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Abstract. Prosaposin is a multifunctional protein en-
coded by a single-copy gene. It contains four saposin
domains (A, B, C, and D) occurring as tandem repeats
connected by linker sequences. Because the saposin do-
mains are similar to one another, it is deduced that they
were created by sequential duplications of an ancestral
domain. There are two types of evolutionary scenarios
that may explain the creation of the four-domain gene:
(1) two rounds of tandem internal gene duplication and
(2) three rounds of duplications. An evolutionary and
phylogenetic analysis of saposin DNA and amino acid
sequences from human, mouse, rat, chicken, and ze-
brafish indicates that the first evolutionary scenario is the
most likely. Accordingly, an ancestral saposin-unit du-
plication produced a two-domain gene, which, subse-
quently, underwent a second complete tandem duplica-
tion to give rise to the present four-domain structure of
the prosaposin gene.
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Introduction

Prosaposin is a multifunctional protein encoded by a
single-copy gene. It contains four saposin domains (A, B,
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C, and D) occurring as tandem repeats connected by
linker sequences. The four functional saposins are gen-
erated by postranslational processing of the prosaposin
precursor in the lysosome. Each saposin is relatively spe-
cific with respect to substrate, i.e., it activates a specific
glycosphingolipid hydrolase in the lysosome, but some
overlapping specificities are known (Sandhoff et al.
1995). In addition to serving as a precursor of four sa-
posins, intact prosaposin has an in vitro nerve-
regenerating function, whose active site is most probably
located within the saposin C domain (Qi et al. 1999).

All four saposins possess several primary features in
common, e.g., a length of about 80 amino acids, six
cysteines as homologous positions, a glycosylation site,
and a conserved proline. It is, therefore, reasonable to
assume that the prosaposin gene was created by dupli-
cations of a single ancient saposin domain.

Several scenarios can explain the creation of prosa-
posin from a single ancestral saposin domain. One sce-
nario invokes two rounds of duplication and six sce-
narios invoke three rounds of duplication (Fig. 1).
According to the two-step scenario, an ancestral single-
saposin gene was duplicated and gave rise to a gene
containing two saposin domains in tandem. Subse-
quently, a duplication involving both domains occurred
and the four-domain prosaposin was produced. Accord-
ing to this scenario, saposins A and C are phylogeneti-
cally more closely related to each other than either is to
saposins B or D, and conversely, saposins B and D are
phylogenetically closer to each other than either is to
saposins A or C. In an unrooted phylogenetic tree we
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Fig. 1.

Possible evolutionary scenarios for the creation of the four-domain prosaposin through sequential tandem duplications. a A two-step

scenario. b and ¢ Four three-step and two three-step scenarios, respectively. The unrooted topologies for saposins A, B, C, and D that are compatible

with the evolutionary scenarios are shown at the top.

will, thus, expect saposins A and C to be neighbors and
saposins B and D to be neighbors (Fig. 1a). According to
the other six scenarios, the evolution of prosaposin from
a single-domain gene required three internal duplica-
tions. The first duplication created a two-domain coding
gene. The second duplication involved only one of the
resulting domains and produced a three-domain coding
gene. Finally, in the third round of duplication, one of the
three saposin domains was duplicated to produce prosa-
posin. The six possible three-duplication scenarios may
yield two unrooted phylogenetic topologies (Figs. 1b and
¢), and depending on the order in which the single do-
mains were duplicated. We note that the tree in Fig. la
cannot be obtained via three rounds of duplication and
that the trees in Figs. 1b and ¢ cannot be obtained via two
rounds of duplication, unless one assumes the occurrence
of additional processes, e.g., unequal crossing-over (Ror-
man et al. 1992). We further note that evolutionary sce-
narios other than the ones in Fig. 1 are possible, however,
obtaining the A, B, C, and D subunits in linear sequential
order would require additional processes, such as trans-
position and unequal recombination.

In this study, we attempted to reconstruct the order of
internal duplications that gave rise to the four saposins
by using phylogenetic tools. In our analysis, we assumed
(1) that all internal duplications resulted in tandemly re-
peated sequences and (2) that the unalignable intersapo-
sin linker sequences can be safely ignored in the phylo-
genetic analyses.

Materials and Methods

Prosaposin Data

Five prosaposin DNA and amino acid sequences were collected from
human (Homo sapiens), mouse (Mus musculus), rat (Rattus norvegi-
cus), chicken (Gallus gallus), and zebrafish (Danio rerio). The acces-
sion numbers for the DNA and amino acid sequences are M32221 and
AAA60303 for human, U57999 and AAB02695 for mouse, M19936
and AAA42136 for rat, AF108656 and AAF05899 for chicken, and
AF108655 and AAG32919 for zebrafish. The prosaposin sequences
were processed into single saposins according to O’Brien and Kishi-
moto (1991). Only complete prosaposin sequences were used; partial
sequences even if they included complete saposin domains were omit-
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ted from the analysis. The 20 saposins were aligned using ClustalW
(Higgins et al. 1996). Manual modifications of the multiple alignments
were performed using SEAVIEW (Galtier et al. 1996). The alignments
are available at http://kimura.tau.ac.il/. Subsequent analyses were per-
formed at both the protein and the DNA levels.

Identification of Nonvertebrate
Prosaposin-Like Sequences

We used FindPatterns (Womble 2000) and PSI-BLAST (Altschul et al.
1997) to search for nonvertebrate “prosaposin like proteins,” i.e., pro-
teins consisting of two or more saposin-like domains. In our searches,
we looked for at least two repetitions (separated by a linker sequence
of any length) of the following motif C-X(2)-C-X(27,28)-C-
X(10,11)-C-X(23,25)-C-X(5)-C, where C denotes cysteine, X de-
notes any amino acid, and the numbers in parentheses denote either the
number or the range of consecutive residues.

Phylogenic Analyses

A maximum-likelihood species tree for the prosaposin gene sequences
was reconstructed with the DNAML program (Felsenstein 1993).
SEQBOOT and CONSENSE from the PHYLIP package were used for
computing bootstrap values. Similarly the maximum-likelihood
method was used to ascertain the monophyly of each paralogous sa-
posin-domain group. In the final analysis we computed the likelihood
values of three user trees representing all possible topological relation-
ships among the four saposins. Within each saposin group the species
phylogenetic topology was fixed. In this part of the study, we used
DNAML as well as PROTML (Adachi and Hasgawa 1996) with the
JTT amino-acid replacement model (Jones et al. 1992).

Phylogenetic analyses of saposins were also performed by using
inferred ancestral protein sequences. That is, for each of the four groups
of saposins, the ancestral amino acid sequence was inferred using
FastML (Pupko et al. 2000), and the three possible unrooted phylog-
enies were tested by PROTML.

Results

A maximum-likelihood phylogenetic reconstruction for
the prosaposins from the five taxa is shown in Fig. 2. The
congruence between this tree and the classical species
tree rules out most processes, such as independent taxon-
specific evolution, that may confuse the phylogenetic
picture. A phylogenic reconstruction of the 20 saposins
(Fig. 3) indicates that each orthologous group is mono-
phyletic. The maximum-likelihood reconstruction differs
from the one shown in Fig. 3 in the placement of chicken
and zebrafish within the saposin C and D groups. How-
ever, the bootstrap values on these branches were very
low, so that these misplacements may be the result of
long-branch attraction (Felsenstein 1978). Thus, within
each saposin group, we assumed that the species topol-
ogy in Fig. 2 is the true tree.

All analyses indicate that the tree in Fig. la is the
most likely, followed in descending order by the trees in
Figs. 1b and c. However, as shown in Table 1 the like-
lihoods were not statistically different from one another.
All other methods of phylogenetic reconstruction (e.g.,
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Fig. 2. Maximum-likelihood phylogenetic tree of prosaposin DNA
sequences from five vertebrate taxa. All internal branches are supported
by 100% bootstrap replicates.
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Fig. 3. A scaled phylogenetic reconstruction of 20 saposin DNA
sequences indicates that each orthologous saposin group is monophy-
letic (ellipses). The maximum-likelihood reconstruction differs from
the one shown here in the placement of chicken and zebrafish within
the saposin C and D groups (see text). Numbers on the branches leading
to the four saposin clades indicate bootstrap values based on protein
maximum-parsimony reconstructions with 1000 pseudo-replicates.

neighbor joining, maximum parsimony) yielded essen-
tially the same results and identical levels of branch reso-
lution (not shown).

In the entire nonredundant NCBI database, we iden-
tified five nonvertebrate prosaposin-like proteins (Table
2). Several preliminary phylogenetic analyses (not
shown) indicate that the duplications giving rise to the
nonvertebrate prosaposin-like genes have occurred inde-
pendently in each of the major lineages (insects, nema-
todes, slime molds, and sarcodine amoebae) and inde-
pendently of the duplications in the vertebrates.
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Table 1. Comparison of likelihoods (L) among user-specified trees®

DNA ML Protein ML Protein ML of ancestral sequences
Tree topology InL AlnL + SE AlnL = SE InL AlnL + SE
((SapA, SapC), SapB, SapD) —4324.5 ML —2418.8 ML -797.0 ML
((SapA, SapB), SapC, SapD) -4327.7 -3.19+£3.8 24222 -33+39 —-798.9 -19+33
((SapA, SapD), SapB, SapC) —4328.5 -3.95+3.2 —24222 -34+37 -799.1 -2.1+£33

“Each terminal node in DNA ML and protein ML represents a species tree for a saposin, e.g., SapA represents the tree (((mouse, rat), human),
chicken, zebrafish) for saposin A. Maximum-likelihood trees are marked ML.

Table 2. Nonvertebrate prosaposin-like proteins
Number of
Accession saposin-like  Length of

Organism No. subunits protein (aa)
Drosophila melanogaster ~ AAD38622 8 953
Bombyx mori BAA23126 7 965
Caenorhabditis elegans T15674 2 314
Dictyostelium discoideum  AAB06759 4 456
Naegleria fowleri AAK21658 2 307

Discussion

In our analyses, the most likely tree was the one in which
saposins A and C are neighbors, therefore, supporting the
two-step evolutionary scenario. Admittedly, the differ-
ences among the log likelihoods (Table 1) are not statis-
tically significant, however, there are additional pieces of
evidence that strengthen our confidence in the correct-
ness of the maximum-likelihood phylogenetic tree. First,
there is a high similarity between the neurotrophic do-
main of saposin C and the homologous counterpart in
saposin A, which does not exhibit any neurotrophic ac-
tivity. Interestingly, it has been shown that the neuro-
trophic activity of saposin A can be restored by the re-
placement of a single amino acid (Qi et al. 1999).

Second, the lysosomal proteolysis of prosaposin indi-
cates that regions immediately following the saposin A
and C domains may be functionally homologous. Ac-
cording to Hiraiwa et al. (1997), the first stage in the
proteolysis of prosaposin yields two trisaposins: trisapo-
sin A, containing domains A, B, and C, and trisaposin B,
containing domains B, C, and D. These two trisaposins
are produced following the hydrolysis by cathepsin D of
sites in the linker regions that are located next to the
saposin A and C domains. These cathepsin D recognition
sites suggest a possible structural similarity between sa-
posin A and saposin C. We note, however, that it is not
clear whether cathepsin D recognizes domains structure
or linker regions.

Finally, both saposins activate 3-galactocerebrosidase
and glucocerebrosidase. Saposin A activates [(3-galacto-
cerebrosidase in cells (Harzer et al. 1997), and glucoce-
rebrosidase in vitro (Morimoto et al. 1989), while sapo-
sin C activates glucocerebrosidase in vivo (Sandhoff et

al. 1995; Ho and O’Brien 1971) and B-galactocerebro-
sidase in cells (Harzer et al. 1997).

The evolutionary evidence provided by intron posi-
tions within the paralogous saposin domains is somewhat
equivocal (Rorman et al. 1992). In Fig. 4, we see that one
intron is positionally homologous between saposin A and
saposin C, and one between saposin B and saposin D,
thus supporting the tree in Fig. 1a. One additional intron
has positional homology between saposin C and saposin
D, supporting the tree in Fig. 1b. Allowing for intron
sliding, three intron positions support the tree in Fig. 1b,
and two positions support the tree in Fig. 1a. None of the
positions was common to saposins A and D (or B and C),
and one intron was unique to saposin D. These results
can only be used to reject the two evolutionary scenarios
represented by the unrooted tree in Fig. lc. We note,
however, that the information concerning intron posi-
tions indicates that phylogeny-obscuring events, such as
crossing-over, may have occurred during saposin evolu-
tion.

In conclusion, it seems that the two-step evolutionary
scenario is the most likely. Accordingly, an ancestral
saposin-unit duplication produced a two-domain gene,
which, subsequently, underwent a second duplication in-
volving both tandemly repeated units to give rise to the
present four-domain structure of the prosaposin gene.
Interestingly, the most parsimonious scenario in terms of
number of steps proved to be the most likely, despite the
fact that parsimony considerations were not taken into
account in the analysis.

Because four-domain prosaposins were found in all
Euteleostomi (bony vertebrates) studied to date, we con-
clude that the duplications leading to the creation of the
four-domain protein occurred before the divergence of
Actinopterygii (ray-finned fishes) from Tetrapoda (i.e.,
300—450 million years ago). The subsequent evolution of
the saposin domains during such a long period of time
has a negative effect on our chances to resolve unam-
biguously the phylogenetic relationships among the four
saposins. Many saposin-like proteins (SAPLIPs) are
known in the literature (Munford et al. 1995), and a few
of them are known to include more than a single saposin-
like domain. However, the multidomain structure of the
nonvertebrate prosaposin-like proteins that have been
identified in this study has arisen independently of the
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Fig. 4.

tvwnkptvFSLPCDICKDVVTAAGDMLKDNAT—EFEILVYLEKTCDWLPKPNMSASCKEIVDSYLPVILDIIKGEMFRPGEVCSALNLCESLQK
mvwskptakSLPCDICKTVVTEAGNLLKDNAT—qEEILHYLEKTCEWIHDSSLSASCKEVVDSYLPVILDMIKGEMFNPGEVCSALNLCQSLQE
rskpqkanGDVCQDCIQMVTDIQTAVRTNSTFVQALVEHVKEECDRLGPG—MADIFKNYISQYSEIAIQMMMHMP——PKEICALVGFCDEVK—
rsqpqkanEDVCQDCMKLVSDVQTAVKTNSSFIQGFVDHVKEDCDRLGPG—VSDIFKNYVDQYSEVCVQMLMHMP——PKEICVLAGFCNEVK-
kkhevpaksDVYCEVCEFLVKEVTKLIDNNKT—ﬁKEILDAFDKMCSKLPKS—LSEECQEVVDTYGSSILSILLEEVS—PELVCSMLHLCSGTR—
ehnlvqahNVILCQTCQFVMNKFSELIVNNAT—qELLVKGLSNACALLPDP—ARTKCQEVVGTFGPSLLDIFIHEVN—PSSLCGVIGLCAA—--
tPthqkaGGFCEVCKKLVGYLDRNLEKNST—KQEILAALEKGCSFLPDP—YQKqCDQFVAEYEPVLIEILVEVMD—PSFVCLFIGACPSAHK
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Introns position within human and mouse saposins. Capital letters represent saposin regions; lowercase letters represent linker regions.

Vertical lines represent intron positions. The alignment shown here is somewhat different from that of Rorman et al. (1992).

four-saposin domain in vertebrates and, thus, cannot be
used to elucidate the order of internal gene duplications
in the vertebrate lineage. In addition, the nonvertebrate
sequences are almost unalignable with the vertebrate
ones and cannot be reliably used to root the saposin tree.
Thus, a further characterization of either the time of du-
plication or the primary sequence of the ancestral saposin
subunit is unattainable.
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