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Abstract

Arundo donax lectin (ADL) is a 170 amino acid protein that can be purified from the rhizomes
of the giant reed or giant cane by exploiting its selective binding to chitin followed by elution
with N-acetylglucosamine. The lectin is listed in the UniProt server, the largest protein sequence
database, as an uncharacterized protein with chitin-binding domains (AOA0OA9P802). This paper
reports the purification, structure and ligand-binding properties of ADL. The lectin is a homodimer
in which the two protomers are linked by two disulfide bridges. Each polypeptide chain presents
four carbohydrate-binding modules that belong to carbohydrate-binding module family 18. A
high degree of sequence similarity is observed among the modules present in each protomer.
We have determined the X-ray structure of the apo-protein to a resolution of 1.70 A. The
carbohydrate-binding modules, that span a sequence of approximately 40 amino acids, present
four internal disulfide bridges, a very short antiparallel central beta sheet and three short alpha
helices, two on one side of the beta sheet and one on the other. The structures of the com-
plexes of the lectin with N-acetylglucosamine, N-acetyllactosamine, N-acetylneuraminic acid and
N-N'diacetylchitobiose reveal that ADL has two primary and two secondary carbohydrate-binding
sites per dimer. They are located at the interface between the two protomers, and each binding
site involves residues of both chains. The lectin presents structural similarity to the wheat germ
agglutinin family, in particular, to isoform 3.
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Introduction

Lectins are a protein family of nonimmune origin, which can selec-
tively and reversely bind carbohydrates with a very high degree of
specificity and are involved, through sugar-binding, in many basic
biological processes (Sharon 2007). Their function is carbohydrate
recognition both at the molecular and cellular levels, and they are
widespread in all living organisms from viruses to man. Lectins were
initially identified in the plant kingdom for their hemagglutinating
activity and are now being regularly used in basic and applied

© The Author(s) 2021. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

research. They are found either in soluble form or membrane-bound
and are usually structurally complex molecules with one or more
carbohydrate-recognition domains (CRDs) (Taylor and Drickamer
2003).

In plants, lectins have many different important functions, includ-
ing symbiosis, defense against all sorts of predators like herbivorous
insects, and play also a central role in the plant innate immunity
defense mechanism against pathogens, such as bacteria, viruses and
fungi (De Hoff et al. 2009). Although plant lectins are a relatively
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well-studied group, there are still many genes that code for unchar-
acterized proteins that are probably lectins but still have to be studied
and described. Given the level of sophistication of the functions
carried out by plant lectins, it is not surprising that the number of
lectin families, defined on the basis of structure, sugar specificity and
CRDs, is not conclusively established but is in continuous expansion
to include always new members (Lannoo and Van Damme 2014).

Several lectins of different origins have been reported to exhibit
potent inhibitory effects in vitro on the growth of human tumor
cell lines, thus arising much interest in the study of their potential
application in the area of diagnosis and therapy of cancer (Gonzalez
De Mejia and Prisecaru 2005). It is also known that lectins can exhibit
immunomodulatory effects acting on both the innate and adaptive
vertebrate immune systems. These effects depend on the interaction
of lectins with glycan moieties present on the surface of immune
cells, such as neutrophils, monocytes, macrophages and dendritic cells
(DCs), and can lead to enhanced resistance against infection or cancer
but also to unwanted effects such as allergy and/or autoimmunity
(Souza et al. 2013). The use of nanoparticles coated with lectins
that specifically bind to the tumor-associated carbohydrate antigens
(TACAs) to target therapeutic drugs to the neoplastic tissues has also
been proposed (Devi and Basil-Rose 2018).

Given the importance of lectins in basic and applied research, the
identification of novel inexpensive sources and the development of
new simple and fast purification protocols is an important area that
deserves to be in constant development.

The giant reed or giant cane (Arundo donax) is a massive peren-
nial grass native to the Mediterranean basin but very widely diffused
to such an extent that it is considered invasive, and its impact on the
environment can have very damaging effects on native species and
has led to various efforts to reduce its population (Santin-Montanya
et al. 2013). Since it is not known to be a food source for any
species or a nesting habitat for wildlife, its best-known practical
application seems to be in the energy industry as a bio-fuel crop
(Corno et al. 2014). In fact, a study sponsored by the European Union
has established A. donax as the most productive of all energy biomass
crops. During, approximately, 2-3 decades following 1940, it was
cultivated in Italy on a large-scale industrial basis as a raw material
for the production of paper, but that application appears to be
currently no longer economically cost-effective. Arundo donax does
not normally reproduce through its seeds, which, when present, are
usually not fertile, but does it mostly vegetatively by its underground
rhizomes, a rich source of starch, proteins and other nutrients, that
can penetrate very deeply into the soil and expand very rapidly.

We have used the rhizomes of A. donax as the starting material
for the purification of a very abundant uncharacterized lectin that
can be selectively bound to a chitin affinity column and is eluted with
N-acetyl-D-glucosamine. The lectin is listed in the UniProt server, the
largest protein sequence database, as an uncharacterized protein with
chitin-binding domains (AOAOA9P802). A protein which is probably
the same that we describe here was purified using an N-acetyl-D-
glucosamine affinity column and was partially characterized (Kaur
et al. 2005).

We report here the characterization of A. donax lectin (ADL):
purification, cloning, amino acid sequence and 3D structure
determination by X-ray diffraction analysis of single crystals of
the apo-protein and of its complexes with N-acetylglucosamine,
N-acetyllactosamine, N-acetylneuraminic acid and N-N’ diacetyl-
chitobiose. The lectin exhibits structural similarity to the wheat germ
agglutinin (WGA) family, in particular, to isoform 3 (Harata et al.
1995).

Results

Amino acid sequence

The X-ray structure of ADL was determined before its amino acid
sequence was known, and therefore, the first information on the
sequence was based on the electron density maps of the apo-protein.
Given the similarity among the eight modules present in the asymmet-
ric unit, it was relatively straightforward to identify in the UniProt
server the protein listed with the label AOAOA9P802, present in the
giant cane A. donax and cataloged with the name “uncharacterized
protein.”

The sequence present in the protein database is approximately
85% identical and 93% similar to that of the models we present here,
which corresponds to one of the isoforms separated by preparative
isoelectric focusing. There are some positions in the chain that show
variability, and the UniProt sequence was used to fit the electron
density except in those cases where there was discrepancy with the
maps.

The amino acid sequences of our model and that of the uncharac-
terized protein AOAOA9P802 (UNC) are compared in Figure 1. The
four modules present in the polypeptide chain have been separated
and the last amino acid in each has been labeled in the right-hand
column and corresponds to the final sequence in the protein data
bank (PDB) file. The amino acids conserved in the four modules
are highlighted on a red background and those that are different
in the AOAOA9P802 protein are highlighted in green, while the two
cysteines that connect the two protomers in the dimer are highlighted
in magenta. Using the information present in the UniProt server,
the protein was cloned starting from total ribonucleic acid (RNA)
extracts of the fresh rhizomes of the plant. The sequence of the
complementary deoxyribonucleic acid (DNA) (cDNA) encoding for
the protein was then checked and was found to be identical to that
deposited.

A final check on the sequence was carried out using mass spec-
trometry on two different isoforms of ADL following the procedure
described below. The results are in agreement with this description
and the peaks observed are included in the supplementary materials
section (Supplementary Figure S1).

Figure 1 shows also the four disulfide bridges present in each
module which were clearly identified in the electron density maps.

Affinity for carbohydrates

The affinity of the lectin for saccharides was studied initially in
solution using isothermal titration calorimetry (ITC). Figure 2
shows the results of the ITC experiments with three sugars: N-
acetylglucosamine, N,N’ diacetylchitobiose and glucose. Both N-
acetylglucosamine and N,N’ diacetylchitobiose display a similar
exothermic binding profile with the disaccharide showing a higher
affinity (Kd ~ 4.3 *10~° M). Without imposing any stoichiometry of
binding, the standard program used for data analysis of the ITC data
finds for the disaccharide two equivalent sites per protein dimer, while
glucose does not show any heat of interaction with the lectin. The
thermodynamic binding parameters for the two sugars are reported
in the supplementary materials section (Supplementary Table SI).

Structure of the protomer

The crystals of ADL belong to space group P65 with unit cell
parameters for the apo-protein a = b =127.0 A, c = 46.5 A, and they
contain one dimer in the asymmetric unit. The stereochemical quality
of the protein model was assessed with the program PROCHECK
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Nty e i sl
UNC AEECGKQGGGALCPNNVCCSMWGYCGLGPDYCGTGCQSGACC 80
ADL PGK.RiDIANIET!PN.L SEDIYFFISEY GEp 84
UNC PGKRCGKQANGETCPNNLCCSKDGYCGFGAEYCGNGCQSGPC 122
ADL RADKLi ————— QL!PDIL SQWIFFL.V’EFFDm 128
UNC RADRKCGTLAGGQLCPDNLCCSQWGYCGLGVEFCSDGCQSGACI 166
ADL SMRhRIA.DIA.K!TNIY GASIYFL.GDY S@rET 170
UNC SMRCGRQASGAKCTNNYCCGGSGYCGLGSDYCGAGCQSGPCT 212

Fig. 1. Amino acid sequence of ADL. Comparison of the amino acid sequence of the models and the sequence deposited in the UniProt server with the labels
AOA0A9P802, UNC. The amino acids that are different are highlighted in green and those conserved in the four modules in red. The magenta background
identifies the two cysteines that participate in the inter-protomer disulfide bridges in the molecular dimer (Cys 42 and 128). The position in the sequence of the
amino acids represented is indicated on the right-hand side of the picture. The four equivalent disulfide bridges present in each domain are also represented.
Note the gap after amino acid 92 that corresponds to the disordered region in the electron density maps present in both protomers in the asymmetric unit.

(Laskowski et al. 1993). 86.3% of the residues are in the most
favorable region of the Ramachandran plot and the remaining 13.7%
in the additionally allowed regions.

The final model of the apo-protein contains 165 amino acids
of each protomer, which correspond to a total of 2,250 protein
atoms, 1 glycerol molecule and 212 water molecules. There is one
area in the map, spanning residues 92-96, where there is no clear
interpretable electron density in either of the two protomers, and
therefore, that part of the chain was not included in the model. Since
the protein that was purified on an N-acetyl-D-glucosamine affinity
column and partially characterized (Kaur et al. 2005) was reported to
be glycosylated, we examined that possibility carefully. Submission of
the ADL sequence to a glycosylation prediction server (Chauhan et al.
2013) indicated that there should not be any N-glycosylation sites,
but there were two threonines that could potentially be glycosylated.
Careful examination of the electron density maps did not indicate
that this was indeed the case.

The conventional R factor is 16.0% and the free R factor is 20.6
(Table I). The R factors and root-mean-square deviations (r.m.s.d.) in
Table I were calculated with the program Refmac (Murshudov et al.
1997).

Each protomer contains four domains, A-1, A-2, A-3 and A-4 in
the first chain and the same number in the identical B chain. They are
represented in Figure 3A where they are colored blue, green, orange

and red, starting from the N-terminus. The four domains belong to
the well-known carbohydrate-binding module family 18 (CBM18),
also known as chitin binding 1 module or chitin recognition protein,
and are found in a number of lectins that bind N-acetylglucosamine
(Boraston et al. 2004).

The fold of this domain is also known as the hevein fold
(Jiménez-Barbero et al. 2006). In the case of ADL, the domain spans
about 40 amino acids organized around a four disulfide bridge core.
There are two short central antiparallel beta strands and three short
helices, two on one side and one on the other, but the secondary
structure is predominantly coil. Figure 3B shows the sequences of
the four domains in the protomer aligned as in Figure 1 with the
secondary structure elements indicated. The central beta strands are
colored in blue and the helices are green. The gap between amino
acids 91 and 97 identifies the area in the model that was not built
because of the poor quality of the electron density map.

The isolated CBM A-1 is represented in Figure 3C. The N-
terminus is identified at the bottom, on the left hand side of the
figure, and the cysteines linked by the four yellow disulfide bridges
are numbered.

A superposition of the a-carbon models of the four domains
in the A protomer colored as in Figure 3A is shown in Figure 3D.
The disulfide bridges are not represented for clarity, and the N-
terminal end of the peptides is at the bottom left. The amino acids
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Table I. Data collection and refinement statistics

Data set ADL APO ADL + N-acetyl ADL + N- ADL + N- ADL + N,N’ ADL + N,N’

glucosamine acetyllactosamine  acetylneuraminic diacetylchitobiose  diacetylchitobiose
acid soaking time 30 s soaking time 60 s

Crystal form 1 2 3 4 5 6

Space group P65 P65 P65 P65 P65 P65

a(A) 127.04 127.55 126.77 127.21 127.08 126.96

b (A) 127.04 127.55 126.77 127.21 127.08 126.96

c(A) 46.49 45.60 46.26 45.37 46.14 45.87

o 90.0 90.0 90.0 90.0 90.0 90.0

B 90.0 90.0 90.0 90.0 90.0 90.0

y 120.0 120.0 120.0 120.0 120.0 120.0

Resolution range (A) 27.50-1.70 26.13-1.75 63.38-1.50 63.60-1.60 63.54-1.5 63.48-1.80

Observed reflections 238,287 222,814 411,846 325,854 421,665 239,931

Independent reflections 47,270 42,913 67,865 55,614 68,370 39,380

Multiplicity* 5.0 (4.8) 5.2 (4.9) 6.1(5.9) 5.9(5.9) 6.2 (5.8) 6.1(5.8)

Rmerge (%)* 7.3 (43.5) 9.1 (39.3) 7.3 (44.1) 6.2 (43.4) 6.0 (42.9) 10.8 (56.4)

<l/o(I)> 11.3 (3.3) 10.3 (3.4) 10.5 (2.9) 12.0 (3.0) 13.0 (3.1) 10.5 (3.9)

Completeness (%) 99.6 (99.5) 99.8 (99.7) 99.5 (99.6) 99.9 (100.0) 100.0 (99.9) 99.9 (99.8)

Wilson B factor 21.2 19.5 19.0 21.0 20.0 22.8

Reflections in refinement 44,903 40,867 64,365 52,733 64,974 37,303

Reryst (%)° 16.01 14.83 16.23 19.14 15.66 17.41

Rfree (%) (test set $%)° 20.59 19.00 18.10 20.69 19.27 20.12

Protein atoms 2,250 2,250 2,250 2,250 2,250 2,250

Specific ligand atoms 0 30 56 42 45 45

Nonspecific ligand atoms 6 6 6 6 6 6

Water molecules 212 226 344 252 266 240

r.m.s.d. on bond lengths 0.005 0.004 0.004 0.006 0.005 0.005

(A

r.m.s.d. on bond angles (A)! 0.639 0.581 0.620 0.598 0.725 0.518

Planar groups (A)¢ 0.017 0.022 0.023 0.024 0.023 0.014

Chiral volume dev. ([\3)d 0.045 0.044 0.037 0.040 0.047 0.024

Average B factor (A2) 28.53 17.71 18.90 18.52 23.04 24.85

Protein atoms 27.88 16.16 16.37 16.39 21.20 23.67

Specific ligand atoms — 11.46 15.98 22.99 30.24 33.68

Nonspecific ligand atoms ~ 46.34 40.25 38.58 44.04 56.73 47.14

Solvent atoms 34.90 33.33 35.54 36.14 36.63 33.77

ESRF beamline ID29 D29 ID23 ID23 1D23 ID23

Date of data collection 14 Mar 2015 14 Mar 2015 27 Nov 2015 27 Nov 2015 27 Nov 2015 27 Nov 2015

PDB code 6STM 6STN 6STO 2STP 65TQ 6STR

The highest-resolution shells used in the refinements are the following: crystal form1, 1.74-1.70 A; 2, 1.80-1.75 A; 3, 1.54-1.50 A; 4, 1.64-1.60 A; 5, 1.54-1.50 A and 6, 1.85-
1.80 A. The nonspecific ligand is glycerol. The values in parentheses refer to the highest resolution shells. For the data collection of the different crystal forms (identified with a
number in the second line) they are the following: 1, 1.74-1.70 A; 2, 1.84-1.75 A; 3, 1.58-1.50 A; 4, 1.69-1.60 A; 5, 1.58-1.50 A and 6, 1.90-1.80 A. *Rmerge = $hZi | lib —
<Ih>/Sh%i < Ih >, where <Ih > is the mean intensity of the i observations of reflection b. PReryst = ¥ | [Fobsl - [Fcalel I/S [Fobsl, where [Fobsl and [Fealcl are the observed and
calculated structure factor amplitudes, respectively. Summation includes all reflections used in the refinement. “Rfree = X | [Fobs| - |Fcalcl I/Z |Fobsl, evaluated for a randomly chosen

subset of 5% of the diffraction data not included in the refinement. 4

represented in the figure are the following A-1 1-43 [blue], A-2
44-86 [green] A-3 87-129 [orange] and A-4 130-170 [red]. The
models were superimposed using the program LSQKAB (Kabsch
1978), and the mean r.m.s.d. values for equivalent a-carbons of
domain A-1 and the other three were 0.97, 0.96 and 0.56 A.

Structure of the dimer

The first line of evidence that indicated that ADL is a dimer under
normal conditions was the appearance of a single band corresponding
to the molecular weight of the dimer in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS PAGE) when the sample did
not contain B-mercaptoethanol and a single band with the molecular
weight of the protomer if the sample contained a reducing agent for
disulfide bonds (data not shown). This experiment indicated that the

r.m.s.d. from ideal values.

dimer was stable even in the presence of SDS and that exposure to a
disulfide bridge-reducing agent was required to dissociate it into the
monomeric units. The two disulfide bridges linking the protomers
in the dimer were easily identified since the quality of the electron
density maps in the two areas was very good. The two bridges are
established between Cys 42 of one chain and Cys 128 of the other.
Dynamic light scattering and mass spectrometry further con-
firmed the presence of a dimer in solution. Figure 4A is a scattered
intensity distribution plot of different concentrations of ADL show-
ing that the hydrodynamic diameter of the major peak of 7.1 nm is
consistent with the presence of a dimer and that the samples contain a
relatively low percentage of higher molecular weight aggregates. In a
similar plot of the percent volume or number of particles, the second
peak becomes totally insignificant. A mass spectrum of the protein
sample (Figure 4B) shows the two peaks corresponding to the masses
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Fig. 2. Interaction of ADL with carbohydrates in solution. ITC titration of
ADL with N-acetylglucosamine, N,N’ diacetylchitobiose and glucose. The
upper panels represent the raw data for the first injections (positive ordinate
indicates exothermic), and the lower panels plot the corrected integrated
heats as a function of the molar ratio. The best fit was obtained with an
independent model for N-acetylglucosamine and N,N’ diacetylchitobiose.
The thermodynamic parameters are reported in the supplementary materials
section (Supplementary Table Sl). Note the absence of a significant heat of
interaction of ADL with glucose.

of the protomer (16,869 m/z) and the dimer (33,562 m/z), which is
clearly significantly higher.

Supplementary Table SII lists selected distances shorter than 3.5 A
which were measured between atoms in the interacting protomers.
The total number of contacts below this cutoff is 112, but the table
lists only one per interacting amino acid, the shortest. Table I is a

reduced version of the table in the supplementary materials in which
the cutoff is 2.8 A.

Not surprisingly, the shortest contacts between the two protomers
in the dimer are the two disulfide bridges established between Cys 42
of one chain and Cys 128 of the other in which the distance between
the two SG atoms in the bridge is about 2 A. A symmetric contact
indicated in green in the table is also present between the NH2 of
Arg 85 of one chain and the OD1 of Asp 87 of the other.

A representation of the dimeric molecule with the 2-fold axis in
the plane of the picture and vertical (left) in two orientations differing
from one another by a rotation of about 90° is shown in Figure 4C.
The two protomers are represented in yellow and blue.

We have also calculated the solvent accessible area of protomers
and dimer in crystal form 3, which diffracts to the highest resolution,
1.50 A. The A monomer of ADL has a solvent accessible area of
7,225.9 A% and the B monomer as a solvent accessible area of
7,317.1 A2, The contact areas are 2,118.4 and 2,142.8 A2, i.e. about
29% of the total surface of the monomers and a value that justifies
the observed stability of this molecule when compared with those
reported for other physiologically relevant dimers (Collaborative
Computational Project Number 4 1994; Jones and Thornton 1995;
Ponstingl et al. 2000).

The close contacts between the two protomers in the dimer play
an important role in the function of the lectin in which binding of the
carbohydrates to the protein involves residues from the two chains
present in the dimer.

Interaction of the lectin with selected carbohydrates
Using the X-ray diffraction of single crystals, we have also
studied the interaction of the lectin with N-acetylglucosamine, N-
acetyllactosamine, N-acetylneuraminic acid and N, N diacetylchito-
biose.

The ADL dimer has two primary sugar-binding sites located at the
interface of the two protomers with a participation in the contacts of
amino acids from the two chains. We have labeled the primary site
closest to the N-terminus of chain A as o and that closest to the N-
terminus of chain B as B (Figure 5A). A secondary site is also present
in the co-crystals with N-acetyllactosamine, N-acetylneuraminic acid
and N,N’ diacetylchitobiose (Figure SC). Only the secondary site
closest to the N-terminus of protomer B shows clear electron density
for the carbohydrates since the equivalent site in protomer A is
blocked by lattice contacts in the crystals, and our co-crystals were
prepared by soaking of the apo-protein in solutions containing high
concentrations of the sugars. We have labeled that third binding site
asy.

Table I summarizes the data collection and structure refinement
statistics of the five different co-crystal forms. Crystal forms 5 and 6
contain both an excess of N, N’ diacetylchitobiose, but the soaking
times before exposure were different: 30 s in the first case and 1 min
in the second.

The lectin binds N-acetylglucosamine in a very similar fashion
in the two primary binding sites. Table III lists the shortest dis-
tances (cutoff = 3.35 A) between ADL and N-acetylglucosamine.
The residues that play equal roles in the two binding sites are on
backgrounds and are colored in the same way. From the table,
it is evident that the two polypeptide chains are equally impor-
tant in providing the residues that participate in the contacts with
the carbohydrate. The interactions of Glu 73 with the N2 of the
monosaccharide explains why N-acetylation is essential for ligand-
binding while binding to Asp 87 of the other chain, and a second
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Fig. 3. X-ray structure of ADL. (A) Ribbon representation of the protomer in which each of the four domains has been colored differently. The coordinates used
are those of monomer A of crystal form 1, and the four domains are represented in the following colors, starting from the N-terminus: A-1, blue; A-2, green;
A-3, orange and A-4, red. The figure was prepared using the program PyMOL (http://www.pymol.org) that selected automatically the secondary structure. (B)
Secondary structure assignments in the four polypeptide domains in a protomer. The four partial sequences were aligned on the basis of the positions of the
disulfide bridges (not indicated in this figure), and the peptides superimposed span the chains 3-42, 46-84, 89-128 and 131-169. The amino acids in alpha helical
conformation are green and those participating in the antiparallel beta sheets blue. The gap after amino acid 91 and before amino acid 97 corresponds to the
disordered area in the electron density maps. (C) Stereo representation of the N-terminal domain A-1, spanning amino acids 1-43. The program PyMOL defined
the secondary structure. (D) Superposition of the models of the four domains of protomer A. The amino acids represented in the figure are the following: A-1
1-43 [bluel, A-2 44-86 [green] A-3 87-129 [orange] and A-4 130-169 [red]. The N-termini are in the figure at the bottom left. The models were superimposed

using the program LSQKAB (Kabsch 1978).

contact with Ser 72 through the O4 of the sugar explains why N-
acetylgalactosamine does not bind to the lectin. These two contacts
with O4 confer a high selectivity to the lectin that does not bind N-
acetylgalactosamine, which differs from N-acetylglucosamine only in
the conformation of this epimeric oxygen.

The same distance cutoff was selected in Table IV that lists
the shortest distances for N-acetylglucosamine, N-acetyllactosamine,
N-acetylneuraminic acid and N,N’ diacetylchitobiose in the primary
binding site, 8. The interactions and distances are very similar for
the first two and the last saccharides and are slightly different for
N-acetylneuraminic acid in which, however, the main interactions of
the acetylated N5 of N-acetylneuraminic acid are also established
with Glu 73 of chain B. In this case, there is also an important
contact between the OG of Ser 106 and O10 of N-acetylneuraminic

acid and the O7 of the ligand with Trp 108 and Phe 110 of the
protein.

A cutoff of 3.55 A was also chosen for Table V to limit the
number of distances in the table that are present in the secondary
binding site, y. In this case, most of the protein amino acids involved
belong to chain B in the area close to the N-terminal portion of the
chain, but Asp 158 and glycines 156 and 157 from chain A also
play an important role in the interactions with N-acetyllactosamine
and N-acetylneuraminic acid. The other residues from chain B that
participate in these contacts are Ser 20, Tyr 24 and Tyr 31.

A stereo-diagram showing the electron density of N-acetylgluco-
samine in the primary binding sites of ADL with the two
Fobs—Fcalc map contoured at a 1.5 o level is shown in Figure 5A,
and in Figure 5B, the main interactions observed between
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Fig. 4. The ADL dimer. (A) Dynamic light scattering experiment of ADL. The size distribution is by intensity, and the three curves corresponding to three different
concentrations of the protein were recorded. The small high molecular weight peak on the right of the figure is due to the presence of a low percentage of
aggregates. The hydrodynamic diameter of the highest peak corresponds to a radius of gyration of 7.1 nm, which is consistent with the presence of a dimer
in solution and is in very good agreement with the value measured in the X-ray model. (B) MALDI spectrum of ADL showing the peaks corresponding to the
molecular mass of the protomer and the dimer. (C) Ribbon representation of the ADL dimer. The two protomers are colored yellow and blue. The 2-fold axis
present in the dimer is, on the left figure, in the plane and approximately vertical. The figure on the right has the 2-fold axis rotated approximately 90° and

perpendicular to the plane.

Table Il. Most significant contacts between the two protomers of ADL in the dimer in crystal form 1

Amino acid residue Atom Distance (&) Aming acid residue Atom
Protomier A Protomer B

Asn 16 OD1 2.66 Asn 59 ND2
Cys 42 SG 2.03 Cys 128 SG
Arg 85 Asp 87 oDl
Asp 87 opD1 . Arg 85 NH2
Glu 116 OEl1 2,35 Tyr 74 OH
Cys 128 SG 2.02 Cys 42 SG

The table lists only the shortest contacts (below 2.80 A) between the amino acids in the two protomers. In yellow, the interchain disulfide bridges and, in green, a symmetric

salt bridge.

N-acetylglucosamine and the primary binding site « of ADL are
represented.

In Figure 5C, the electron density of N-acetyllactosamine which,
as shown in the picture, is only clear for the N-acetylglucosamine
moiety of the disaccharide, is represented in the two primary and in
the secondary binding sites in different colors, and Figure 5D shows
the interactions of the carbohydrate in the y binding site of ADL.

Figure SE is a ribbon representation of an ADL dimer with
the electron density of the four saccharides, which are included in
Table I. The ligand-binding site shown is 8, and the ball and stick
models of the carbohydrates are oriented as when bound to the
lectin model represented in the figure. No important conformational
changes are observed in the lectin when comparing its co-crystals with
carbohydrates with those of the ligand-free protein.

Discussion

Exploiting its affinity for chitin, we have isolated a very abundant
new lectin from the rhizomes of the very extensively diffused tall
perennial grass, A. donax. On the average, we have purified approx-
imately between 100 and 200 mg of protein, starting with 150 g of
rhizomes. The protein is cataloged in the UniProt server under the
name “uncharacterized protein” and is labeled as AOAOA9P802. The
lectin was structurally characterized, i.e. its amino acid sequence and
3D structure were determined. Six different isoforms of the lectin
could be separated by preparative isoelectric focusing, indicating
a certain variability in the protein sequence. Only two of them
were found to crystallize, and in the end, all the data for the final
refinement of the six crystal forms, listed in Table I, were collected
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Table lll. Selected distances between the closest ADL residues and the N-acetylglucosamine molecule in the two primary binding sites;

the cutoff is 3.35 A

ADL residue Atom N-acetylglucosamine Distance (A)
Atom

Ser 72 A oG C3 335 o]

Ser 72 A oG 04 2.72 o]

Ser 72 A 0G 03 302 [a]
Glu73 A OE2 N2 290 |of
Glu73 A OE1 03 271 o
B R e =
Asp 87 B oD1

Asp 87 B CG 04 3.11 o]

Asp 87 B OD2 Cé6 3.24 o]

Ser 106 B oG 07 252 fa] |
Phe 110 B CE2 05 319 [a]

Phe 110 B CD2 05 334 o]
Phe 110 A CE2 05 335 |B]

Ser 106 A CB 07 3.30 [B]

Ser 106 A 0G 07 252 Bl
Asp 87 A 0OD2 C4 3.29 |B]

Asp 87 A CG 04 3.24  [B]

Asp 87 A oD1 04

Asp 87 A oD2 04

Glu 73 B OE2 N2 2.87 [B]
Glu73 B OE1 03 2.87 [B]

Ser 72 B oG 03 3.13  [B]

Ser 72 B oG 04 2.68 [B]

The equivalent residues of the two chains are highlighted with the same color.

from only one isoform. The sequence of the refined models is 85.1%
identical and 92.5% similar to that of protein AOAOA9P802 and,
interestingly, has all the cysteines conserved with the exception of Cys
128 that forms the inter-protomer disulfide bridges with Cys 42 in the
dimer (see Figure 1). We did not find any evidence of glycosylation
of the side chains of the protein.

The molecular mass and amino acid sequence were also checked
by mass spectrometric analyses using standard methods. Both in-
source decay (ISD) analyses and peptide mass fingerprinting (PMF)
were carried out. ISD coupled with matrix-assisted laser desorption
ionization time of flight mass spectrometry (MALDI-TOF MS) is
used for the fast and reliable assignment of the protein chain termini.
ISD is a fragmentation occurring in the MALDI source, after the laser
shot and before the ion extraction. MALDI-ISD has been shown to
efficiently produce ¢- and z + 2-type ions for the rapid analysis of
both protein termini. When applied to intact ADL, the first 20 amino
acids of the polypeptide chain were clearly identified and were found
to be in agreement with the crystallographic result. PMF required
the digestion of the protein with a specific endoprotease (trypsin)
and the separation of the obtained fragments by gel electrophoresis,
followed by the determination of their molecular masses. The list
of the peptides analyzed and more details of the mass spectrom-
etry experiments are given in the supplementary materials section
(Supplementary Table SII).

The result of the X-ray analysis of single crystals of ADL
revealed that it belongs to the well-known structural protein
family of the hevein group of chitin-binding lectins (Itakura et al.
2017), which includes the extensively studied WGAs (Wright
1989). The carbohydrate-binding module, present in four copies
in each polypeptide chain, has been named the hevein fold
(Martinez-Caballero et al. 2014) and is also present in several plant
chitinases (Kezuka et al. 2010).

ADL is a very steadfast dimer stabilized by two disulfide bridges
formed between Cys 42 of one chain and Cys 128 of the other, a
series of hydrophobic contacts and two symmetric hydrogen bonds
established by the NH2 group of Arg 85 of one chain and the
carboxylate of Asp 87 of the other. Dimerization of the molecule is
undoubtedly relevant for its function since the four ligand-binding
sites identified in the lectin require the participation of residues from
both polypeptide chains in ligand-binding.

Binding of N-acetylglucosamine in the primary binding sites is
mediated in ADL by several hydrophobic contacts mainly with Phe
110 and Phe 117 of chain B in site « and chain A in site B (Table SIV).
Ligand specificity is due to the hydrogen bonds established by its O4
and the OG of Ser 72 and the ODs of Asp 87. In the N-acetyl moiety
of the sugar molecule, there is a significant interaction between O7
of the carbohydrate and the OG of Ser 106. In both cases, the
participation of residues from both protomers is equally important
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N-acetylglucosamine

Phe 110 B
% D Asp8TB

2 Trp 108 B

L .

icacid  N,N" diacety

Fig. 5. Binding of carbohydrates to ADL. (A) Stereo diagram of an ADL dimer with two molecules of N-acetylglucosamine bound at the « and g primary sites. The
electron density of the two Fobs-Fc maps was contoured at the 1.5 o level. The side chains of the main amino acids involved in the interactions are represented
in the figure. (B) Residues involved in the interaction of ADL with N-acetylglucosamine in binding site «. The most relevant distances are indicated in the figure.
(C) Stereo diagram of an ADL dimer with the electron density of two molecules of N-acetyllactosamine bound at the « and g primary sites (blue) and a third
molecule bound at the y site (green). Note that in the « and B sites, the electron density observed corresponds to only the N-acetylglucosamine moiety of
the disaccharide. The electron density of the two Fobs-Fc maps was contoured at the 1.5 o level. (D) Main residues involved in the interaction of ADL with N,N’
diacetyllactosamine at the y binding site (crystal form 3). (E) Ribbon representation of the ADL dimer with the Fobs-Fc electron density of the different saccharides
that can occupy binding site 8. The four carbohydrates represented as ball and stick models are N-acetylglucosamine, N-acetyllactosamine, N-acetylneuraminic
acid and the N,N’ diacetylchitobiose. The electron density of the Fobs-Fc maps was contoured at a 1.5 o level. The side chains of the main amino acids involved
in the interactions are represented in the figure. The figure was prepared using the program PyMOL (http://www.pymol.org).

in ligand-binding (see Table III). The contacts with the epimeric O4
explain why N-acetylgalactosamine does not bind to this lectin.

The more significant contacts in this site are established with the
N-acetylglucosamine moiety of the carbohydrates and in the two
disaccharides studied, N-acetyllactosamine and N,N’ diacetylchito-
biose, the second half of the carbohydrate molecule appears to be
very flexible and there is no visible electron density in the maps (see
Figure SE).

Only one of the two available secondary sites was found occupied
in our crystals due to the fact that in this particular crystal form
the second site is blocked by intermolecular lattice interactions. The
occupied site was labeled as y, and the residues that interact with
the ligands belong mainly to chain B but there is also a residue from
chain A, Asp 158, that plays an essential role in conferring specificity
to ligand-binding because it interacts with the N2 of the N-acetyl
groups of the disaccharides and N-acetylneuraminic acid.
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Table IV. Selected distances between the closest ADL residues of binding site g and the different carbohydrates

Distance (A) ) Distance (A) Distance (&) Distance (A)
ADL residue | Atem [N—acetyliglucosamme [N-acetyllactosamine [N-acetylneuraminic | [N>N’ diacetylchitobiose
tom] Atom] acid Atom| Atom]

Asp 87 A 0D2 3.29 [C4] 3.44 [C4] - 3.39 [C4]
Asp 87 A 3.24 [04] 3.36 [O4] - 3.25 [04]
Ser 106 A 3.30 [O7] 3.32 [07] - 3.35[07]
Ser 106 A 25207 2.5107] | 2.59107]
Ser 106 A - 2.69 [010] -
Phe 110 A CE2 3.35 [05] 3.31 [05] : 3.51 [05]
Glu 116 A 0 3.42 [C8] 3.36 [C8] - 3.33[C8)
Glu 116 A (0] - 3.21 [C11] -
Glu73B OE2 - 2.71 [N5] -
Glu73 B OE1 - 3.31[C4] -

Glu 73 B OE1 - 2.86 [04] -
Glu73B OE2 2.87 [N2] 2.87 IN2] | 2.79 [N2]
Glu73B OE1 2.87 (03] 2.83 (03] : 2.91 (03]
Ser 72 B oG 2.68 [04] 2.63 [04] : 2.58 [04]
Ser 72 B oG 3.40 [C3] 3.39 [C3] - 3.25[C3]
Ser 72 B oG 3.13 [O3] 3.13 [O3] - 3.11 [03]
Ser 72 B CB 3.41 [04] 3.37[04] 3.77104] 3.27 [04]

The distances refer to site B of the asymmetric unit of crystal forms’ numbers 2, 3, 4 and 6. The maximum distance cutoff is 3.35 A for at least one of the carbohydrates. In

colored background, the shortest distance of the residue in contact is given.

Chitin, the long chain polymer recognized by ADL is the second
most abundant carbohydrate found in nature and a major component
of the cell wall of fungi, the cell membrane of yeast and bacteria
and of the exoskeleton of crustaceans and insects. Since plants do
not contain chitin but most plant pathogens do, this polysaccharide
plays an important role in triggering the plant innate immune system
against insects, yeast, bacteria and fungi (De Hoff et al. 2009;
Kombrink et al. 2011). The plant response to aggression by chitin-
containing pathogens mobilizes a series of molecules of the defense
signaling pathways in which the hevein-like proteins are believed to
play a role. Therefore, it is likely that ADL may be a member of
the defense mechanism of the plant against insects, yeast, fungi and
bacteria (Berthelot et al. 2016).

When the coordinates of ADL are analyzed by the Dali
server (Holm and Sander 1999), WGA, isoform 3, is chosen by the
program as the protein whose structure is most similar to the queried
molecule. The r.m.s.d. for the alpha carbons of ADL and WGA-3 is
3.692 A for monomer A and 3.589 A for monomer B of ADL and
the equivalent chains of WGA-3.

Figure 6A compares the amino acid sequences of ADL, WGA-3
and WGA-1. The latter was included in the figure to give an idea of
the sequence variability between the different isoforms of WGA and
to allow a comparison of the residues that bind N-acetylglucosamine
in site @ of ADL and WGA. The experimental X-ray data on the
binding of the carbohydrate to this site are available only for isoform
1 of WGA. As the figure shows, the three proteins show a high degree
of sequence similarity and have all of their cysteine residues conserved
with two highly significant exceptions, Cys 42 and 128, the two
cysteines that form the disulfide bridges that link the two protomers
in the ADL dimer and absent in the two isoforms of WGA.

In the figure, the conserved cysteines are represented on a
red background, while the two that form the disulfide bridges of
ADL are represented on a green background. The two models
are drawn superimposed in Figure 6B, a stereo representation, in

which the ADL protomers are yellow and blue and the WGA-3
chains (PDB code 1K7T; Harata et al. 1995) are red and green.
Note that the two models superimpose quite well and that the
relationship between the two protomers in the dimer is very similar.
The molecular models of N-acetylglucosamine bound to the «
primary site of ADL (left) and WGA-1 (right) (Schwefel et al.
2010; PDB accession code 2UVO) are represented in Figure 6C.
A direct comparison with WGA-3 is not possible because its
crystal structure with N-acetylglucosamine is not available, but the
residues involved in the contacts are conserved in the two isoforms
(see Figure 6A). Sugars and relevant residues are shown in sticks
models and coordinate bonds as yellow dashed lines. Our ITC
experiments yield thermodynamic values for the AH of interaction
with both N-acetylglucosamine and N,N’ diacetylchitobiose, which
are of the same order of magnitude as those observed for WGA (Bains
et al. 1992). In every case, the values of TAS are negative indicating
that the binding process is enthalpically driven.

Many important practical biotechnological applications have
been proposed and implemented for the lectins of the WGA family.
Given the similarities of ADL with this protein group and the ease of
preparation, yield, cost and ready availability of the protein source, it
can be anticipated that most of those uses may be carried out equally
well by the protein we describe in this paper.

Materials and methods

Protein purification
ADL was purified from the rhizomes of the common giant cane
by affinity chromatography in a column of chitin (New England
Biolabs).

In each preparation, 200 g of rhizomes were homogenized in
a blender using a volume of approximately 300 mL of Tris-HCI:
50 mM, pH: 7.5, NaCl: 0.5 M, NaN3: 0.02% and EDTA: 1 mM.
After centrifugation at 7,000 g for 30 min, the supernatant was
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Fig. 6. Comparison of ADL and WGA. (A) Sequence comparison of ADL and WGA, isoform 3 (UniProtKB - P10969) and isoform 1 (UniProtkB - P10968). The
conserved cysteines are indicated on a red background, while the two nonconserved (numbers 42 and 128) are highlighted on a green background. The residues
that are different in the two WGA isoforms are highlighted on a yellow background. The magenta residues in ADL are those involved in ligand-binding site « and
those in blue are those involved in the equivalent site of WGA-1 (PDB code 2UVO). (B) Stereo representation of the ADL and WGA, isoform 3 (WGA-3, Harata
et al. 1995, PDB accession code 1WGT), dimers superimposed. The two protomers of ADL are yellow and blue whereas those of WGA-3 are red and green. The
superposition of the two dimers was carried out using the program LSQKAB (Kabsch 1978) and shows clearly that the contacts between the protomers in the
two dimers are very similar. (C) Molecular models of N-acetylglucosamine bound to the & primary site of ADL (left) and WGA-1 (right) (Schwefel et al. 2010, PDB
accession code 2UVO0). A direct comparison with WGA-3 is not possible because its crystal structure with N-acetylglucosamine is not available, but the residues
involved in the contacts are conserved in the two isoforms (A). Sugars and relevant residues are shown in sticks models and coordinate bonds as green dashed
lines. The figure was prepared using the program LigPLOT+ (Laskowski and Swindells 2011).
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Table V. Selected distances between the closest ADL residues of binding site y and the different carbohydrates

) Atom Distance (&) Distance (A) . Distance (A)
ADL residue [N-acetyllactosamine Atom] | [N-acetylneuraminic | NN’ diacetylchitobiose Atom]
acid Atom]

Glu3B OE1 3.33 [C5] - -

Glu3B OE1 3.30 [C6] - -

Ser 20 B CB 3.32 [OAZ] - -

Ser 20 B oG [C - -

Ser 20 B CB - - 3.20 [07]

Ser 20 B 0G - - 2.51[07]

Ser 20 B 0G - 2.66 [0O10] -

Tyr24 B CB - - 3.16 [03]

Cys 25B o - -

Tyr31B OH - -
Tyr 31 B OH - -
Tyr 31 B OH - - 2.66 [C3]
Tyr 31 B CE2 - - 2.35[03]
Tyr 31 B CZ s - 2.58 [03]
Tyr 31 B OH - s 2.16 [03]
Tyr 31 B OH - 2.60 [04]

Tyr31B CZ - 3.29 [C11] »
Tyr 31 B OH 3.27 [N5] .
Asp 158 B oD2 = - 3.04 [C8]
Asp 158 B oD1 - » 3.08 [N2]
Gly 156 A CA 3.32[06] - -
Gly 157 A N 3.11 [06] - -
Asp 158 A oD2 = 3.23[C11] .

The distances refer to site y, closest to the N-terminus of protomer B of the asymmetric unit of crystal forms’ numbers 3, 4 and 6. The equivalent site closest to the N-terminus of chain

A is not occupied in the crystals and the maximum distance cutoff is 3.35 A.

filtered through glass wool to eliminate the solid aggregates. The
extraction was repeated twice and, after combining the three extracts,
the total volume was concentrated to about 100 mL under nitrogen
pressure in an Amicon (New England Biolabs, Ipswich, MA USA)
cell with a polyethersulfone membrane with 10 kD cutoff. The
concentrated extracts were loaded onto a column (2.5 x 15 cm)
containing about 10 mL of the resin, and the column was washed with
50 mL of Tris-HCl: 50 mM, pH: 7.5, NaCl: 0.5 M, NaNj3: 0.02%,
EDTA: 1 mM and 0.25% of Triton X-100. After extensive washing
with Tris-HCl: 20 mM, pH: 7.5, NaCl: 0.15 M, NaNj3: 0.02%,
EDTA: 1 mM, and when the O.D. of the solution was negligible,
the protein was eluted with the same buffer containing 0.4 M of N-
acetylglucosamine.

The protein solution was subsequently submitted to a hydropho-
bic interaction chromatography step using a Lipidex 1000 column
(1.5 x 20 cm containing about 10 mL of the resin) at 37°C to
remove potential hydrophobic ligands bound to the lectin. The
column was washed with the Tris buffer that did not contain N-
acetylglucosamine.

After concentration to an adequately reduced volume of the
sample, the protein solution was loaded onto a Superdex G75 gel
filtration column (1.5 x 60 cm). Elution was carried out with the
Tris buffer that did not contain N-acetylglucosamine. A single band
was present in SDS PAGE, but six different isoforms were revealed by
isoelectric focusing. They were separated by preparative isoelectric
focusing using the Ampholyne carriers in the pH range: 7.0-9.0.
The bands were eluted from the Ultrodex gel matrix with Tris-HCl:

20 mM, pH: 7.5, NaCl: 0.15 M, NaN3: 0.02% and were used for
the crystallization experiments. Only two of the six bands crystallized
and both under the same conditions, either separated or together. The
final yield was about 100 mg of all the forms for 200 g of the starting
material.

Cloning and cDNA sequence

Total RNA was isolated from fresh A. donax rhizomes using the
TRIZOL (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) pro-
tocol. 1 pg of RNA was used to synthetize the first cDNA strand by
means of the Superscript First Strand Synthesis System (Invitrogen,
Waltham, USA) using an Oligo(dT) g primer. The ADL sequence was
amplified by PCR using a High Fidelity Tag DNA polymerase (Jena
Biosiences, Jena, Germany) with two primers based on the sequence
of A. donax (giant reed) hypothetical protein present on the Gen-
Bank server with code number JAF18563.1. The primers used were
the following: forward, ATGGCAATGTTCCTTGCAGCG, reverse,
CTATGCAACCAAAGCGATGGA. The amplicon, separated on a
1% agarose gel, was eluted and directly TA-cloned into the pGEM-T
Vector System (Promega). The plasmids from four positive colonies
were isolated and sequenced using the standard T7 forward and SP6
reverse primers.

Calorimetric techniques

Calorimetric analyses were performed with a TA Nano ITC system.
The Nano ITC was loaded with 200 uL of PBS as reference and with
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200 pL of purified protein solution with a concentration of 50 pM
in PBS in the sample cell. The sugar concentration in the syringe was
1 mM (in phosphate buffer pH 6.5) and the titration consisted of 25
injections of 2 pL every 10 min with a stirring speed of 250 rpm.
Experiments were performed at 20°C in triplicate.

The resulting thermograms were analyzed and compared using
the Nano Analyse Software.

MALDI-TOF MS analyses

The highly purified preparations of ADL were precipitated with ace-
tone, then resuspended in a TFA solution (50:50 acetonitrile: water,
0.1% TFA) and incubated for 30 min at room temperature under
shaking. The resulting samples were diluted 1:100 with the same
solution, then rediluted with sinapinic acid (10 mg/mL in ACN:H20
1:1 with 0.1% TFA), and 1 pL of the sample/matrix solution was
spotted in triplicate onto a Ground steel MALDI target plate (Bruker
Daltonics, Billerica, Massachusetts, USA) and was allowed to dry at
room temperature. MALDI-TOF MS analyses of intact proteins were
performed on a Bruker UltrafleXtreme MALDI-TOF/TOF instru-
ment (Bruker Daltonics, Billerica, Massachusetts, USA). Mass spectra
were collected from m/z 5,000 to 50,000 in positive linear mode and
mass calibration was performed using a protein standard mixture
composed of bovine serum albumin, protein A and trypsinogen.

Mass spectra obtained under the described conditions show a
peak which confirms the MW of the protein.

Then, ISD spectra were obtained in order to have sequence
information directly from the intact protein. The spectra obtained
confirm the N-terminal sequence of the protein.

Analysis of the peptides were performed in a reflectron mode in
order to increase the mass accuracy, and mass spectra were analyzed
in the range m/z 550-4,000 by averaging the data from 500 laser
shots. The peaks obtained were analyzed by the Biotools Software
(version 3.2, Bruker Daltonics), the amino acid sequence was sim-
ulated by the Expasy software and the presence of the expected
peptides was confirmed by MS/MS.

The peaks observed in the MALDI-TOF analyses of the two
isoforms studied are included in the supplementary materials section
(Supplementary Figure S1).

Crystallization and X-ray structure determination
Crystals were grown using the vapor diffusion hanging drop method
by mixing equal volumes (1 pL) of the protein solution at a con-
centration of 30 mg/mL and with a solution of 7.5% in PEG 8000,
10% ethylene glycol and 0.1 M sodium cacodylate, pH 6.0 as
the precipitant. The crystals belong to the hexagonal space group
P65 with the following unit cell parameters for the apo-protein:
a =127.0 A and ¢ = 46.5 A, and contain an ADL dimer in the
asymmetric unit. A summary of the data of all the different crystal
forms is presented in Table I.

The diffraction data were collected from crystals frozen at 100°K
after a brief immersion in a mixture of 80% of the mother liquor and
20% glycerol.

The crystal structure of the apo-protein was solved initially by the
MIR method using platinum and mercury derivatives and collecting
the data at the ESRF in Grenoble. The heavy atom derivatives were
prepared by the overnight soaking of a crystal in mother liquor
saturated with the addition of either K,PtCly or EMP (ethyl mer-
cury phosphate). The three major platinum sites were located in a
difference Patterson map (Sheldrick 2008) and were refined using the
program MLPHARE (Collaborative Computational Project Number

4; Winn et al. 2011) and were subsequently used as input for the
program autoSHARP (Bricogne et al. 2003) that was used to locate
another Pt and two Hg sites. With these six sites, the anomalous data
of the Pt derivative and density modification the data were phased.

The electron density map thus produced was of excellent quality
and could be readily interpreted. The initial model of the apo-protein
was built in the high quality map at 2.5 A resolution using the
program Coot (Emsley et al. 2010). Refinement was carried out using
the program REFMAC (Murshudov et al. 1997). During the process
of refinement and model building, the quality of the model was
controlled with the program PROCHECK (Laskowski et al. 1993).
The refined coordinates were used to identify WGA isoform 3 as the
structurally most similar protein present in the Protein Data Bank,
and the highest resolution available coordinates (PDB code 2X52,
Schwefel et al. 2010) were used to resolve the structure of the apo-
protein and of the co-crystals by molecular replacement using the
program MOLREP (Vagin and Teplyakov 2000).

The data used for the final refinement of all the forms, apo-protein
and co-crystals, were collected at the ID23 and ID29 beamlines of
the European Synchrotron Radiation Facility in Grenoble. The data
were indexed, integrated and reduced using the programs MOS-
FLM (Leslie 1992) and Scala (Collaborative Computational Project
Number 4). The final refinement of the six crystal forms of ADL
was carried out initially using the program REFMAC (Murshudov
et al. 1997) and, in a second stage, with the program Phenix.refine
(Adams et al. 2010). The models were built using the program Coot
(Emsley et al. 2010) and were finally subjected to a final round of
TLS refinement. The saccharides in the co-crystals were modeled into
difference Fourier maps phased by the refined, unliganded structure.
The models of the complexes were refined with REFMAC using the
same criteria followed in the refinement of the apo-protein. Solvent
molecules were added to the models in the final stages of refinement
according to hydrogen-bond criteria and only if their B factors refined
to reasonable values and if they improved the Rfree.

The diffraction data and refinement statistics of all the models are
summarized in Table I. The figures of the models were prepared using
the program PyMOL (http://www.pymol.org).

Supplementary data

Supplementary data are available at Glycobiology online.
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