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Crystal structure of tetranectin, a trimeric plasminogen-binding protein
with an o-helical coiled coil
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Abstract Tetranectin is a plasminogen kringle 4-binding pro-
tein. The crystal structure has been determined at 2.8 A
resolution using molecular replacement. Human tetranectin is a
homotrimer forming a triple a-helical coiled coil. Each monomer
consists of a carbohydrate recognition domain (CRD) connected
to a long o-helix. Tetranectin has been classified in a distinct
group of the C-type lectin superfamily but has structural
similarity to the proteins in the group of collectins. Tetranectin
has three intramolecular disulfide bridges. Two of these are
conserved in the C-type lectin superfamily, whereas the third is
present only in long-form CRDs. Tetranectin represents the first
structure of a long-form CRD with intact calcium-binding sites.
In tetranectin, the third disulfide bridge tethers the CRD to the
long helix in the coiled coil. The trimerization of tetranectin as
well as the fixation of the CRDs relative to the helices in the
coiled coil indicate a demand for high specificity in the
recognition and binding of ligands.
© 1997 Federation of European Biochemical Societies.

Key words: C-type lectin; X-ray crystal structure;
Carbohydrate recognition domain; Plasminogen; Kringle 4;
a-Helical coiled coil

1. Introduction

Tetranectin (TN), originally isolated from human plasma
[1], is abundant in a variety of cells, including monocytes
[2], neutrophils [3], fibroblasts [4], and osteoblasts [5]. The
tissue distribution of TN is broad [6] and, in addition, TN
is present in the extracellular matrix of certain human carci-
nomas (breast [7], colonic [8], and ovarian [9] tumors) con-
trary to the corresponding normal tissues [6]. TN has been
shown to bind specifically to the kringle 4 domain of plasmi-
nogen (apparent K3 =0.5 uM) [1,10]. In addition, TN inter-
acts in a calcium-dependent manner with sulfated polysac-
charides [11] and fibrin [12], as well as with
apolipoprotein(a) [10]. The plasminogen activation system is
of key importance for regulation and control of extracellular
proteolysis and consequently in the spread of cancer by inva-
sion [13,14]. Recently, TN has been co-localized with plasmi-
nogen/plasmin at the invasive front of cutaneous melanoma
lesions [15], indicating a coordinated role of these proteins in
the invasive process. TN may also play a potential role in
mineralization during osteogenesis [5,16].
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Human TN is a homotrimeric protein [17], each polypep-
tide chain consisting of 181 amino acid residues encoded by
three exons [18]. TN contains a carbohydrate recognition do-
main (CRD) and, according to sequence homology studies,
belongs to a distinct group of the C-type (calcium dependent)
lectin superfamily, which also includes pancreatic stone pro-
tein (lithostathine), sea raven antifreeze protein, and snake
venom botrocetin, all isolated CRDs without additional do-
mains in contrast to TN [19,20]. The X-ray structure of hu-
man lithostathine, which is a C-type lectin homolog without
calcium-binding sites, has recently been published [21]. In ad-
dition, structure determinations of proteins of two other
groups of C-type lectins have been reported: the group of
collectins (three mannose-binding proteins, rat MBP from se-
rum (MBP-A), rat MBP from liver (MBP-C), human MBP)
[22-26], and of selectins (human E-selectin) [27].

We present here the X-ray structure of recombinant human
TN. Knowledge on the structure of TN is essential for unrav-
eling the molecular mechanisms of action determining the bio-
logical functions of this protein and for the development of
drugs interfering with its function.

2. Materials and methods

Rhombohedral crystals belonging to space group R3, with hexag-
onal axes a=b=89.1, and ¢=75.8 A have been obtained of TN.
Diffraction data have been collected to 2.8 A resolution, and a mo-
lecular replacement solution, using the CRD of rat MBP from serum,
has been obtained [28]. A partially refined structure (2.0 A resolution)
of the CRD of TN, which have been crystallized separately [28], was
subjected to a slow-cool protocol refinement in X-PLOR [29] using
diffraction data in the resolution range 10.0-3.2 A. In addition to the
CRD, one turn of an a-helix preceding the CRD could be located in
the initial electron density maps (25.0-3.2 A), and was inserted as
polyalanine residues. Then interactive model building and refinements
using the molecular graphics program O [30] and the refinement pro-
gram TNT [31,32], respectively, gradually improved the maps, and
turn by turn of the a-helix could be located. Side chains were included
as they appeared in the electron density maps. Refinements and map
calculations in TNT were performed using data in the resolution
range 25.0-2.8 A. The final refinements were done using the positional
refinement implemented in X-PLOR and data in the resolution range
6.0-2.8 A and a cutoff of 2.56. Two calcium ions, as well as 36 water
molecules, were located in difference Fourier maps (36). The positions
of the calcium ions were kept constant during refinements. The B-
factors were kept constant at 25 A? for protein atoms and calcium
ions, and at 40 A? for water molecules. The final statistics are shown
in Table 1. The coordinates have been deposited in the Brookhaven
Protein Data Bank.
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3. Results and discussion

3.1. Overall structure

The structure of TN has been determined to 2.8 A resolu-
tion and refined to an R-value of 22.3% (Table 1). The protein
crystallizes as a trimer in agreement with the observations in
solution [17]. The residues 26-181 of TN are clearly defined in
the electron density maps. The N-terminal 25 residues can not
be located in the electron density maps, indicating disorder in
the N-terminal part of TN.

The residues 26-52 of TN form a long a-helix (E2), which
is connected to the CRD (res. 50-181) (Fig. 1a). The CRD of
TN has the same characteristic topology as reported for the
other proteins of the C-type lectin superfamily [21-27]. Struc-
tural differences mainly occur at insertions and deletions in
TN as compared to human lithostathine [21], human MBP
[26], and human E-selectin [27] (Table 2 and Fig. 1b). Two
calcium ions have been located at the same positions as cal-
cium-binding sites 1 and 2 in the structures of the MBPs [22—
26]. In TN, the ligands are Asp''®, Glu'®, Gly'*", Glu'®, and
Asn'™! at calcium site 1 and GIn'%, Asp®, Glu'®, and
Asp'® at calcium site 2. TN, as well as lithostathine, contains
a long-form CRD with three disulfide bridges in contrast to
the MBPs and E-selectin, which have short-form CRDs with
two disulfide bridges [19]. In TN, the disulfide bridge Cys*°—
Cys® tethers the E2 helix to a short B-strand of the CRD
(Fig. l1a), whereas this disulfide bridge is part of a loop in
lithostathine [21] (Fig. 1b). The CRD of TN has been crystal-
lized separately [28]. The detailed structure (2.0 A resolution)
of the CRD has been fully refined and will be reported else-
where.

3.2. Trimerization through a coiled coil

The long E2 helix provides trimerization of TN by the for-
mation of a triple o-helical coiled coil (Fig. 1c,d). Only few
contacts are observed among the CRDs of the trimer, in
agreement with the observation that the isolated CRD of
TN is a monomer in solution [17]. The first 16 N-terminal
residues of TN are not essential for the trimerization as the
polypeptide TN17-181, which have been expressed separately,
also forms trimers in solution [17] as well as in crystals (Niel-
sen, B.B., unpublished).

The main interactions among TN monomers are localized
to the core of the triple a-helical coiled coil (Fig. 2a). The
amino acid sequence of the E2 helix is characterized by the
heptad repeats (abedefg), with hydrophobic amino acids at a
and d positions as are other o-helical coiled coils [33]. Nota-
bly, the polar residues Gln** and GIn*" substitute the usual
hydrophobic residues at the a and d positions in the C-termi-
nal repeat. The side chain of GIn** is pointing out, leaving a
hole in the helix core, and forms a hydrogen bond to the side
chain of GIn** of a neighboring E2 helix, whereas the side
chain of Gln*" is pointing into the core.

The presence of hydrophobic B-branched residues at a and
d positions in the helices of coiled coils appears to favor tri-
merization of the protein [34,35]. Val*” is the only relevant
B-branched residue in the E2 sequence. Buried polar residues
at a and d positions, however, have been shown to influence
the state of oligomerization of the helices [36-38]. The pres-
ence of glutamine residues at both an a and a d position in the
repeats, as well as the single valine in an a position, may
govern trimerization of TN,
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3.3. Helix—CRD interactions

In addition to the large interaction area in the o-helical
coiled coil, intramolecular interactions between the E2 helix
and the N- and C-terminal part of the CRD contribute to the
integrity of the trimer. The interactions involve the C-terminal
part of the helix where the hydrophobic residues Leu*® and
Val® are positioned at the outside of the helix. The side
chains of these residues are in van der Waals distance to the
side chains of Phe'"®, Ile'®°, and Val'® in the C-terminus of
the CRD. The CB atom of Lys® in the helix is in van der
Waals contact to the side chain of Leu%?. These intramolecu-
lar interactions, and the disulfide bridge between the CRD
and the helix, seem to determine the orientation of the
CRD relative to the E2 helix.

3.4. Biological role of TN

The trimeric structure of TN resembles those of rat MBP
from serum [25] and human MBP [26], in which the neck
region forms a long o-helix. Like TN, the MBPs trimerize
by the formation of an a-helical coiled coil. The structural
differences are reflected in significantly different orientations
of the CRDs relative to the helices as illustrated in Fig. 2b-d,
in which the three structures have been superimposed accord-
ing to the structures of the coiled coils and the heptad repeat
sequences (Table 2). The orientations of the CRDs are deter-
mined by the coiled coil structure, by intramolecular interac-
tions between the helix and its CRD, and also by intermolec-
ular interactions between each of the helices of the coiled coil
and a neighboring CRD.

An important function of the coiled coil in the MBPs is
considered to be the relative positioning of the CRDs. The
orientation of the CRDs with respect to the coiled coil stem
determines the spatial separation of the carbohydrate-binding
sites (calcium sites 2), suggesting the function to be recogni-
tion of spatially distinct regions on the bacterial cell walls
[25,26]. Despite the very different orientations of the CRDs
with respect to the coiled coil helices in the monomers of TN,
rat MBP, and human MBP (Fig. 2d), the overall shape of the
trimers is similar (Fig. 2b—c). However, significant variations

Table 1
Statistics of data and refinement

Space group R3 . .
Unit cell parameters a=b=89.1 A, c=758 A
(hexagonal axes)

Completeness (25.0-2.8 A) 99.9%
Completeness (2.87-2.80 A) 100.0%
Multiplicity (25.0-2,8 A) 5.5
Ryerge(D) (25.0-2.8 A) 10.7%
Rinerge(D) (3.13-3.03 A) 29.4%
Ryerge (I) (2.87-2.80A) 51.9%
<lo()> (25.0-2.8 A) 6.7
<Io(I)> (3.13-3.03 A) 2.6
<I/o(I)> (2.87-2.80 A) 1.5
Unique reflections 5529
Total number of atoms 1250
Riyetor (6.0-2.8 A)* 22.3%
Rieo (6.0-2.8 A)P 29.2%

r.m.s. deviations from
idealized geometries

Bond lengths (A) 0.012
Bond angles (°) 1.6
Dihedral angles (°) 24.0

# Reactor =2 1 IFol — IFcl I/Z 1Fol.
Riree : Riactor Of test set containing a random 10% of the observations
omitted from the refinement process.



390

B.B. Nielsen et al./IFEBS Letters 412 (1997) 388-396

CRD

Fig. 1. a: Overall structure of the TN monomer. TN consists of a long o-helix (E2) and a carbohydrate recognition domain (CRD). The two
calcium ions are illustrated as yellow spheres, and the three disulfide bridges: 1 (Cys*’-Cys®), 2 (Cys"-Cys!"), and 3 (Cys!*2-Cys!6®), are
shown in a ball and stick representation. b: Superposition of the CRDs of human TN (in yellow), human lithostathine (in blue), human MBP
(in green), and human E-selectin (in orange). Calcium ions at site 1 and 2 are illustrated as spheres, and the three disulfide bridges in ball and
stick. The r.m.s. deviation between TN and lithostathine is 1.5 A (for 116 Ca atoms), between TN and human MBP 1.2 A (for 117 Ca atoms),
and between TN and human E-selectin 1.3 A (for 104 Ca atoms). c-d: The overall structure of the TN trimer viewed (c) along and (d) perpen-
dicular to the 3-fold axis. The figures were generated using MOLSCRIPT [39].

in the distances between the calcium sites 2 in the trimeric
structures are observed. The distance between the calcium
sites 2 in TN is approximately 55 A. The distances observed
in rat MBP and in human MBP are 53 A and 45 A, respec-
tively [25,26]. These variations might be of importance for the
specificity of the proteins.

The precise biological function of TN is as yet unclear.
However, the observations that TN binds to the kringle 4
domain of plasminogen [1,10], interacts in a calcium-depend-
ent manner with sulfated polysaccharides [11] and fibrin [12],

binds to immobilized fucoidan (Graversen, J.H., unpub-
lished), as well as the presence of two characteristic calcium
sites in the TN structure, suggest that one function of the
protein is to target plasminogen to specific carbohydrate li-
gands on cell surfaces, in the extracellular matrix or to fibrin.
The close structural resemblance of TN to the neck and CRD
part of the MBPs, where carbohydrate-binding is conferred to
the CRD, whereas other additional domains provide the
diversity of functions of these proteins, indicate that the
kringle 4-binding site resides within residues 1-49 of the TN
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Fig. 1b (for caption see page 390).

sequence. This is supported by the observation that only the
full-length protein and not the isolated CRD binds to immo-
bilized kringle 4 (Holtet, T.L., unpublished).

The additional disulfide bridge in TN, which is not present
in the human MBP and rat MBP, seems to tether the CRD
to the helix, and prevents flexibility of the CRD relative to
the helix. In human MBP, the relative orientation between
the CRD and the helix has been shown to be variable,
and flexibility of the CRDs has been proposed to be im-
portant for cooperative binding of carbohydrates on the
target [26]. The fixation of the CRDs in TN indicates a de-

mand for high specificity in recognition and binding of li-
gands.
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Table 2

Alignment of the amino acid sequences of human TN (TN), human MBP (hMBP), rat MBP from serum (rMBP, the neck and CRD part), hu-
man E-selectin (the CRD part), and human lithostathine (hlit).

The sequences were aligned according to 3-dimensional structural similarities. Residues, which have not been located in the crystal structures,
are colored in grey, residues of the CRDs are colored in red, and remaining residues in blue. Secondary structure elements and loop regions of
TN are indicated and labelled according to the structures of the MBPs.
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Fig. 2a, b (for caption see page 396).
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Fig. 2. a: Stereo drawing of the triple o-helical coiled coil of TN viewed perpendicular to the 3-fold axis. The amino acid side chains in a and
d positions of the heptad repeats (Leu, Leu®®, Leu®, Val*’, Leu?®, GIn*, GIn*" and Leu®) are shown in ball and stick. b-c: Superimposition
of the helices of the coiled coil in TN (in yellow), in rat MBP from serum (in red) and in human MBP (in green), viewed (c) along and (b) per-
pendicular to the 3-fold axis. The helices were aligned according to the heptad repeats (Table 2). Calcium ions at site 1 and 2 are illustrated as
spheres. d: One monomer of each protein, superimposed as in (b-c), illustrating the relative orientation of the CRDs with respect to the helices.
The figures were generated using MOLSCRIPT [39].



