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The TSR (thrombospondin type I repeat) is defined by a conserved tryptophan/cysteine motif and found
in a large family of extracellular matrix and cell surface proteins (for review, see [1]). These proteins
include thrombospondins 1 and 2, F-spondin, mindin, and semaphorins F and G. HB-GAM (heparin-
binding growth-associated molecule, also designated as pleiotrophin) and MK (midgestation-kidney
protein) form a subfamily within this type of proteins and have very similar structures (see Fig. 1 for
essential structural features of HB-GAM and MK). Structures of the TSR domains of the
thrombospondins have been recently resolved using X-ray crystallography[2], and secondary structures of
MK]3] and HB-GAM][4] are currently known based on NMR spectroscopy. HB-GAM and MK fold in a
very similar manner, but their TSR domains apparently display significant differences from the TSR
structures resolved for the thrombospondins. In general, TSR proteins are implicated in cell
surface/matrix binding and regulate migratory responses in many types of cells (for reviews, see [1,5]). A
wide variety of TSR proteins are highly expressed in the nervous system, but their functional roles and
possible significance of the TSRs in these proteins remain elusive.

Structure-function studies of HB-GAM[6] have recently shown that the two TSRs of the protein
mediate binding to heparin/HS (heparan sulfate). In hippocampal neurons, N-syndecan (neural syndecan,
syndecan-3) is the carrier of the HS chains interacting with HB-GAM. Furthermore, studies using
hippocampal neurons and slices implicate the di-TSR domain in the regulation of neurite
outgrowth/plasticity in the developing and adult hippocampus.

The rationale of the structure-function studies using neurite outgrowth/plasticity as a readout derives
from previous studies where HB-GAM was shown to enhance neurite extension in hippocampal neurons
when presented as a matrix-bound form[7,8] and to inhibit it when an excess of HB-GAM occurs in the
culture medium of cells[8]. Furthermore, HB-GAM was shown to be a neuronal activity-induced gene in
the hippocampus[9] which, together with the effects on hippocampal neurons in vitro, suggested a role for
HB-GAM in the regulation of hippocampal plasticity. To study the possible role of HB-GAM in synaptic
plasticity in the hippocampus, its effects on LTP (long-term potentiation; long-lasting, activity-induced
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FIGURE 1. Schematic presentation of structural features of HB-GAM.
Structure/function dissection reveals a cooperative function of the two
TSR domains in heparin/HS-binding modulating neurite outgrowth and
synaptic plasticity. General characteristics of native HB-GAM molecule
are shown (top panel). The biologically informative structure requires
the presence of both TSR domains as implicated in the two lower
panels.

enhancement of synaptic strength) were studied. Injection of recombinant HB-GAM into hippocampal
slices[10] and overexpression of HB-GAM in transgenic mice[11] were shown to inhibit LTP in area
CALl. In contrast, HB-GAM knockout mice were shown to display an enhanced LTP[11,12]. In agreement
with studies on HB-GAM, N-syndecan was also implicated in the regulation of synaptic plasticity[13]. N-
syndecan knockout mice were shown to display an enhanced LTP[11] in a manner shown for its HB-
GAM ligand. Furthermore, N-syndecan knockout slices were shown to be insensitive to HB-GAM-—
induced LTP inhibition[11]. HB-GAM/N-syndecan thus appear to form a unique ligand/receptor pair that
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is induced by neuronal activity, but inhibits LTP. Since hippocampal LTP is a plasticity paradigm
regarded relevant for memory and learning, the HB-GAM and N-syndecan mutant mice were studied for
their performance in learning and memory tests. Behavioral testing suggested that the plasticity regulation
through HB-GAM/N-syndecan[11,14] is important for learning and memory.

Since HB-GAM regulates hippocampal plasticity through binding to the HS chains of N-syndecan, in
our most recent work, we have produced a series of HB-GAM fragments by PCR mutagenesis and
studied their binding to heparin/HS and their roles in LTP. Binding studies to heparin/HS (the ectodomain
of N-syndecan) were carried out using surface plasmon resonance and ELISA-type assays[6]. The di-TSR
fragment had essentially the same affinity to heparin/HS as the intact HB-GAM. Therefore, the
polylysine-type N- and C-terminal random coils of HB-GAM are not required for high-affinity binding to
heparin/HS. Replacing the naturally occurring flexible linker between the TSR-type domains with
glycines did not change the affinity. In contrast to the naturally occurring di-TSR domain or the di-TSR
domain having the glycine linker, the single TSR domains alone or with the linker region (Fig. 1)
displayed only low-affinity binding; the Kp values of the single domains were several orders of
magnitude higher compared to the di-TSR domains or the intact HB-GAM. Therefore, the TSR-type B-
sheet areas of HB-GAM cooperate to mediate high-affinity binding to heparin/HS. The linker region
between these domains does not directly participate in the binding, but is required to link the TSR-type
areas close to each other. The same protein mutants were assayed for their ability to modulate neurite
extension in hippocampal neurons and LTP in hippocampal slices. As in the binding studies to
heparin/HS, the di-TSR region was shown to be responsible for the effects on neurite extension and for
LTP inhibition. These studies agree with the previous findings that N-syndecan acts as an HB-GAM
receptor that is required to modulate neuronal connections[8,15] and functional plasticity[11,13], at least
when LTP of the Schaffer collateral-CA1 synapses of the hippocampus is used to study activity-induced
synaptic plasticity. Structural modulation of neuronal connectivity by HB-GAM/N-syndecan is expected
to contribute to functional plasticity, but is an area warranting further experimentation.

Ligation of N-syndecan by HB-GAM regulates cytoskeleton through a signaling pathway that
involves cortactin and src-type kinase[5,15]. The N-syndecan—mediated transmembrane signaling in
neurons regulates synaptic plasticity that appears to be physiologically important: Disruption of the HB-
GAM/N-syndecan pathway compromises performance in learning and memory tests. We therefore
regarded it to be of interest to carry out structure-function studies of HB-GAM/N-syndecan interactions.
These studies show that HB-GAM binds to the HS chains of N-syndecan and regulates synaptic plasticity
through a cooperative action of its two TSR-type domains. Interestingly, the lysine-rich tails of HB-GAM
contain multiple matches to the XBBXBX or XBBBXXBX consensus sequences (B is a basic amino acid
residue) for heparin/HS binding[16], yet these sequences of HB-GAM are not required for high-affinity
binding to heparin/HS. Therefore, heparin/HS binding sites predicted from only sequence data should be
taken with great caution. The finding that a cooperative binding of TSR-type domains to heparin/HS
regulates synaptic plasticity is of interest from the viewpoint that a multitude of proteins having clusters
of TSR-type domains is expressed in the nervous system. Future studies are warranted to answer to the
question whether the TSR-type regions of other proteins expressed in the nervous system would display
similar features as HB-GAM in their receptor interactions and regulation of synaptic plasticity.
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