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C-type lectins are calcium-dependent carbohydrate-recognising proteins.
Isothermal titration calorimetry of the C-type Polyandrocarpa lectin (TC14)
from the tunicate Polyandrocarpa misakiensis revealed the presence of a
single calcium atom per monomer with a dissociation constant of 2.6 mM,
and con®rmed the speci®city of TC14 for D-galactose and related
monosaccharides. We have determined the 2.2 AÊ X-ray crystal structure of
Polyandrocarpa lectin complexed with D-galactose. Analytical ultracentrifu-
gation revealed that TC14 behaves as a dimer in solution. This is re¯ected
by the presence of two molecules in the asymmetric unit with the dimeric
interface formed by antiparallel pairing of the two N-terminal b-strands
and hydrophobic interactions. TC14 adopts a typical C-type lectin fold
with differences in structure from other C-type lectins mainly in the
diverse loop regions and in the second a-helix, which is involved in the
formation of the dimeric interface. The D-galactose is bound through
coordination of the 3 and 4-hydroxyl oxygen atoms with a bound calcium
atom. Additional hydrogen bonds are formed directly between serine,
aspartate and glutamate side-chains of the protein and the sugar 3 and 4-
hydroxyl groups. Comparison of the galactose binding by TC14 with the
mannose binding by rat mannose-binding protein reveals how monosac-
charide speci®city is achieved in this lectin. A tryptophan side-chain close
to the binding site and the distribution of hydrogen-bond acceptors and
donors around the 3 and 4-hydroxyl groups of the sugar are essential
determinants of speci®city. These elements are, however, arranged in a
very different way than in an engineered galactose-speci®c mutant of
MBPA. Possible biological functions can more easily be understood from
the fact that TC14 is a dimer under physiological conditions.
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Introduction

Molecular recognition in biological systems is
often based on interactions between oligosacchar-
ide structures and corresponding receptor proteins.
The C-type lectins are a family of extracellular
carbohydrate recognition proteins characterised by
a common sequence motif of 115 to 130 amino acid
residues. This domain, called the carbohydrate rec-
ognition domain (CRD), usually shows speci®c,
but weak (with dissociation constants in the mM
range) calcium-dependent binding to a variety of
monosaccharides (Drickamer, 1993). C-type lectin
CRDs are found as building blocks in a variety of
# 1999 Academic Press



868 D-Galactose Binding in C-type Lectins
multi-domain proteins involved in organising the
extracellular matrix, in endocytosis, in the primary
immune system and in interactions of blood cells
(Gabius, 1997). In the current Pfam database of
protein families (Sonnhammer et al., 1998), 389 C-
type lectin sequences have been identi®ed in a
wide range of animals (in nematodes, molluscs,
arthropods, echinoderms, tunicates and in a large
number of vertebrates). The importance of the C-
type lectins is also re¯ected by the fact that they
represent the seventh most common protein
domain identi®ed in the Caenorhabditis elegans gen-
ome (The C. elegans Sequencing Consortium, 1998).
C-type lectin domains adopt a typical fold: one
half of the molecule consists of a long two-
stranded b-sheet and two a-helices, while the
second half contains the calcium and carbohydrate-
binding site(s) and is mostly formed of non-repeti-
tive loop structures. This fold is conserved in all
the examples of known C-type lectin structures,
including the human and rat serum mannose-bind-
ing proteins (MBPA; Sheriff et al., 1994; Weis et al.,
1991), rat liver mannose-binding protein (MBPC;
Ng et al., 1996), human E-selectin (ESEL; Graves
et al., 1994) and human tetranectin (HTNT; Kastrup
et al., 1998; Nielsen et al., 1997). The structure of
human lithostathine (HLIT; Bertrand et al., 1996)
also adopts the typical C-type lectin fold, but does
not have any sugar binding activity. Another C-
type lectin homologue without lectin activity is the
coagulation factors-IX/X binding protein from
snake venom, which shows a similar fold apart
from a loop that projects into the other subunit of
the heterodimer (Mizuno et al., 1997). The angio-
genesis inhibitor endostatin has been found to
have a fold distantly related to C-type lectins in
spite of almost no sequence identity (Hohenester
et al., 1998), and the NMR structure of the link
module shows that this protein adopts the same
basic fold containing all the elements of regular
secondary structure, but the whole loop region is
replaced by one short turn (Kohda et al., 1996).

Insight into the mechanism of carbohydrate
binding in C-type lectins was ®rst obtained from
the crystal structure of MBPA complexed with an
oligomannose asparaginyl-oligosaccharide (Weis
et al., 1992). Later, the structures of MBPC com-
plexed with different monosaccharides and a
mutant of MBPA that bound galactose were solved
by X-ray crystallography (Ng et al., 1996; Kolatkar
& Weis, 1996). The binding site of the C-type
lectins is quite exposed and is located on the sur-
face of the loop region, with the 3 and 4-hydroxyl
groups of the carbohydrate coordinating to a
bound calcium ion. Additional hydrogen bonds
are formed between the sugar and the protein side-
chains involved in binding this calcium ion, with
van der Waals contacts further stabilising the
bound sugar. In all structures of galactose-speci®c
lectins, including the galactose-binding mutant of
MBPA, additional hydrophobic stacking between
an aromatic protein side-chain and the apolar side
of the galactose was observed (Rini, 1995).
Lectins often bind to natural polysaccharides
with much higher af®nity than to simple mono-
saccharides. This can be achieved by two methods:
In the ®rst case, increased binding af®nity can be
achieved by extended binding sites, where the
terminal sugar is bound to the lectin, and further
residues of the oligosaccharide make contact to the
protein in either a direct or solvent-mediated way.
An even more ef®cient way to increase the binding
af®nity to an extended oligosaccharide is the
multiple binding by a cluster of several identical
binding sites, often achieved through protein oligo-
merisation (Weis & Drickamer, 1996).

Here, we solved the X-ray crystal structure of
Polyandrocarpa lectin (TC14, tunicate derived C-
type lectin of 14 kDa) complexed with D-galactose.
TC14 was isolated from the tunicate Polyandrocarpa
misakiensis and its amino acid sequence was deter-
mined (Suzuki et al., 1990). Cloning of the cDNA
encoding TC14 con®rmed the original sequence
(Shimada et al., 1995). It has D-galactose speci®city
and is suggested to play a role in generalised
defence mechanisms of the organism because of its
strong antibacterial activity (Suzuki et al., 1990). It
was shown to be part of the extracellular matrix in
developing buds, directing undifferentiated hae-
moblasts and pluripotent stem cells to the epi-
thelium of the bud vesicle (Kawamura et al., 1991).

In spite of the fact that the structures of seven C-
type lectins are known, the only natural protein-
ligand complexes studied are those of the
mannose-binding proteins with mannose carbo-
hydrates. Some information about how galactose
selectivity can be achieved has been obtained from
structural studies on a galactose-speci®c mutant of
MBPA (Kolatkar & Weis, 1996). The structure of
TC14 complexed with D-galactose reveals a novel
way in which galactose speci®city can be achieved
in the C-type lectins. TC14 is also the ®rst non-
vertebrate C-type lectin whose structure has been
solved, and therefore an interesting model for ana-
lysing the evolution of carbohydrate recognition
and the C-type lectin fold.

Results

Protein expression and purification

Recombinant TC14 was overexpressed in
Escherichia coli and obtained as inclusion bodies.
The protein was solubilised in 8 M urea and puri-
®ed in the denatured state on a DEAE Sepharose
ion exchange column (Pharmacia) using a NaCl
gradient from 0 to 800 mM. Refolding was
achieved by dialysing in three steps, removing the
urea and increasing the calcium concentration to a
®nal value of 20 mM. A second puri®cation step
was performed using an immobilised galactose
resin (Pierce Chemical Co.). The protein was
loaded on the column in the last refolding buffer
and eluted with EDTA.
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Analytical ulracentrifugation

Analytical ultracentrifugation was employed to
investigate unambiguously whether the protein is
present as a monomer or dimer in solution. Sedi-
mentation equilibrium runs were performed at
different initial protein concentrations (21, 13 and
5 mM). The resulting plots of the weight average
apparent molecular mass against concentration are
shown in Figure 1(a), and show essentially a
dimer, with no evidence of dissociation even at the
lowest protein concentrations. There is some slight,
non-equilibrating aggregation, but this is <5 % of
the total protein and this small amount is unlikely
to have any biological relevance. An alternative
method of analysis was also applied, where a
Figure 1. Sedimentation equilibrium analysis of aggre-
gation state of TC14. (a) Plot of the mass apparent aver-
age molecular mass (as monomers of the sequence
derived molecular mass) against concentration for
samples of TC14 analysed at 27 �C. Data from samples
at initial concentrations of 5, 13 and 21 mM are plotted
together, to show the extent of overlap. The three data
sets are labelled with their initial concentration. (b)
Residual errors between the measured optical density
and that calculated from ®tting to a model for the
formation of homodimers, optimising the dissociation
constant, baseline error and monomer molecular mass
(to allow for error in the assumed partial speci®c
volume), for each sample. The relatively even distri-
butions around the zero lines show that the model gives
a good ®t to the data over the radii used for the ®tting.
model involving homodimerisation was used to ®t
the absorbance directly at the various radii. This
model gave good ®ts to the sedimentation data in
each cell, out to 7.0 cm radius (or 6.9 cm for the
highest concentration cell), when a monomer mass
�15 % higher than the true mass was used (i.e. the
assumed partial speci®c volume is probably not
accurate), and the dissociation constants (Kd) ®tted
for each cell were <0.1 mM. Plots of the residuals
for the ®t against radius are shown in Figure 1(b).
This result is again compatible with a tightly
aggregated dimer at physiological protein concen-
trations, with traces of higher-order aggregates
disturbing the ®t at the bottom of each cell.

It can therefore be concluded that TC14 is a
dimer under physiological conditions. Gel ®ltration
analysis of native (Suzuki et al., 1990) and recombi-
nant TC14 had suggested a molecular mass of 15
and 12 kDa, respectively. We would suggest that
either the shape of the dimer caused it to behave
anomalously in gel ®ltration or that the protein
was retained somewhat by partial binding of the
lectin to the polysaccharide-based resin.

Binding studies

Both the calcium binding and the af®nity for
different types of mono- and disaccharides were
analysed by isothermal titration microcalorimetry
(ITC). Typical titration curves for calcium and
galactose binding are shown in Figure 2. The
results for the calcium binding show that TC14 has
a single binding site per CRD domain (the average
estimate for the number of calcium sites from three
experiments is 1.05(�0.11)) with a dissociation con-
stant of 2.6(�0.2) mM for the protein-galactose
complex. This is in the normal range observed for
different calcium-binding proteins (e.g. 8.9 mM for
calmodulin (Milos et al., 1986) or 0.6 mM for onco-
modulin (Cox et al., 1990)). Binding studies with
different mono- and disaccharides were also per-
formed, and the results are summarised in Table 1.

The binding af®nity of TC14 for monosacchar-
ides is weak, which is consistent with that
observed for most of the C-type lectin family (the
complex of the galactose-speci®c mutant of MBPA
with b-methyl galactoside has a Kd of 2.0 mM, and
rat hepatic lectin 1 with the same ligand has a Kd

of 1 mM as determined by NMR binding assay;
Iobst & Drickamer, 1994). Recombinant TC14
shows the expected selectivity for a galactose-
speci®c C-type lectin, and the results were also in
agreement with the binding studies performed on
the native protein (Suzuki et al., 1990). The highest
af®nities can be observed for D-galactose and D-
fucose, with no detectable binding for D-mannose
or D-glucose and only very weak binding for N-
acetylgalactosamine. A binding af®nity in the same
range as for D-galactose was also detected for the
two disaccharides 6-b-D-galactopyranosyl-D-galac-
topyranose (6-GPGP) and 4-a-D-galactopyranosyl-
D-galactopyranose (4-GPGP). The slightly higher
af®nity for 6-GPGP is probably due to the fact that



Figure 2. ITC scans of TC14
binding to calcium (left), and TC14
binding to D-galactose (right). The
upper panel shows the incremental
heat liberation upon each injection
and the lower panel shows the
integrated area of the above peaks
following the subtraction of the
heat of dilution plotted against the
molar ratio of ligand to TC14 in the
reaction cell.
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the 3 and 4-hydroxyl groups of both galactose moi-
eties have access to the TC14 binding site, whereas
in 4-GPGP one of the galactose moieties becomes
sterically hindered due to the a-1,4 glycosidic link-
age.

Structure solution and quality of the model

The protein was crystallised in the presence of
calcium and D-galactose. Using a single samarium
derivative, a 2.0 AÊ resolution model was built. The
SIRAS map clearly showed that glycerol, present
in large excess in the cryoprotectant solution used
for diffraction data collection, was occupying the
carbohydrate-binding site in the crystal. Therefore,
a second dataset was collected to a resolution of
2.2 AÊ , using galactose as the cryoprotectant instead
of glycerol. The galactose was clearly present
in the 2mFo ÿ DFc electron density map. Crystals
frozen in galactose and glycerol solutions were
isomorphous, and superposition of the coordinates
of the glycerol-containing and the galactose-con-
taining structures revealed that the rmsd over all
Ca atoms is 0.18 AÊ with maximum deviations
between protein atoms of less than 0.3 AÊ . Even the
Table 1. Thermodynamic parameters of the binding

Sugar ligand Kd (mM) �H (kJ m

D-Fucose 0.33 ÿ25.5
D-Galactose 0.44 ÿ77.8
GalNAc 2.0 ÿ15.1
6-GPGP 0.38 ÿ46.8
4-GPGP 0.58 ÿ41.1

GalNAc is N-acetylgalactosamine; 6-GPGP is 6-b-D-gala
galactopyranosyl-D-galactopyranose. Measurement of the
fucose and N-acetylglucosamine was also attempted, but t
the instrument.
solvent spheres in both forms are very similar. The
stereochemical parameters for both ®nal models
are summarised in Table 2. The asymmetric unit
consists of two protein molecules labelled A and B.
Molecules A and B can be superimposed with an
rmsd over all Ca-atoms of 0.26 AÊ for the galactose
and 0.23 AÊ for the glycerol form.

According to PROCHECK (Laskowski et al.,
1993), 93.0 % of the residues in the galactose form
lie in the most favourable areas of the Ramachan-
dran plot (90.2 % of the residues for the glycerol
form), and no residues are found in disallowed
areas in either of the two models.

The ®nal model for the galactose form contains
residues 2-124. No electron density could be found
for Asp125, and the density for Asp124 is weak
and non-continuous, indicating that the C terminus
of the protein is partially disordered. Only partial
electron density could be found for the surface-
exposed side-chains of residues Lys40, Ala64 and
Asp124 in molecule A and Gln22 and Asp124 in
molecule B. Even though electron density for the
®rst residue Met1 is evident, no model with accep-
table geometry could be ®tted to the map. Another
interesting feature of the N-terminal region is a
of mono- and disaccharides to TC14

olÿ1) �G (kJ molÿ1) �S (J molÿ1Kÿ1)

ÿ19.8 ÿ19.9
ÿ19.1 ÿ197.0
ÿ15.5 1.4
ÿ19.5 ÿ91.6
ÿ18.4 ÿ76.1

ctopyranosyl-D-galactopyranose; and 4-GPGP is 4-a-D-
dissociation constants for D-mannose, D-glucose, L-

heir binding af®nities were too low to be detected by



Table 2. Details and stereochemical parameters of the ®nal models

Glycerol form Galactose form

Number of protein atoms 1927 1928
Number of solvent atoms 278 243
Metal atoms 4 Ca � 7 Zn 4 Ca � 5 Zn
Hetero-groups 2 glycerol � 4 acetate 2 galactose
rmsd for bond lengths (AÊ ) 0.006 0.007
rmsd for bond angles (deg.) 1.6 1.7
Average B-factor over all protein

atoms 20.0 25.5
G-factor a 0.15 0.10

a As determined with PROCHECK (Laskowski et al., 1993).
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chain of ®ve adjacent spheres with high electron
density. The middle sphere lies between the side-
chains of Asp2 of one molecule in the asymmetric
unit and a symmetry-related copy of the other mol-
ecule in the asymmetric unit. This region could not
be clearly interpreted at 2.0 AÊ resolution but was
modelled as three zinc atoms bridged by two
water molecules. These, together with another zinc
site next to Asp35 and a fully hydrated calcium
site near Trp82, are believed to be due to crystal
packing and the solution used for crystal growth.
This assumption is supported by the ITC results,
which only showed one calcium atom bound per
monomer.

Structure description

As expected by sequence similarity, TC14 adopts
a typical C-type lectin fold as shown in Figure 3.
The elements of secondary structure are summar-
ised in Figure 4. The structure can be roughly
divided into two parts: a lower part of the mol-
ecule containing mostly elements of regular
secondary structure (the two a-helices and the two
long b-strands b1 and b5), and an upper part that
consists of mostly non-repetitive secondary struc-
ture and includes the carbohydrate recognition
site. The short b-strand b2 is at the boundary
between the two parts of the molecule. This strand
also acts as a connection between the two b-sheets
formed by the N and C-terminal strands b1 and b5
in the lower part, and the b3 and b4 strands in the
upper part of the molecule. The only other area of
regular secondary structure in the upper part of
the molecule is a very small b-sheet formed by b0
and b00. The extended loops 3 and 4 are involved in
galactose binding together with strand b4. TC14
shows the typical two disulphide bridges for short-
form C-type lectins, joining a1 to b5 and closing
the b-sheet between strands 3 and 4.

The dimer detected in solution is manifested in
the crystal by the two molecules in the asymmetric
unit which form a symmetric dimer (Figure 5). It is
stabilised by both intermolecular hydrogen bonds
and hydrophobic interactions. Firstly, a four-
stranded b-sheet extending through both molecules
of the dimeric unit is formed through antiparallel
pairing of the two N-terminal b-strands. The
second element of the dimeric interface is a close
contact between the second a-helices of each mol-
ecule, which forms a small hydrophobic core con-
sisting of residues Phe45 and Phe7 from both
molecules (Figure 6). The total buried surface area
between the two molecules is 1727 AÊ 2 as calculated
with the programme GRASP (Nicholls, 1992),
using a probe radius of 1.4 AÊ and the program's
default atom radii. This value is within the range
found for proteins forming stable dimers in
solutions.

Ligand binding

The sugar binding in TC14 occurs predomi-
nantly indirectly through a Ca2� (see Figures 7 and
8(a)). ITC data indicate that there is only one
calcium-binding site per domain, and in the TC14
structure, the sugar-binding calcium site is likely to
be the only genuine metal site. This site corre-
sponds to the samarium site in the samarium
derivative. The protein ligands for this calcium ion
are side-chain oxygen atoms of Glu86, Asn89,
Asp107 and Asp108 as well as the main-chain
carbonyl oxygen of Asp108. The last two sites to
reach pentagonal bipyramidal coordination are
occupied by the galactose 3 and 4-hydroxyl oxygen
atoms. Hydrogen bonds between protein side-
chains and the galactose hydroxyl groups are
formed between hydroxyl group 3 and Glu86 and
Ser88, as well as between hydroxyl group 4 and
Asp107. Solvent molecules play a role in the struc-
ture of the complex by mediating indirect protein-
carbohydrate interactions that are bridged by a
single water atom. Such interactions can be found
between the 2-hydroxyl group and Ser88 and
between the 5-hydroxyl group and Asn89. The
galactose 6-hydroxyl group is linked to the side-
chains of the three residues Asp52, Gln98 and
Arg115 through a single water molecule.
Additional stabilisation of the complex is achieved
through hydrophobic stacking of the side-chain of
Trp100 to the apolar side of D-galactose. The
importance of this hydrophobic interaction is also
re¯ected in the slightly higher binding af®nity of
TC14 for D-fucose than for D-galactose. D-Fucose



Figure 3. (a) Stereoview of the backbone of TC14, starting from the ®rst residue visible in the map, Asp2. Every
®fth residue is represented with a black sphere, every tenth residue is numbered. The galactose-binding calcium ion
is represented as a grey sphere and the disulphide bridges are shown as grey bonds. (b) Worm representation of a
superimposition of TC14 (in white) on MBPA (in grey). The major elements of secondary structure are labelled as in
TC14. Both Figures were produced with MOLSCRIPT (Kraulis, 1991).
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only differs from D-galactose by the absence of a
hydroxyl group in the C6 position. The less polar
sugar can therefore form a stronger hydrophobic
interaction with the side-chain of Trp100.

Discussion

Homology to other C-type lectins

Superposition of the structure of TC14 on the
structures of the C-type lectins shown in the struc-
tural sequence alignment (Figure 4) shows a Ca

rmsd of between 1.36 (MBPA, see Figure 3(b)) and
1.78 AÊ (ESEL). This demonstrates that in spite of
the sequence divergence (sequence identity
between 29 % for ESEL and 17 % for HTNT) of
TC14 relative to the mammalian lectins, the overall
structure is highly conserved. Generally, the struc-
tural diversity between the different C-type lectins
is higher in the loop regions, mainly caused by
insertions or deletions of amino acids, but the
structure of the ®rst part of loop 3 in TC14 shows a
signi®cant divergence (deviations of more than
5 AÊ ) from all other C-type lectins. The second
element of structure where TC14 greatly differs
from other C-type lectins is helix a2. Its axis is
turned by about 20 � relative to all other structures.
This helix is important in the formation of the
dimeric interface, and as TC14 is the only C-type
lectin among the analysed structures that forms a
dimer of physiological importance, we can assume



Figure 4. Structural sequence alignment of TC14 with rat mannose-binding protein A (MBPA), human E-selectin
(ESEL), human tetranectin (HTNT) and human lithostathine (HLIT). The alignment has been made manually consid-
ering structural similarities. The elements of secondary structure shown refer to TC14. Residues of the carbohydrate
binding site (or putative carbohydrate binding site for ESEL and HTNT) are shaded in grey.
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that this conformation of the helix is required for
stabilisation of the dimer.

The structure of TC14 is the ®rst example of a
naturally dimeric C-type lectin. It is rather unlikely
that this type of dimerisation occurs in C-type
lectin domains that are part of multi-domain pro-
teins, as both N and C termini are located close to
the dimeric interface and therefore neighbouring
domains would probably disturb the dimer for-
mation. This organisation might be typical for
invertebrate isolated C-type lectin domains. One
biological function of TC14 is the direction of
differentiating cells in the developing bud of
P. misakiensis. The ability of TC14 to dimerise
might allow it to perform this function by binding
to both the extracellular matrix and to the surface
of the migrating cells.

Galactose binding

The D-galactose selectivity of TC14 observed in
the binding studies can be explained mainly by
two aspects of the structure: the distribution of
hydrogen-bond acceptors and donors around the
sugar hydroxyl groups 3 and 4 and the presence of
a tryptophan side-chain close to the binding site.

In TC14, the sugar hydroxyl groups 3 and 4 are
hydrogen-bonded to two acidic side-chains on one
side of the sugar ring and to one serine residue
and one water molecule on the other side of the
ring (see Figure 8(a)). As it is very unlikely that
acidic side-chains in the calcium ligand sphere are
protonated at a pH over 6.5, it is assumed that
they act as hydrogen acceptors in TC14, and there-
fore Ser88 and the water molecule have to act as
proton donors. The importance of the hydrogen
donor/acceptor distribution for sugar speci®city
has been demonstrated earlier in MBPA, where the
two mutations Glu185! Gln and Asn187! Asp
are enough to induce weak preferential galactose
binding (Drickamer, 1992). These mutations result
in the hydrogen donors (amide side-chains) being
on one side of the sugar ring and the hydrogen
acceptors (acidic side-chains) being on the other
side, whereas in wild-type MBPA one donor and
one acceptor are found on each side (see Figure 8(b)
and (c)). Comparison of the binding site of TC14
and the galactose speci®c QPDWG mutant of
MBPA (Kolatkar & Weis, 1996) shows that the
hydrogen donor/acceptor distribution is inverted,
and as a consequence the orientation of the galac-
tose ring in the binding site is ¯ipped by 180
degrees in the two proteins (compare Figure 8(a)
and (b)). This observed relation between hydrogen
donor/acceptor distribution and sugar speci®city/
orientation allows the lowest energy non-covalent
bonding partner distribution around the sugar
hydroxyl groups to be achieved. Newman projec-
tions along the oxygen-carbon bonds of the 3 and
4-hydroxyl groups of all sugar-C-type lectin com-
plexes studied (see Figure 9) reveal that the
hydroxyl-proton (and therefore the hydrogen-bond
acceptor) is never gauche to both the ring carbon
atoms and therefore always points away from the
ring. This behaviour is consistent with an obser-
vation made by Elgavish & Shaanan (1997) for the
geometry around the 4-hydroxyl group for all lec-
tin-sugar complexes known so far. Hydrogen
donors cluster in the region between gaucheÿ and
gauche� to C3, whereas hydrogen acceptors are
found in the region between trans to C3 and trans
to C5 (Elgavish & Shaanan, 1997). In the C-type
lectins this rule also seems to apply for the 3-



Figure 5. Ribbon diagram of the TC14 dimer. All
elements of secondary structure are labelled in the
upper molecule, and labelling is repeated for some
elements in the lower molecule to improve clarity. The
sugar-binding calcium ions are shown as grey spheres
and the galactose molecules in a ball-and-stick represen-
tation.

Figure 6. Representation of the hydrophobic inter-
actions at the dimeric interface. The phenylalanine resi-
dues involved in hydrophobic contacts are shown in
ball-and-stick representations. Molecule A is shown in
light grey and molecule B in dark grey.
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hydroxyl group, whereas no such pattern can be
found when observing all lectin families.

The second element ensuring galactose speci-
®city in TC14 is the tryptophan residue Trp100,
which packs against the apolar side of the galac-
tose (see Figure 8(a)). Because of the different
stereochemistry of D-mannose, achieving an opti-
mal distribution of binding partners around the 3
and 4-hydroxyl groups would mean a more
upright pyranose ring position which would steri-
cally interfere with Trp100. The importance of the
packing interaction between the apolar face of D-
galactose and an aromatic side-chain has been
demonstrated earlier (Rini, 1995), and was a crucial
factor in obtaining the galactose-speci®c QPDWG
mutant of MBPA (Iobst & Drickamer, 1994; see
Figure 8(b)). The speci®city-inducing tryptophan
residue in the QPDWG mutant was obtained
through a mutation in loop 4 that was held close
to the sugar binding site through insertion into
loop 4 of ®ve glycine residues. In contrast, the
tryptophan (Trp100) in TC14 is located on the
opposite side of the binding site in the strand b3,
as required by the inverted orientation of the galac-
tose. The mutations in QPDWG had been intro-
duced using mammalian galactose-speci®c proteins
(mostly the asialoglycoprotein receptors) as
models, and this difference in the tryptophan pos-
ition might re¯ect a general difference between
mammalian/vertebrate and invertebrate galactose-
speci®c C-type lectins. Among the known and
characterised C-type lectins, only two have a
tryptophan residue in the position equivalent to
Trp100. One of them, the Sarcophaga lectin from
¯esh ¯y, is indeed an invertebrate galactose-
speci®c protein (Takahashi et al., 1985), whereas in
the N-glucosamine-speci®c chicken hepatic lectin
(Drickamer, 1981) this tryptophan residue is prob-
ably not involved in sugar binding. Another invert-
ebrate D-galactose-speci®c C-type lectin, the
Drosophila lectin, has a tyrosine residue in the
equivalent position of its sequence, which could
play the same role as Trp100 in TC14 (Haq et al.,
1996). In addition, three C-type lectin domains
found in the C. elegans genome (genes F47C12.4.,
F26A1.11. and F26A1.12.) also show a tryptophan
in the equivalent position (Wilson et al., 1994).

The fact that D-galactose can be bound in two
completely different orientations involving a very
different tryptophan position by two different C-
type lectins shows the remarkable versatility of the
C-type lectin binding site. The ¯exibility of the
loop regions allows the introduction of various
elements of binding speci®city in different spatial
arrangements around the primary binding site,
therefore creating a wide range of possible func-
tions on the same structural scaffold. The wide dis-



Figure 7. Extract of the ®nal 2jFoj ÿ jFcj electron den-
sity map in the sugar binding site, contoured at 1.7 s
(Figure produced with BOBSCRIPT (Esnouf, 1997)).
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tribution of C-type lectins in animals re¯ects this
ability of the fold to evolve very different binding
speci®cities.

Materials and Methods

Materials

Unless otherwise stated, all chemicals used in all
experiments were purchased from standard laboratory
suppliers and were of the highest available quality. All
water used was distilled and puri®ed on an Elgastat
system.

Cloning of the gene encoding TC14

A synthetic gene, based on the primary sequence of
TC14 as determined by Suzuki et al. (1989), was designed
with optimal codon usage for expression in E. coli. The
gene was constructed according to the method by Moore
(1989), using four partially overlapping oligonucleotides
which were annealed, extended with phage T7 DNA
polymerase (Sequenase, U.S. Biochemical) and then
cleaved with NdeI and EcoR1. The cleaved gene was
ligated into the protein expression vector pRSETA (Invi-
trogen Corporation) cut with NdeI and EcoR1. Sequen-
cing of the DNA product showed that the ®nally
obtained pRSETA-lec vector encoded the correct amino
acid sequence.

Protein expression and purification

The pRSETA-lec plasmid was transformed into E. coli
strain TG2 by the method described by Chung et al.
(1989). The cells were grown in supplemented M9 mini-
mal medium (Sambrook et al., 1989) at 37 �C until the
A600nm reached 0.5 cmÿ1 and then induced by addition of
IPTG (to 0.5 mM) and M13 helper phage carrying the
gene for phage T7 RNA polymerase. The cells were
grown for 16 hours prior to harvesting by centrifugation.
The cells were resuspended in 50 mM Tris-HCl
(pH 8.4), 5 mM EDTA, 0.5 mM PMSF and 1 % (v/v)
Triton X-100 and lysed by sonication. The protein was
obtained as inclusion bodies and solubilised in 50 ml of
8 M urea, 50 mM Tris-HCl (pH 8.4), 100 mM NaCl,
0.1 M dithiothreitol (DTT) and 5 mM EDTA at 4 �C for
six hours. Following centrifugation and ®ltration, the
supernatant was applied to a DEAE Sepharose fast ¯ow
column (Pharmacia) equilibrated in 4 M urea, 1 mM
EDTA, 50 mM Tris-HCl (pH 8.4), 5 mM DTT and
100 mM NaCl at a ¯ow rate of 2 ml/minute. The protein
was eluted from the column with a linear NaCl gradient
to a ®nal concentration of 800 mM. The lectin-containing
fractions were refolded by dialysing for 24 hours against
four litres of 10 mM Tris-HCl (pH 8.4), 50 mM NaCl,
1 mM CaCl2 and 1 mM trans-4,5-dihydroxy-1,2-dithiane,
for 24 hours against four litres of 10 mM Tris-HCl
(pH 7.2), 50 mM NaCl and 2 mM CaCl2, and ®nally
overnight against four litres of 20 mM imidazole-HCl
(pH 7.8), 100 mM NaCl and 20 mM CaCl2 at 4 �C. The
refolded protein was applied to an af®nity column of
immobilised D-galactose agarose resin (Pierce Chemical
Co.) pre-equilibrated in the last refolding buffer and
washed with approximately 50 ml buffer before the pro-
tein was eluted with 5 mM EDTA and 100 mM NaCl.
The purity and mass of the af®nity-puri®ed protein
was con®rmed by laser ionisation/time of ¯ight mass
spectrometry using a Kratos Kompact 4 spectrometer.
Analytical gel ®ltration was performed on a Pharmacia
Superdex 75 column with 150 mM NaCl, 1 mM CaCl2
and 50 mM Tris-HCl (pH 8.0) at a ¯ow rate of 0.75 ml/
minute.

Analytical ultracentrifugation

Sedimentation equilibrium analysis was performed in
a Beckman Optima XLA analytical ultracentrifuge, using
an An-60Ti rotor, at 27 �C and at 14,000 rev/minute,
scanning at 280 nm. Runs were overspeeded at 27,000
rev/minute for six hours, to reduce the time to reach
equilibrium (Van Holde & Baldwin, 1958) and then
scanned every 24 hours until two successive scans super-
imposed exactly. The later scan was taken as operation-
ally at equilibrium. Mass average apparent molecular
weights were calculated with the equation:

�Mw;app � d ln�c�
dr2

2RT

o2�1ÿ �nr�
where c is the concentration at radius r, o is the angular
velocity in radians/second, �n is the partial speci®c
volume (taken as 0.72 ml/g) and r is the solvent density
(taken as 1.01 g/ml); for running sets of 41 data points
and plotted against the concentration for the central
point of each set.

As an alternative, the sedimentation data were ana-
lysed by direct ®tting, using ProFit 5.1, to the equation:

Ar � e1 c0 exp�s�r2 ÿ r2
0�� �

2�c0 exp�s�r2 ÿ r2
0���2

Kd

� �
� Aerr

with:

s �M1�1ÿ �nr�o2

2RT
;

where Ar is the absorbance at radius r, e1 is the molar
extinction coef®cient for the monomer (and dimer is
assumed to have twice the extinction), c0 is the monomer



Figure 8. (a) The galactose binding in TC14, with carbon atoms represented in white, oxygen atoms in black and
nitrogen atoms in grey. Hydrogen bonds are shown as broken lines. (b) The carbohydrate-binding site of the galac-
tose binding mutant QPDWG of MBPA and (c) the mannose binding site of MBPA, both in the same representation
as TC14. The three panels are in the same orientation as obtained by Ca superimposition of the three proteins.

Figure 9. Newman projections along the oxygen-carbon bond of the sugar 3 and 4-hydroxyl groups of the com-
plexes of (a) TC14 with D-galactose, (b) QPDWG with D-galactose, (c) MBPA with D-mannose, and (d) MBPC with
D-mannose.
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concentration at reference radius r0, Kd is the dissociation
constant for the dimerisation, Aerr is a correction for
error in the baseline determined by overspeeding the
rotor to obtain essentially zero protein concentration at
the meniscus, M1 is the monomer mass, and �n, r and o
are as de®ned above. ProFit uses a Levenberg-Marquardt
algorithm to give a least-squares ®t. Estimated errors in
the total absorbance used during ®tting were taken as
the standard deviation of ten readings at each radius
during the data collection. The ®tted parameters were
Kd, Aerr and M1, with this latter correcting for any error
in the assumed values for �n or r. The residuals between
the ®tted absorbance and the experimental values were
plotted, to test for the validity of the model used.

Titration calorimetry

A MicroCal OMEGA calorimeter and ORIGIN soft-
ware supplied with the instrument were used for the
ITC experiments. All solutions were ®ltered using a
Millipore 0.22 mm ®lter prior to use. Protein concen-
tration was determined by measuring the A280 and using
the calculated extinction coef®cient (Gill & von Hippel,
1989). All experiments were performed at a temperature
of 24.7(�0.2)�C. For measuring the calcium af®nity, the
protein was ®rst dialysed against 5 mM EDTA, 5 mM
Mops (pH 7.8) to remove any traces of bound calcium.
Subsequently all the experiments were performed in
Chelex 100 (BioRad) treated 5 mM Mops (pH 7.8) buffer.
The cell was loaded with protein solution at a concen-
tration of 42(�2) mM and titrated with a 1.02 or 2.04 mM
CaCl2 solution (concentration determined by complexo-
metric titration of the stock solution). A total of 24 auto-
matic injections of 4 ml each were carried out with 250
seconds between each injection. A 5 mM Mops (pH 7.8)
and 5 mM CaCl2 buffer was used for the determination
of the sugar-binding af®nities. For these experiments, the
cell was loaded with 30(�2) mM protein and titrated
with 12 injections of 20 ml each of 5 mM sugar solution
with 120 seconds between each injection. For all exper-
iments, a blank sample was run in the absence of protein
to determine the heat of dilution of the ligand, which
was subtracted from the apparent heat of binding prior
to data analysis. Integrated heats derived from the injec-
tion series were ®tted by the software to the one set of
sites model, yielding the molar enthalpy of association,
the dissociation constant and an estimate for the stochio-
metry (set to one in the sugar binding experiments).

Protein crystallisation

Crystals were grown at 17 �C using the hanging drop
technique. The af®nity-puri®ed protein (0.4 mM in
12.5 mM CaCl2, 2.5 mM D-galactose, 10 mM Tris
(pH 7.2), 25 mM NaCl) was mixed with an equal amount
of a precipitant solution containing 7 % (w/v) PEG 8000,
0.2 M Zn(ac)2

. _v2H2O, 0.1 M sodium cacodylate (pH 6),
Table 3. Statistics for the crystallographic data collection

Data set dmin (AÊ ) Measurements hI/si
Native 2.0 115,502 8.3
Sm derivative 2.5 29,962 7.2
Galactose form 2.2 108,587 11.6

a Rmerge � �hkl�ijIi(hkl) ÿ hI(hkl)ij/�hkl�iIi(hkl).
and then equilibrated over a reservoir of the same preci-
pitant solution. Crystals appeared after one day and
grew to a size of about 0.1 mm � 0.1 mm � 0.2 mm
within a week. They had P212121 symmetry with
a � 54.18 AÊ , b � 66.45 AÊ and c � 85.90 AÊ .

Data collection

All data were collected using an Enraf-NoÈnius GX13
CuKa X-ray source and an 18 cm MAR-research imaging
plate system (MAR-research Corp.). Crystals were trans-
ferred into a cryoprotectant solution consisting of 25 %
(v/v) glycerol, 25 mM NaCl, 10 mM Tris (pH 7.2),
2.5 mM D-galactose, 0.1 M sodium cacodylate (pH 6.5),
0.2 M Zn(ac)2 �2H2O, 7 % PEG 8000, 12.5 mM CaCl2, and
frozen in a stream of nitrogen gas at 100 K using an
Oxford Cryostream cooler prior to data collection. The
Sm derivative was made by soaking a crystal for three
hours in a cryoprotectant solution containing 20 mM
SmCl3 instead of the CaCl2. A complex with bound
galactose was obtained by soaking a crystal for ®ve min-
utes in a cryoprotectant containing 30 % (w/v) D-galac-
tose instead of the glycerol. Each dataset was collected
from a single crystal. Diffraction intensities were inte-
grated using the programme MOSFLM (Leslie, 1992) and
scaled and merged with the CCP4 (1994) programme
SCALA (Evans, 1997). The data collection statistics are
summarised in Table 3.

Structure solution

Most crystallographic calculations were carried out
using the CCP4 programme suite. The Sm sites were
located using the programme SOLVE (Terwilliger et al.,
1987). The programme SHARP (de la Fortelle &
Bricogne, 1997) was used to re®ne all heavy-atom par-
ameters using both anomalous and isomorphous differ-
ences (the phase determination statistics are summarised
in Table 4). The initial map showed two molecules and
two Sm positions in the asymmetric unit. Solvent ¯atten-
ing was carried out with the programme SOLOMON
(Abrahams & Leslie, 1996), using a solvent content of
48 %.

A model containing all the residues from 2 to 123 of
both molecules in the asymmetric unit was built into the
easily interpretable SIRAS electron density map with the
programme O (Jones et al., 1991) and re®ned with the
programme REFMAC (Murshudov et al., 1997), using
19,550 re¯ections between 35 AÊ and 2 AÊ resolution to a
®nal conventional R-factor of 20.6 % and a free R-factor
of 25.0 % based on 1039 random re¯ections in thin shells
of resolution. All the protein atoms of this structure were
used as an initial model for the structure solution of the
galactose crystal form. After two rounds of rigid body
re®nement with REFMAC using re¯ections from 26 AÊ to
5 AÊ and 4 AÊ , re®nement was completed by alternative
cycles of re®nement (with REFMAC using 15,259 re¯ec-
Unique
reflections

Completeness
(at highest res.) (%) Rmerge

a

20,632 95.9 (87.9) 6.8 (18.5)
9707 87.7 (68.2) 8.2 (15.7)

16,111 99.1 (83.8) 5.6 (17.1)



Table 4. Phase re®nement statistics

Riso (%)a 18.3
Rcullis

b 0.72
Centric phasing power 1.5
Isomorphous acentric phasing power 1.9
Anomalous acentric phasing power 1.7
Figure of merit before solvent flattening (2.8-2.5 AÊ resolution) 0.36
Figure of merit after solvent flattening (overall) 0.89
Figure of merit after solvent flattening (2.1-2.0 AÊ resolution) 0.80

a Riso � � jjFderivj ÿ jFnativejj/�jFnativej.
b Rcullis � � jjFPH � FPj ÿ FH(calc)j/�jFPH � FPj, shown for isomorphous, acentric differences.
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tions between 26 AÊ and 2.2 AÊ ) and model building with
O. The ®nal model had a conventional R-factor of 21.1 %
(Rfree 26.9 %).

Protein Data Bank accession numbers

The coordinates of both ®nal models have been sub-
mitted to the Brookhaven Protein Data Bank (accession
codes 1BYF for the glycerol complex and 1TLG for the
galactose complex).
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