying the liquid phase counter-
diffusion technique in the Granada Crystallization Box (GCB) using
the Gel-Tube (GT-R) system [18] as shown in Fig. 2, with the
following crystallization parameters and configuration specifications:
the protein concentration was 5 mg/ml in 0.2 M glycine/HCI buffer,
pH 2.5. 1.0 M ammonium sulphate in 0.2 M glycine/HCI buffer at pH
2.5 was used as precipitant. The capillary length was 75 mm with an
inner diameter of 0.5 mm. The silicon gel-tube length was 15 mm
after attachment to the capillary and the remaining gel length inside
the silicon tube was 10 mm (Fig. 2). For the microgravity experiment
six capillaries were used positioned in a single GCB set-up. The
length of the precipitant solution was set to 66 mm, the protein
solution length inside the capillary was adjusted to 55 mm. The
experiment was performed at 20 °C. Hexagonal bipyramidal crystals
of ML-I have been obtained after 109 days under microgravity
conditions onboard the Russian Service Module on the ISS. The

Protein solution
Precipitant GCB
10mm solution 0.5 mm Capillary

Cap

i 75 mm
silicon | 66 mm
Gel-Tube 55 mm

0.5% Agarose

Fig. 2. Diagram illustrating the components and dimensions of the Granada Crystal-
lization Box.

experiment was arranged by the Japanese Space Agency (JAXA), in
terms of the JAXA GCF flight number 6. For data collection the
crystals were retrieved from the capillaries and placed for 2 h in a
saturated zeatin (Sigma-Aldrich, Z-3541, CAS-6025-53-2) soaking
solution, containing 1.0 M ammonium sulphate in 0.2 M glycine/HCI,
pH 2.5.

2.3. Data collection and processing

X-ray diffraction data were collected from a flash-frozen crystal at
100 K up to 2.54 A resolution using a 165 mm MAR CCD detector at
the consortium beam line X13 (HASYLAB/DESY). Prior to freezing
crystals were soaked in a reservoir solution containing 20% v/v

Table 1
Details of data collection and refinement parameters

X-ray source DESY, Hamburg, beam line X13
Temperature (K) 100

Resolution range (A) 20.0-2.54 (2.59-2.54)*
Wavelength (A) 0.8073

Space group P6522

Cell parameters: a=b, c (A) 106.97, 312.36

No. observations 421,065
No. unique reflections 37,722
Runerge (%) 6.4 (49)
Completeness (%) 99.5 (99.8)
I/o(1) in high-resolution bin 2.5
Mosaicity [°] 0.28
Data redundancy 3.5(3.6)
Final R factor/Reree (%) 18.5/22.4
No. protein atoms 3965
No. solvent molecules 282
No. carbohydrate atoms 72
Other atoms 56
Average B factors (A2)
Protein 45.6
Solvent 50.2
Ligand 479
Overall 459
R.m.s.d. from ideal bond length (A) 0.018
R.m.s.d. from ideal bond angles (°) 1.84
Ramachandran plot, % residues in regions
Most favored 88.7
Additionally allowed 10.4
Generously allowed 0.9
PDB ID 3D7W

¢ The figures in brackets are for the last resolution shell.

b Rierge=2nia 2illi (hkD)=<IChkl)>|3h 25 I; (hkl), where I; (hkl) and <I(hkl)> are the
observed individual and mean intensities of a reflection with the indices hkl,
respectively, 3; is the sum over i measurements of a reflection with the indices hkl,
and 3y is the sum over all reflections.
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glycerol, saturated with zeatin. Data processing and data scaling
were carried out using DENZO and SCALEPACK [19]. The crystals
belong to the space group P6s522 with a single ML-I molecule in the
asymmetric unit. Unit cell parameters were a=b=106.97 A and
c=312.36 A. The packing parameter Vy; was calculated to be 4.3 A
Da [20], which corresponds to a solvent content of 71%. The data
collection and scaling statistics are summarized in Table 1. Statistical
parameters of crystals grown under microgravity have been
evaluated and compared to their Earth-grown counterparts. As
expected and shown in Fig. 3a and b, ML-I crystals grown in
microgravity show clear tendencies of improved crystal quality in
terms of lower mosaic spread [22-24]. A number of native ML-I
crystals have been used for a comparative and statistical evaluation
of the crystal quality (Fig. 3). Beside zeatin other plant hormones
have been considered as possible ligands for ML-I and soaking
experiments with ML-I crystals grown under microgravity have been
carried out with olomoucine [25] and kinetin [1] as well. The
resulting data sets were also used for the statistical evaluation and
shown in Fig. 3a and b.
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2.4. Refinement

The previously refined structure of the ML-I in complex with
adenine (PDB ID: 1M2T) [26] was used as starting model for initial
refinement applying the CCP4i program suite [27], after removing the
solvent and ligand atoms. Model building and refinement was carried
out applying the program REFMAC 5 [28,29] using all data up to 2.54 A
resolution. 5% of the reflections were excluded from the refinement
and were used for the Rge. Statistics. Manual rebuilding and automatic
real space positional refinement of the model and electron density
interpretation based on the 2F,-F. as well as the F,-F. electron density
maps were done using the graphics program COOT [30], running on a
Dell precision workstation 380. The zeatin molecule could be
identified unambiguously using the F,-F. map contoured at 30 level.
The purin part of zeatin was refined at full occupancy. The 016 atom of
the isoprenyl section of zeatin (Fig. 1) was positioned with 50%
occupancy in corresponding trans- as well as in the cis-configuration.
Both conformations are stabilized by an alternative network of H-
bonds and solvent molecules, as shown in Fig. 5a and b. Solvent
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Fig. 3. (a) Signal-to-noise ratio vs. resolution of X-ray data collected from native ML-I crystals grown under 1 g conditions called Ground control (GC) in comparison to space grown
crystals (Space crystals, SC) used for soaking experiments with different cytokinin plant hormones. The ML-I crystals (Vyy=4.4 A>/Da) grown under microgravity indicate a higher
quality in terms of intensities and therefore are more appropriate to be used for high-resolution data collection than their earth grown counterparts. Reflections of complete
diffraction data sets has been used. (b) Comparative statistics for the mosaic spread of native ML-I crystals grown in space (SC) colored in black to ground control experiments (GC)
colored in grey. Soaked crystals are labeled according to the compound applied for soaking, olo: olomoucine, z: zeatin, kin: kinetin. These mosaicity values did not have the
Instrument Resolution Function smearing deconvoluted out, which would make the lower mosaicity values notably even smaller [21].
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molecules were included with suitable hydrogen bonding partners, if
observed as spherical peaks at a level of at least 2.5 o in the Fy-F.
difference electron density. ML-I is known to have four potential NAG
N-glycosylation sites, characterized by sequence motifs Asn-X-Ser/Thr
[31]. The sites are located at Asn 112 in subunit A and Asn 308, Asn 343
and Asn 383 in subunit B. In the course of the refinement, F,-F. maps
showed carbohydrate densities at all four glycosylation sites. How-
ever, only one NAG residue could be identified at Asn 112 and at Asn
308, while two NAG residues were visible at the other two sites. The
refinement was terminated when no further significant improvement
could be archived in the R-factor statistics, model completeness,
Ramachandran statistics and electron density. The final R value for the
ML-I zeatin complex was 18.5% and Rgee wWas 22.4% for all data
between 20.0 and 2.54 A resolution. The program PROCHECK was
applied to validate the quality of the final structure [32]. 88.7% of the
residues were found in the most favored regions of the Ramachandran
plot, 10.4% were located in additional allowed regions and 0.9% of
residues were in the generously allowed regions. Details of the
refinement statistics are summarized in Table 1. Deviations from the
ideal geometry are found for residues Ala 223 of subunit A and
residues Asn 487 and Ser 489 of subunit B. All are located on flexible
surface loops.

3. Results and discussion
3.1. Statistical diffraction data evaluation

The application of microgravity conditions and the environment on
the International Space Station (ISS) for protein crystal growth has
been described in detail before [33,34]. We used the advantages of
microgravity to grow crystal of ML-I in terms of the JAXA GCF flight
number 6 applying the Granada crystallization box (Fig. 1). ML-I
crystals have a relative high solvent content of approx. 75% and crystal
growth of ML-I is known to benefit from space environment [26]. The
obtained ML-I crystals were analyzed together with the ground grown
counterparts applying synchrotron radiation. Data collection para-
meters were kept identical. The signal to noise ratio and the mosaicity
was compared versus resolution. A clear tendency towards lower
mosaicity and better signal/noise ratio has been observed for the
space grown crystals. A brief summary of the statistical evaluation is
shown in Fig. 3a and b. In an earlier ML-I crystallization experiment
under microgravity conditions onboard the ISS, using the high density
protein crystal growth system on the international space station
mission ISS 6A [26], we could obtain high quality crystals and could
collect a data set for a ML-I adenine complex up to 1.9 A resolution at
the wiggler beam line BW7B at DESY/EMBL Hamburg applying a MAR
345 IP detector. A direct comparison is not advisable as the diffraction
data we describe here were collected on a bending magnet beam with
different optics and CCD detector.

3.2. Overall crystal structure and model quality

The refined overall X-ray structure consists of ML-I complexed
with a single zeatin molecule, one sulphate ion, four glycerol
molecules as well as 282 solvent molecules in the asymmetric unit.
The ML-I model consists of 510 amino acid residues in two subunits
(subunit A, 1-248 and subunit B, 249-510) and 6 glycan residues
located at four glycosylation sites. The overall structure is shown in
Fig. 4. According to the commonly accepted nomenclature of RIP II
proteins, and a homologous structure of ricin [35], subunit A is
subdivided in three domains. Domain I includes amino acid residues
1-109, which form four central strands (d, PBe, pf and Pg in
antiparallel orientation, flanked by a long and a short alpha helix,
oA and aB. The two beta strand pairs fa-Bd and Bg-ph at the two
edges are almost parallel. Domain II (residues 110-198) consists
predominantly of a-helices. The helices o:C, aD and oE are bundled in

B-Subunit

C-Terminus
(A-Subnunit)

Fig. 4. Cartoon plot of mistletoe lectin I in complex with zeatin. Subunit B is shown on
the top and subunit A below. The zoomed zeatin binding cavity is located almost at the
center of the protein. The bound zeatin molecule is shown in stick mode. Galactose
binding sites are indicated as G-I and G-II. The active site region is indicated as well.
Magnification of bonded zeatin shows an 2F,-F.-Signal contoured at 1.5 0. Domains are
indicated by latin numbers.

a cluster enclosed by the beta sheet of Domain I. Domain III (residues
199-248) includes helix G and interacts with subunit B through the
antiparallel 3-sheet strands 3i and (3j. A single disulfide bond between
Cys 247 (A) and Cys 252 (B) connects both subunits covalently. In the
present structure the last five C-terminal residues of the subunit A
could not be modeled due to high flexibility. A structural feature of the
A-subunit is the absence of internal disulfide bonds, allowing
biological activity in the cytosolic environment.

Subunit B consists of two globular domains similar to those reported
for ricin [36], presumably a result of gene duplication. Both domains
consist of 12 antiparallel beta-sheets bundled into three clusters and
stabilized by three internal disulfide bonds (Cys 311-Cys 328, Cys 399-
Cys 412, and Cys 438-Cys 455). The two galactose-specific binding sites
in subunit B are formed by different sets of residues [37].

3.3. Active site

The active site residues in chain A are Tyr 76, Tyr 115, Glu 165 and
Arg 168 and are found in homologous positions in other RIP type
proteins [38]. Other essential residues in the active site cleft are Asn
74, Arg 125, GIn 161, Glu 196 and Trp 199 [26]. The natural substrate
adenosine binds with its aromatic group in a sandwich type stacking
interaction between Tyr 76 and Tyr 115. Therefore, both phenyl groups
of the tyrosines are found for the ML-I zeatin structure in a native
parallel orientation. A single glycerol molecule of the cryo-protectant
is found in the vicinity of the active site region.

3.4. Zeatin binding

A single zeatin molecule has been identified in a hydrophobic
cavity, which is located in a region between the two globular domains
of subunit B [10]. The total calculated volume of the cleft is approx.
1260 A3. Zeatin binds in the center of the cavity with the purine
pointing towards the entrance. Zeatin is well coordinated by a number
of hydrophobic and H-bond interactions shown in Fig. 5a and b.
Residues of subunit A which are involved in zeatin binding are: Val
228 and Thr 229. These residues are located at pj of domain III; the
binding residues Arg 234 and Asp 235 are located also in domain III at
a rigid segment with almost o-helical geometry. This segment is
found in similar orientation in other type II RIPs like ricin, ebulin I and
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Fig. 5. (a) Stereoview showing zeatin and the interacting residues of ML-1. A-chain residues are colored turquoise and B-chain residues are colored green. Hydrogen bonds are shown
as dashed lines. The corresponding F,-Fc-electron density map of zeatin is shown in blue, contoured at 3.7 o. (b) 2D scheme of showing all interactions of zeatin. Hydrophobic

interactions are indicated as grey areas, hydrogen bonds in dashed blue lines.

abrin A. In subunit B zeatin binding is supported by the following
residues of domain II: Leu 423, Pro 508 and Pro 510. Several solvent
water molecules form H-bonds from ML-I to zeatin, as for example
OW 872 from the carbonyl oxygen of Thr 229 to N7 of zeatin (Fig. 5b).
The isoprenoide moiety of zeatin is stabilized via a hydrogen bond
between N10 and the carboxyl group of Asp 235. The double
conformation of the 016, which is confirmed by the omit map (Fig.
5a), supports the idea that the isoprenoide chain is found with equal
occupancy in trans- as well as in cis-configuration. In trans-config-
uration the 016 atom has a H-bond to the carbonyl oxygen of Leu 423
whereas the cis-configuration is considered to be bridged to the main
chain nitrogen of Phe 466 by a weak H-bond to OW 740 as shown in
Fig. 5a and b. The binding of zeatin does not affect the overall structure
of ML-I. A least square minimized superposition of ML-I complexed on
zeatin with ML-I in a complex with adenine [26] gave an r.m.s.
deviation for all Coe atoms of 0.39 A. The major differences in Coe atom
deviations up to 2.3 A occur at two loop regions on the surface of the
protein. A comparison of the zeatin binding region with both
structures of ML-I shows clearly that binding of zeatin does not
show any induced fit. Superposition of the residues that contribute to
binding of zeatin (Fig. 5a and b) shows an r.m.s. value for all side chain
atoms of 0.36 A. In the ML-I adenine complex the position of the zeatin
isoprenoide moiety is occupied by a single water molecule and a
glycerol molecule. Initial calorimetric measurements (ITC) of the free
binding enthalpy indicate that the binding constant is in the mM

range, which corresponds to the observed binding and interactions
shown in Fig. 5a and b.

4. Discussion

The crystal structure of ML-I reveals a cavity which accommodates
zeatin specifically. No complexes were observed for the two
structurally related plant hormones olomoucine and Kkinetin for
which identical soaking experiments were carried out. Significant
conformational changes of ML-I beyond the thermal displacement
were not observed clarifying that an induced fit was not required to
bind zeatin. The mistletoe accumulates substances transported by the
host xylem-tissue primary to supply its own metabolism with
required compounds from the host plant. Among these substances
are the host hormones. Considering that mistletoe has an up to 7.5 fold
higher transpiration rate than the host plant [39,40], tapping the
xylem tissue of the host by mistletoe and the resulting additional
substantial water consumption of mistletoe raises a water stress in the
host and a deficit of those branches, which are above the mistletoe. As
a consequence the host control systems for transpiration and
functioning under stress respond to cope with the water stress
situation. In order to increase the water transport from the roots the
water potential in shoots and leaves needs to be decreased. One host
response is a zeatin disbursement along the xylem-tissue axis that
triggers the stomata opening [41-43]. As a result the water potential
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decreases and the water delivery rate goes up. However, it has been
shown that even at high level of phytohormones the transpiration of
mistletoe leaves remains unaffected [44]. This supports the idea, that
mistletoe has the ability to protect itself from the regulation of the
host transpiration by absorbing and neutralizing zeatin and other
phytohormones. It seems that in a course of the evolution the
mistletoe developed a complex system of defensive functions. For ML-
[ the galactose-specific sugar binding sites in combination with the
active site are covering the main ribosome inhibiting activity and
provide defensive core capabilities against foreign hostile organisms.
In addition to these defensive core activities ML-I has a specific
capability to diminish its sensitivity to the host hormone level and
therefore is capable to adapt as parasite.

5. Conclusion

Based on the statistical evaluation of the diffraction data sets,
microgravity provides a useful environment to enhance crystal quality.
Even after mechanical disturbance the space grown ML-I crystals show
remarkably better diffraction properties in terms of signal to noise ratio
and mosaicity then their ground grown counterparts. Those conditions
have been exploited to obtain high quality data of a complex of the
ribosome inactivating protein type II ML-I with the cytokinin zeatin.
The X-ray structure has revealed a distinct single binding site within
the two subunits, almost opposite to the active site region and the two
galactose binding sites. Zeatin is part of the hormone regulatory
system among some putative hosts for the mistletoe and interference
with the mistletoe metabolism is intimated. The X-ray structure of a
complex of ML-I with a hormone of the ubiquist cytokinin family is a
clear indication that parasite host interactions have a biochemical and
structural background that is yet not well understood.
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