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the HABMs, which have been generated by exon duplication and
shuffling. In order to suggest the order of duplication events, we

performed a detailed sequence comparison of 32 HABMs and 9
Ig-like modules by the PileUp program of the Genetic Computer
Group, University of Wisconsin [18]. The scoring table of
Gribkov and Burgess [19] was used with scores adjusted to a

mean of 0 and standard deviation of 1.0.

On the basis of the similarity of all sequence pairs, the
clustering relationships were plotted as dendrograms and mul-
tiple alignments were made. As shown for the HABMs (Figure
1), four cysteines, three glycines, two alanines and one proline
are invariant. Furthermore, only aliphatic amino acids occupy

positions 37, 54 and 59, and aromatic residues are found at

positions 53 and 103. These amino acids must be essential for the
stable folding of the module and cannot be replaced by others.
As shown in Figure 1, among the HABMs the most distant

relative is CD44. Modules L2 seem to be more similar to each
other than to L3 modules. Modules of link protein and proteo-
glycans represent two separate subgroups. The closest relatives
are the GI and G2 domains of aggrecan, although the aggrecan

Evolution of the hyaluronan-binding module of
link protein
Link protein (LP), which in cartilage stabilizes the interaction
between aggrecan and hyaluronan, is assembled from three
separate modules [1-4]. The 125-amino-acid-long module LI
shows a distant structural relationship with the variable region of
immunoglobulin chains [3,5] and is involved in binding to
cartilage proteoglycan [6]. Modules L2 and L3, the hyaluronan-
binding modules (HABM), are tandem repeats of about 100
amino acid residues, and were shown to interact with hyaluronan
[6,7]. These modules are encoded by separate exons and show
homology to other multidomain proteins. All three module types
have been found in the GI domains of the aggregating proteo-
glycans aggrecan [8-12], versican [13] and neurocan [14]. L2 and
L3 are represented once more in the G2 domain of aggrecan.
Recently, the cell-surface adhesion receptor CD44 [15,16] and a

secreted tumour-necrosis-factor-inducible protein (TSG-6) [17]
were shown to possess a single-copy HABM. To sum up, in a

single genome there must be at least 12 genetic elements encoding
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Figure 1 Dendrogram representing the clustering relatonship and multiple alignment of the hyaluronan-binding modules

Sequences were compared for mouse (M; [20]), rat (R; [21]), baboon (BA; [22]), human (H; [15,16]), bovine (B; [23]) and hamster (HA; [24]) CD44, human [4], pig (P; [3]), rat [1] and chicken
(C; [2]) link protein (LP), human [11], rat [9], chicken [12] and bovine [10] aggrecan (AGG), human versican (VERS) [131, rat neurocan (NEU) [14] and human TSG-6 [17]. Module borders match
with exon borders in the link-protein genes [25,26]. Consensus residues are present in more than half of the sequences. Residues identical in all sequences are printed bold and underlined in

the consensus line.

Abbreviations used: LP, link protein; HABM, hyaluronan-binding module.
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Figure 2 Suggested evolutionary scheme tor the hyaluronan-binding module

Genetic elements for HABMs and the Ig-like module are denoted by rectangles and framed if duplicated together. The horizontal lines bordered by slashes may represent segments of identical
or distinct chromosomes. See the text for further explanation.

GlL2 shows a higher degree of homology to the L2 module of
versican than to G2L2, suggesting gene conversion after sep-
aration. In general, L2 modules seem to be less diverse than L3,
showing that functional constraints imposed on L2 prevented
mutations from being fixed. Modules ofthe aggrecan G2 domain,
which cannot bind LP or hyaluronan [27], do not show significant
sequence differences from the others, although the inter-species
divergence is slightly higher than that of GI. This finding agrees
with the observation by Perkins et al. [3], who have shown that
there is no difference in sequence and net charge of the modules
of GI or G2.
On the basis of the sequence similarity and copy number of the

HABMs in the various proteins, we suggest a model for their
evolution (Figure 2). Following the first duplication, the CD44
module started to evolve separately from the primordial sequence.
After another duplication, one copy became the ancestor of the
gene for the TSG-6 module, and the other duplicated again to
code for the tandem L2 and L3 modules. At this stage the
duplicated segment acquired an Ig-like LI ancestor gene via
recombination within phase 1 introns, which had evolved sep-
arately up to this point. The genetic element encoding the three
modules duplicated further, resulting in segregation of the genes
for link protein and proteoglycans, and the latter duplicated
twice to form the ancestor genes for neurocan, versican and
aggrecan. Finally, genetic elements coding for aggrecan GI and
G2 domains were duplicated and diverged. In summary, alt-
ogether seven duplication events were involved in the evolution
of the 12 copies of the HABM.
From previous comparisons it was suggested by Neame et al.

[8] that the gene duplication which resulted in L2 and L3 arose at
a time similar to that of the separation of the genes for LP and
aggrecan. Alignment of threefold more sequences convinced us
that, although the two duplications were close in time, the
common ancestor of L2 and L3 duplicated first.
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Figure 3 Dendrogram relating the sequences of the Ig-like Li domains

For further details and abbreviations, see Figure 1.

The model does not specify how many stages the LI module
ancestor has gone through before joining the HABM. It implies,
however, that since the time when the LI ancestor joined the
duplicated HABMs, they have evolved together. A dendrogram
obtained for the LI module (Figure 3) confirms that the order of
segregation during evolution was LP-neurocan and versican-
aggrecan. The same conclusion can be drawn from the
dendrogram constructed by Chandrasekaran and Tanzer [12],
who compared the Li-L3 modules together.
The rate of divergence for the LI module is higher than that of

L2/L3. The change in the function may be responsible for that.
Whereas the L2/L3 modules retained the hyaluronan-binding
capacity, the LI modules of LP and aggrecan have evolved in
such a way that they have become capable of binding each other.
The above evolutionary scheme suggests a minimum number

of seven for duplications necessary to make the six genes, but
additional duplications cannot be excluded. It is possible that
duplication of the single ancestor sequence has led to generation
of further, as yet undetected, modules before the tandem array
was fixed. A priori, it is also possible that the L2-L3 tandem
repeat has combined with modules other than LI. Finally, the
LI-L3 modules together may have been incorporated as building
blocks into other large multi-domain proteins. Discoveries in

\ AGG2 TSG-6
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future years will presumably supply the missing details to a more
complex picture of the evolution of the HABM.
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