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Abstract

Physarum polycephalum hemagglutinin I is a 104-residue protein that is secreted to
extracellular space. The crystal structure of hemagglutinin I has a 3-sandwich fold found
among lectin structures, such as legume lectins and galectins. Interestingly, the
B-sandwich of hemagglutinin I lacks a jelly roll motif and is essentially composed of two
simple up-and-down B-sheets. This up-and-down pB-sheet motif is well conserved in other
lectins derived from animals, plants, bacteria, and viruses. It is more noteworthy that the
up-and-down [-sheet motif includes many residues that make contact with the target
carbohydrates. Our NMR data demonstrate that hemagglutinin I lacking a jelly roll motif
also binds to its target glycopeptide. Taken together, the up-and-down p-sheet motif
provides a fundamental scaffold for the binding of legume lectin-like proteins to the target
carbohydrates, and the structure of hemagglutinin I suggests a minimal carbohydrate

recognition domain.
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Introduction

Lectins are a large family of carbohydrate-binding proteins found widely in viruses,
bacteria, plants, and animals.'® They recognize a specific carbohydrate structure via their
carbohydrate recognition domains (CRDs), which are involved in a variety of biological
events, such as cell adhesion, differentiation, and host/pathogen recognition. A plant
legume lectin has been well known as a model of a CRD-carbohydrate complex that
explains how the lectin structure recognizes a sugar chain.®* The legume lectin fold is
characterized by a B-sandwich structure consisting of three (-sheets, called "top", "front",
and "back" sheets (Figure 1). Two [-sheets, a curved front and a flat back sheet, face each
other to form a sandwich, and a relatively small top sheet covers one side of the sandwich.
A sugar chain is commonly captured by loop regions between the front and top sheets
and/or the surface of the front f-sheet.” The topology of B-strands in the CRD structure is
conserved among many plant and animal lectins, whereas the loops connecting those
B-strands have different lengths. This diversity of loops is likely to determine the
specificity of CRD-carbohydrate interaction.

Galectins are animal lectins with a binding affinity for (3-galactosides. They have a CRD
structure similar to the legume lectin fold, except that they lack the top p-sheet.*” The
sugar binding motif of galectin is found on the surface of the front p-sheet and loops
connecting the p-strands. The entire B-sandwich structure of galectins bends toward the
front 3-sheet so that it can hold target carbohydrates. In addition to galectin-carbohydrate
interactions, a member of the galectin family, galectin-1, is also involved in protein-protein
interactions, such as Ras.>® The protein-protein interactions of galectin-1 occur in cells
independently of its lectin activity, whereas the binding of galectin-1 to -galactosides, i.e.,
its lectin activity, is found in extracellular spaces.’

We identified a 104-residue lectin, called hemagglutinin I (HA1), from a slime mold,



Physarum polycephalum.”®  Physarum species have a unique life cycle including
unicellular amoeba, multinucleated plasmodia, and fruiting bodies, and so has been used as
a model system for studies of the eukaryotic mitotic cycle, cell differentiation, and
motility.’

HAT is initially found in the intracellular soluble fraction, and is secreted to extracellular
space after the plasmodia reach a stationary phase.® Although the physiological function
of the secreted HA1 remains to be established, HA1 recognizes cell wall polysaccharides of
E. coli."®  As the name implies, HA1 agglutinates rabbit erythrocytes, which is inhibited in
the presence of glycoproteins, orosomucoid, fetuin, and thyroglobulin.®  Whereas
periodate oxdation of the glycoproteins disrupts the binding of HAl completely.'
Therefore, HA1 is likely to recognize sugar chain moieties of glycoproteins. In addition, a
binding assay using thyroglobulin indicated that the HA1-carbohydrate interaction requires
residues T49 to Y55 of HA1."

In this study, we determined the crystal structure of HA1 and measured nuclear magnetic
resonance (NMR) spectra with or without an N-glycosylated peptide from fetuin. Like
galectins and plant legume lectins, HA1 adopts a -sandwich structure. However, the
number of B-strands in HA1 is smaller than that of any other lectin with a B-sandwich
structure. The NMR data identified glycopeptide-binding sites on the HA1 B-sandwich
structure, and suggested that the HA1 tetramer binds to four glycoprotein molecules
simultaneously. Our data can explain the hemagglutinating activity of HA1, and propose

a minimal CRD fold required for binding to carbohydrates.

Results
Structure of HA1—The crystal structure of HA1 is well-defined at 1.82 A resolution with

an R-free factor of 19.4% (Table 1). The HA1 structure was determined as a tetramer



containing chains 1-4 (Figure 2A). The backbones of chains 1 and 2 are almost
completely superimposed on those of chains 4 and 3, respectively. Whereas, chains 1 and
2 (chains 3 and 4) have a different conformation over residues P21-S25. Except for
inconsistency in the local conformation, all four chains share a common secondary
structure element. The structure of HA1 monomer includes two (-sheets composed of
four (B1-B7-P8-B9) and five strands (2-B3-P4-f5-p6) (Figure 2B). Only the B1 and P7
strands are arranged in a parallel orientation, whereas the others form antiparallel (3-sheets.
The two B-sheets of HA1 form a sandwich and are highly twisted. Chains 1 and 3 (chains
2 and 4) assemble at an angle to form a concave between them (Figure 2C). Residues G23
and S25 of chain 1 make intermolecular hydrogen bonds with 17 and D9 in strand 1 of
chain 3, resulting in the formation of a pseudo-continuous [-sheet (Figure 2E). In contrast,
residues G23 and S25 of chain 3 are distant from the neighboring chain 1 to form the
concave face (Figure 2C). This asymmetrical assembly of chains 1 and 3 is reflected in
the local structural divergence over residues P21-S25, as described above. On the other
hand, chains 1 and 2 (chains 3 and 4) are arranged in an antiparallel manner through their
B-sandwich surfaces (Figure 2D). The side chains of hydrophobic residues, including Y20
(B2) and Y31 (B3), are exposed on the surface of the HA1 monomer structure (Figure 2F)
and form the intermolecular interface. These hydrophobic interactions are likely to
participate in the formation of a symmetric homodimer between chains 1 and 2 (chains 3

and 4).

HA1 tetramer formation in solution—The crystal structure of HA1 was determined as a
tetramer. To explore the tetramer formation of HA1 in solution, dynamic light scattering
(DLS) experiments were carried out with a range of concentrations (5 uM to 1 mM) of

HA1. At concentrations less than 30 uM, HA1 showed a relatively broad distribution of



hydrodynamic radii (Figure 3). When the concentration was increased, the fraction of
shorter radius was decreased, and HA1 showed a distribution with a sharper peak at 2.7 nm
at higher concentrations. The distribution profile at 1 mM concentration is superimposed
on that at 100 uM, suggesting that HA1 assembly reaches a plateau. Additionally, we
measured the hydrodynamic radius of HA1 at a concentration of 1 mM by pulse field
gradient (PFG) NMR."” The hydrodynamic radius of HA1 was obtained from a
comparison of signal decay rates between HA1 and a standard substance, dioxan, and
estimated to be 2.9 nm. This value is consistent with the result from DLS analysis.
Wilkins et al. reported a relationship between hydrodynamic radii (R;) of native folded
proteins and the number of residues (N); R, = (4.75 + 1.11)N*#*%%2 12 According to this
equation, the hydrodynamic radii of monomer, dimer, and tetramer of HA1 are expected to
be 1.8, 2.2, and 2.7 nm, respectively. In addition, the similar values are estimated with
HYDROPRO software'® on the basis of the coordinate data of the HA1 structure; the
hydrodynamic radii of monomer, dimers (chains 1-2 and 1-3), and tetramer of HA1 are
expected to be 1.9, 2.3-2.5, and 3.2 nm, respectively. Considering that HA1 shows the
same distribution of hydrodynamic radii above 100 uM, and that the hydrodynamic radius
of HA1 measured by PFG-NMR is closest to the predicted value for the tetramer, the major

part of HA1 is most likely to form a tetramer in solution at concentrations above 100 pM.

NMR experiments—We measured a set of NMR spectra using stable isotope-labeled HA1s
and assigned almost all NMR signals on the HSQC spectrum. The resonance assignment
revealed that the HSQC spectrum lacks signals of the N-terminal segment, i.e., residues
1-10 and 15-33 of HA1. In the crystal structure of the HAI1 tetramer, these residues are
located in the interface between chains 1 and 3 (2 and 4), and so they are likely to

experience heterogeneous folding and/or dynamics in solution, resulting in severe signal



broadening. In addition, preliminary surface plasmon resonance experiments indicated
that an HA1 mutant lacking the first 32 residues is able to bind to a fetuin-derived
glycopeptide like full-length HA1 (Figure S1 in Supplemental Information). The missing
segment on the HSQC spectrum is not essential for the binding of HA1 to the target
carbohydrates.

When the fetuin-derived glycopeptide was added to a solution of HA1, HSQC signals of
HA1 were broadened without significant chemical shift perturbations (Figure 4A). The
half-widths of some signals were significantly increased more than 1.5-fold. Especially,
the signals derived from residues E44, S53, W54, Y55, 156, Y70, E71, G72, and G73
disappeared due to signal broadening when the ratio of HA1 to the glycopeptide reached
1:1 (Figure 4B). The attenuation of NMR signals occurred in a glycopeptide-dependent
manner, which means that HA1 interacts with the glycopeptide through a specific region.
However, the binding of the glycopeptide does not change the overall HA1 structure itself
because HSQC signals of HA1 appear at the same position before and after the addition of
the glycopeptide.

The HA1-glycopeptide interface can be identified when the residues showing significant
broadening are plotted on the HA1 crystal structure (Figure 4C and 4D). They are located
in loops, not on the flat surface, of the P-sandwich structure of HAI1, resulting in the
formation of a surface patch around loops (4/B5 and P6/B7. This patch includes all
residues that disappeared in the presence of an equimolar amount of the glycopeptide,
which strongly supports the hypothesis that HA1 binds to the glycopeptide through this
surface patch. Interestingly, the signal broadening of residues V34, L98, T99, and L103
implies that the HA1-glycopeptide interface extends to a neighboring monomer. Chains 1
and 2 (3 and 4) appear to form a continuous binding patch on one side of the dimer

structure (Figure 4C). The same situation occurs on the opposite side because chains 1



and 2 (3 and 4) are arranged in an antiparallel manner. Therefore, the HA1 dimer
composed of chains 1 and 2 possesses two binding sites located at the upper and lower
edges of the B-sandwich structure. On the other hand, the binding patch around loops
4/B5 and P6/B7 of chain 1 is far from residues V34, 198, T99, and L103 of chain 3, and so
chains 1 and 3 (2 and 4) are unlikely to form a continuous binding surface (Figure 4D).
DLS and PFG-NMR indicate that HA1 forms a tetramer in solution. The HAI tetramer
includes two dimers, meaning that the tetramer has four binding patches. The crystal
structure of HA1 shows that all of these four binding patches are located on the surface
(Figure 5), and so HAIl appears to be able to capture four target carbohydrates

simultaneously.

Tryptophan fluorescence of HA1—The tryptophan fluorescence of HA1 was measured
with or without the fetuin-derived glycopeptide (Figure S2). In the absence of the
glycopeptide, the emission profile gave a peak at 345 nm. When the glycopeptide was
added into the HA1 solution, the peak maximum shifted significantly toward a shorter
wavelength, and reached a plateau when equimolar glycopeptide was added. HAI
possesses two tryptophan residues, W3 and W54. In the crystal structure of HAI, residue
W3 is located in the interior of the HA1 monomer structure, whereas W54 is included in
the loop PB4/B5 and the side chain of W54 is exposed to solvent (Figure 5). Considering
that the NMR experiment using HA1 demonstrated almost no change in the overall
structure of HA1 with or without the glycopeptide, a shift of the tryptophan emission peak
indicates a change in the solvent accessibility of residue W54. Therefore, when the
glycopeptide binds to HA1, the side chain of W54 is most likely to be overlaid with the

glycopeptide molecule and lose solvent accessibility.



Discussion

The HA1 structure, determined using X-ray crystallography, includes a (3-sandwich fold
composed of five-stranded and four-stranded p-sheets. To investigate the structural
similarity between HA1 and other proteins, we used the DALI database.'* As expected,
the structural homology search picked some carbohydrate-binding proteins out of the
Protein Data Bank; for example, galectin-1'> and virus capsid protein VP4.'° In addition,
we compared the HA1 structure with a set of carbohydrate-binding module (CBM) families
in the CAZy database.'” We found out that the structure of CBM family 40, such as the
CBM of bacterial sialidase NanJ, has a p-sandwich structure similar to HA1.'"®  As shown
in Figure 6, the secondary structure elements of HA1 are compared to those of galectin-1, a
peanut legume lectin,19 CBM of NanlJ, and VP4, which are derived from animals, plants,
bacteria, and viruses, respectively. The comparison of the p-strand arrangement among
these carbohydrate-binding proteins reveals that their structures are commonly divided into
two kinds of (-sandwiches: a jelly roll motif (labeled using Arabic numbers in Figure 6)
and a complex of simple up-and-down f-sheets (labeled using Roman numbers). The
up-and-down [-sheets is well conserved among the proteins (Figure 6) that are composed
of four-stranded and three-stranded (-sheets. Only VP4 has additional p-strands II' and
IIT" between B-strands II and III. In contrast, the region of a jelly roll motif is likely to
have a relatively higher diversity than the up-and-down p-sheet region. Peanut legume
lectin has some additional strands 2', 2", and 2", whereas galectin-1 lacks strand 1.
Interestingly, HA1 has only two strands in the region corresponding to the jelly roll motif,
and appears to lack the jelly roll motif (Figure 6A). Therefore, we can conclude that the
HAT1 structure is essentially based on a 3-sandwich composed of two up-and-down p-sheets
and has a simpler architecture than the other carbohydrate-binding proteins.

NMR experiments using HA1 and fetuin-derived glycopeptide identified the binding



patches on the HA1 structure (Figure 4C, 4D, and 5). They are located at the lower and
upper edges, not on the flat surface, of the 3-sandwich structure, suggesting that HA1 binds
to a fetuin-derived glycopeptide through loop regions. Specifically, a relatively long loop
p4/p5S (II/IT) provides a large surface area and is likely to play a major role in the
interaction. In addition, this loop includes residue W54. The tryptophan quenching
experiment showed that the solvent accessibility of this residue changed dramatically when
a fetuin-derived glycopeptide was added, suggesting that the loop p4/p5 (II/II) of HAI
binds directly to the glycopeptide. This idea is consistent with previous data showing that
residues T49 to Y55 of HA1 are essential for HA1-glycoprotein interaction."' In general,
some aromatic residues, especially tryptophans and tyrosines, of CBMs form a hydrophobic
surface patch for binding to the pyranose rings of sugar chains on the target

carbohydrates.****

In addition, hydroxyl groups of carbohydrates form hydrogen bonds
with polar residues of CBMs. These interactions are also found in other
lectin/carbohydrate complexes such as galectin-1/galactoside'” and VP4/sialoside.'® HAI
has aromatic amino acid residues W54 and Y55 and polar residues S43, E44, S53, E71, and
T99 on the surface of the binding patch (Figure 5). These residues will help HA1 to
capture the target glycoproteins.

Furthermore, it is noteworthy that the carbohydrate-binding surface of HA1 expands to the
neighboring monomer. The crystal structure of HA1 tetramer indicates that the assembly
of monomers is heterogeneous, i.e., chains 1 and 2 (3 and 4) interact with each other
through the flat surface of the P-sandwich structure, whereas chains 1 and 3 (2 and 4)
associate through edge-to-edge interaction of the P-sandwich (Figure 2). In the dimer
composed of chains 1 and 2, the C-terminus of chain 2 is close to the loop f4/p5 (II/III) of

chain 1 (Figure 2C and 2D). Thus, HA1 multimerization can explain formation of the

continuous binding patch. DLS and PFG-NMR analyses indicated that HA1 forms a
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tetramer at a concentration at which the NMR titration was carried out. When HAI
concentration was decreased to less than 100 uM, a fraction of shorter hydrodynamic radius
was increased, implying that HAT1 is in equilibria between the monomer/dimer and tetramer
at lower concentrations. HAT1 dimer in solution has two potential combinations, i.e., a
combination of chains 1 and 2 or chains 1 and 3. In the crystal structure, the interface area
between chains 1 and 3 (2 and 4) is estimated to be ~310 A?, which is much less than that
between chains 1 and 2 (3 and 4) (~850 A?. Additionally, PISA analysis* indicated that
only the dimer composed of chains 1 and 2 (3 and 4) is potentially biologically relevant.
These features suggest that HA1 dimer is composed of chains 1 and 2, and still achieves
formation of the extended binding surface even at lower concentrations. This idea will
explain a preliminary result that HA1 binds to a glycoprotein with a relatively high affinity;
the apparent association constant value is 4.5X 10" M.

As described above, HA1 binds to a glycopeptide through the loop regions, especially loop
B4/pS (II/II), of the P-sandwich fold composed of up-and-down (-sheets. When the
binding site of HA1 is compared with the CRDs of the other carbohydrate-binding proteins,
we see that the region of the up-and-down (-sandwich includes the majority of residues that
make direct contact with a ligand sugar chain (Figure 6). In addition, those residues are
predominantly found on the "front" sheet region of the B-sandwich except for VP4. VP4
includes an additional B-sheet II'/III' covering the front sheet surface and has unique
binding sites.'® In the structures of peanut legume lectin and CBM of NanJ, some residues
in the jelly roll motif also participate in binding to carbohydrates, which is likely to increase
the affinity and specificity. As a whole, the up-and-down B-sandwich, particularly the
front B-sheet region, appears to provide a scaffold for the binding of carbohydrate-binding
proteins to their ligands. In other words, the up-and-down (-sandwich is a minimal CRD

in legume lectin fold. This is consistent with the finding that an HA1 lacking the first 32
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residues still maintains the binding to glycoprotein fetuin (Figure S1).
In general, lectins form multimers. For example, peanut legume lectin and galectin-1

2526 These self-multimerization

form a homotetramer and a homodimer, respectively.
properties are expected to cause their agglutination. The DLS and PFG-NMR data
indicated that HA1 also forms dimer and tetramer in solution. It is likely that HA1 dimer
is composed of chains 1 and 2 via hydrophobic interactions, including the side chains of
Y20 (B2) and Y31 (B3), i.e., HA1 dimerizes through the "front" sheet surface of the
B-sandwich structure. In the cases of galectin-1 and CBM of NanlJ, the front (-sheet
surface provides a binding interface with sugar chains, whereas HA1 binds to glycopeptides
through the edge of the B-sandwich (Figure 6). This situation in HA1 is similar to that in
VP4 in which the front sheet surface of VP4 makes contact with an additional -sheet
II/IIT', not carbohydrates.'® Instead, the ligand-binding site of VP4 is located at the edge
of the B-sandwich structure. HAT1 binds to carbohydrates through the loop regions, even if
the PB-sheet surface is occupied by the neighboring monomer due to the dimerization.
Moreover, tetramerization is also unlikely to disrupt the binding of HAI to the target
carbohydrates because the binding patches of HAT are still located on the surface in the
tetramer (Figure 5). These features suggest that the dimerization and tetramerization
enable HA1 to act as a linker protein between ligands possessing sugar chains, such as
glycoproteins and hemocytes, to form hemagglutinations. Thus, our data demonstrate that
HA1 has a rational structure to explain its carbohydrate-binding and hemagglutinating
activities, and propose a minimal CRD structure, i.e., a B-sandwich structure composed of

two up-and-down [3-sheets.

Materials and Methods

Preparation of recombinant HA1—The recombinant HA1 was expressed in E. coli BL21
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(DE3) pLysS (Novagen) and purified as described previously.” To prepare the "N-,
By ]5N-, and H/"C/"*N-labeled proteins, the cells were cultivated in M9 media including
NH,CI, ["*C]-glucose, and/or “H,0O. After purification using a DEAE-sepharose Fast
Flow column (GE Healthcare) and a thyroglobulin-agarose column (Sigma Chemical), the
HAT1 solution was dialyzed against 20 mM sodium acetate (pH 5.5). The purity of HA1

was confirmed by SDS-PAGE and mass spectrometry.

Preparation of an N-linked glycopeptide—An N-linked glycopeptide was prepared
according to the protocol described by Rice et al.””  The target glycopeptide derived from
fetuin (Sigma Chemical) was finally purified by reverse-phase high-pressure liquid
chromatography using a C-18 column. To identify the fraction containing the target
glycopeptide, 100 ul of each fraction was assayed by the phenol-sulfuric acid assay.**
The purified glycopeptide was sequenced by Edman degradation (PPSQ-21 protein

sequencer, Shimadzu).

Crystallization and data collection—Crystals of HA1 were grown by the hanging drop
vapor diffusion method over a reservoir of 10-25% (v/v) PEG3350, 150 mM NacCl, 0.1 M
MES pH 6-7. Drops were formed by mixing 1 ul of HA1 solution (18.0 mg/ml in 20 mM
Na-acetate pH 5.5) and 1 ul of reservoir solution, with equilibration over the reservoir at
293 K. Tlodinated crystal for the SAD phasing was grown under the same conditions
except Nal was used as a substitute for NaCl. The diffraction data were collected using an
in-house X-ray source (Rigaku FR-E SuperBright with a Cu/Cr dual target) and a Rigaku
R-AXIS VII imaging-plate detector, and the SAD data were collected using the
capillary-top crystal mounting method.”” The collected intensities were indexed,

integrated, corrected for absorption, and scaled using HKL2000.

13



Structure determination of HA1—Initial phases were determined at 2.68 A resolution by
the SAD method using Nal crystal data. Iodine positions were determined using SELEXC
and SHELXD’' using the HKL2MAP interface,’” and SOLVE was used to refine the iodine
sites and to calculate the initial SAD phases.” Further phase improvement and
auto-model building were carried out using RESOLVE* and REFMAC5® using the
RESOLVE BUILD script. With this partial structure model, the initial phases of the 1.82
A resolution NaCl crystal data were determined using the molecular replacement program
MOLREP.* The structure of HA1 was then built by ARP/WARP,’” manually fit with
Coot’® and refined by REFMAC5. The crystallographic parameter and refinement

statistics are summarized in Table 1.

NMR spectroscopy—The samples for NMR experiments contained 1 mM HA1 (*°N-,
BC/N-, or *H/C/""N-labeled proteins), 20 mM sodium phosphate (pH 5.5), and 10%
D,0. To achieve the backbone resonance assignments, the following TROSY-type
experiments were performed at 313 K on a Bruker DMX500 spectrometer: HNCA,
HN(CO)CA, HNCO, HN(CA)CO, HN(CA)CB, and HN(CO)CACB.* The 'H chemical
shifts were directly referenced to the resonance of 2,2-dimethyl-2-silapentane-5-sulfonate
sodium salt, while the °C and '°N chemical shifts were indirectly referenced with the
absolute frequency ratio = (*C/'H) = 0.251449530 and = ("°N/'H) = 0.101329118.*° To
identify the carbohydrate-binding sites of HA1, 'H-""N HSQC spectra were acquired using
"N-labeled HA1 with or without a fetuin-derived glycopeptide at a 1:1 molar ratio. To
perform PFG-NMR experiments, HA1 was dissolved in D,O buffer containing 20 mM
sodium phosphate (pH 5.5) and 0.05% dioxan at a final concentration of 1 mM.

PFG-NMR measurements were performed on a Bruker Avance 500 spectrometer with a

14



reported pulse sequence.'” 20 spectra were acquired with the strength of the diffusion
gradient varying between 1% and 100% of the maximum power level, and the signal decay
was fitted to a single exponential function. The hydrodynamic radius of HA1 (R;™") was
estimated from a relationship, R,™' = g™ /d"! (R, where ¢***" and d"*' are the
decay rates of NMR signal obtained from dioxan and HA1, respectively, and R, is
hydrodynamic radius of dioxan, 2.12 A.”> All NMR data were processed using

NMRPipe*' and analyzed using NMR View.*

DLS measurements—The DLS experiments were carried out on a DynaPro instrument
(Protein Solutions). HAI solution was prepared in 20 mM sodium phosphate (pH 5.5) at
concentrations ranging from 5 uM to 1 mM and centrifuged at 20,000g immediately before
the measurements. The scattering intensities at 90° were collected at 25°C using 10 ul of
HAI1 solution. A single measurement represents an average of 10 independent scans of 5
seconds. Data collection and processing were followed by the regularized procedures

with Dynamics software (Protein Solutions).

Accession number
Atomic coordinates of HA1 were deposited in the Protein Data Bank with the accession

code 3AS5P.
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Figure 1: Complex structure of peanut legume lectin and its ligand. The legume lectin
structure is composed of three B-sheets: front (green), back (blue), and top (red) sheets.
The lectin and its ligand are shown with a ribbon and ball-and-stick model, respectively.

The coordinate data were obtained from the Protein Data Bank (accession code 2PEL).

Figure 2: Crystal structure of Physarum polycephalum HA1. (A) The backbone trace of
HA1 tetramer. Chains 1 and 4 (red) (2 and 3; blue) share the same structure, whereas
chains 1 and 2 adopt a different conformation over residues P21-S25. Arrows represent
directions of view of panels C and D. (B) Stereoview of the ribbon representation of HA1
monomer (chain 1). (C) The ribbon representation of HA1 dimer composed of chains 1
and 3. Residues 17-D9, and G23-S25 are depicted with a ball-and-stick scheme. A
rectangle represents a region of close-up view in panel E. (D) The ribbon representation
of the HA1 dimer composed of chains 1 and 2. Residues Y20 and Y31 are depicted with a
ball-and-stick scheme. A rectangle represents a region of close-up view in panel F. (E)
Close-up view of the interface between chains 1 and 3. The broken lines represent
intermolecular hydrogen bonds. (F) Close-up view of the interface between chains 1 and

2.

Figure 3: Hydrodynamic radii of HA1. DLS experiments were carried out using HA1 at
concentrations ranging from 5 pM to 1 mM. The percentage of number of different

species was plotted against the hydrodynamic radius.

Figure 4: NMR interaction assay between HA1 and fetuin-derived glycopeptide. (A) A
selected region of 'H-">’N HSQC spectra of HA1 with (red) or without (blue) an equimolar

glycopeptide. (B) A linewidth ratio of the HSQC signals with and without an equimolar
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glycopeptide. Residues with ratios above 1.5 are presented by yellow-colored bars.
Arrows colored in red represent the signals that completely disappear in the presence of
glycopeptides. The secondary structure element of HA1 is depicted in the upper part of
the panel. (C, D) The residues that produce signal broadening and disappearing in the
presence of the glycopeptide are presented with a space-filling model colored in
yellow/green and red/blue, respectively. Red/yellow-colored residues belong to chain 1,

whereas blue/green-colored residues belong to chain 2 (C) or chain 3 (D).

Figure 5: Solvent-accessible surface of HA1 tetramer. The surfaces generated by residues
that produce signal broadening and disappearing in the presence of the glycopeptide are
colored in green. The side chain of W54 is presented with a ball-and-stick model. The

orientation of the molecule is identical to that in figure 2A.

Figure 6: Comparison of secondary structure elements among HA1 (A), peanut legume
lectin (B; PDB code 2PEL), galectin-1 (C; 1SLB), CBM of NanlJ (D; 2V73), and VP4 (E;
IKQR). a-Helices and f-strands are represented by shaded rectangles and cyan arrows,
respectively. The PB-strands that belong to a jelly roll motif and an up-and-down f3-sheet
motif (the region in yellow) are labeled with Arabic and Roman numbers, respectively.
Red ovals roughly represent positions of the residues that make contact with the target

carbohydrates.
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Table 1 Crystallographic data collection and refinement statistics.

Data set Iodine derivative Native

X-ray source Cr Cu

Wavelength (A) 2.29 1.54

Space group P2, P2,2,2;

Cell constants a=593A a=649A
b=97.7A b=78.0A
c=67.1A c=86.14A
p=103.5°

Resolution (A)
Unique reflections
Redundancy
Completeness (%)
Rmerge (%)

I/ o(l)

Mosaicity (°)

Refinement range (A)
Number of reflections
Completeness (%)
Rwork/ Rfree (for 5%)

No of waters

RMS bond length (A)
RMS bond angles (°)

Average B-factor (A%)
Ramachandran plot (%)

favoured
allowed
outlier

2.68 (2.78 - 2.68)
20,963

7.2(6.7)

99.9 (99.1)

9.9 (18.5)
25.9(11.8)

0.60

1.82 (1.89 - 1.82)
40,006

4.6 (4.5)

99.6 (100.0)

3.0 (16.1)

49.4 (11.0)

0.94

30.37-1.82
39,795

99.6
15.4/19.4
858

0.013

6.234

23.2

98.5
1.5
0.0
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Supplemental Data

Figure S1: Surface plasmon resonance profile obtained from interactions between a
full-length HA1 and fetuin-derived glycopeptide (A) and between an HA1 mutant lacking
the first 32 residues and fetuin-derived glycopeptide (B). HAI1-glycopeptide interaction
was detected using a BIAcore J biosensor (GE Healthcare). A fetuin-derived glycopeptide
was immobilized on a CMS5 chip using an amine-coupling reagent (GE Healthcare). After
equilibrating with 20 mM sodium acetate buffer (pH 5.5), 180 ul of HA1 solutions at
different concentrations (125 nM to 2 uM) were injected at 60 ul/min over immobilized
glycopeptide and control flow cells. The dissociation of HA1l from fetuin-derived
glycopeptide was observed with a constant flow (60 ul/min) of sodium acetate buffer for 3
min. After each injection, the biosensor surface was regenerated using 60 ul of 10 mM
glycine-HCI buffer (pH 2.0). The expression plasmid of the N-terminal truncated HA1
was constructed by a PCR-based method, and the protein was purified in the same way as

the original full-length HA1.

Figure S2: Tryptophan fluorescence profiles of HA1 with (broken line) or without (solid
line) an equimolar fetuin-derived glycopeptide. Tryptophan fluorescence was measured
on an F-4500 fluorescence spectrometer (Hitachi) with a 2-mm quartz cuvette. An HAI
sample was excited at 295 nm, and the fluorescence emission spectrum was recorded from

310 to 420 nm at 25 °C. The sample includes 20 uM HA1 and 20 mM sodium acetate



buffer (pH 5.5). HAI solution was titrated with a fetuin-derived glycopeptide (0-50 uM).
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