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RNA-binding proteins (RNPs) involved in splicing, processing and translation regulation contain one to four RNA-binding domains. We
constructed a phylogenetic tree for the RNA-binding domains, including those of poly(A)-binding protein (PABP), splicing factors, chloroplast
RNPs, hnRNPs, snRNP U1-70K, nucleolin and Drosophila sex determinants. Proteins with similar functions were found to have closely related
RNA-binding domains and common domain organizations. In light of these observation, one can assume the function of an RNA-binding protein,
based on the evolutionary relationship between its RNA-binding domain(s) and domain organization, as compared with other RNPs.

RNA-binding domain; Splicing factor; Ribonucleoprotein; Poly(A)-binding protein; Drosophila sex determinant; Gene duplication

1. INTRODUCTION

Biological functions of proteins that have an RNA-
binding domain(s) are of a wide range; these domains
are involved in splicing, processing, translation of
RNA, and other protein—-RNA interactions (for review
see [1,2]). The RNA-binding domain consists of about
80 amino acid residues. Evidence obtained suggested
that the minimal region essential for RNA-binding is
mainly occupied by an RNA-binding domain [3-5]. X-
Ray crystallographic and/or NMR solution analyses of
the RNA-binding domains of snRNP UlA [6,7] and
hnRNP C [8] show that the domain forms a globular
structure. The RNA-binding domain is, therefore, a
functional and structural unit of the RNA-binding pro-
teins.

The RNA-binding domain is found in various eukar-
yotic nuclear and cytosolic RNA-binding proteins,
thus, the RNA-binding domain is a common functional
and structural unit shared among proteins that interact
with RNA. The RNA-binding domains include con-
served motifs RNP-1 (or RNP-CS) and RNP-2. The
three-dimensional structures of snRNP UlA and
hnRNP C are similar to each other in spite of the low
identity in their overall amino acid sequences (< 20%).
Most of the conserved residues are hydrophobic ones
which constitute hydrophobic cores shared in the RNA-
binding domains. These facts suggest that the RNA-
binding domains were derived from a common ances-
tral gene. The RNA-binding domain is also found in
chloroplast proteins [9-11]. Although these chloroplast

*Corresponding author. Fax: (81) (52) 782-9609.

Published by Elsevier Science Publishers B.V.

proteins are encoded in the nuclear genome, many are
also considered to used to be encoded in the chloroplast
genome [12]. On the basis of the symbiotic origin of
chloroplasts, the RNA-binding domain might have oc-
curred prior to the divergence of eukaryotes and
prokaryotes. It seems important, therefore, to analyze
the evolutionary relationship of the RNA-binding do-
mains of those proteins in order to better understand
the origin and molecular evolution of various functions
of the RNA-binding proteins.

While the amino acid sequences of the RNA-binding
domains include tightly conserved stretches, such as
RNP-1 (or RNP-CS) and RNP-2, they are loosely con-
served, as whole sequences. In addition, sequences of
the RNA-binding domains are not long enough to com-
pute accurately the evolutionary distances among them.
Thus, it has been difficult to clarify the evolutionary
relationship of RNA-binding domains. One of us (K.F.-
K.) has recently developed a new method for estimating
the evolutionary distance between the short amino acid
sequences with low identity [13]. We used this method
to construct a phylogenetic tree of RNA-binding do-
mains.

We analyzed sequences of some RNA-binding pro-
teins to address the following: (1) RNA-binding do-
mains are often tandemly repeated. How early were
those repeated structures established? (2) Does the evo-
lutionary relationship among the RNA-binding do-
mains reflect functional similarity of the proteins bear-
ing these domains? (3) The RNA-binding proteins also
have auxiliary domains unique to each type of protein
[14]. Did the auxiliary domain(s) of an RNA-binding
protein diverge independently of or together with the
RNA-binding domain(s) of the protein?
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2. MATERIALS AND METHODS

We used the amino acid sequences of 73 RNA-binding domains to
construct a phylogenetic tree, each forms part of 35 amino acid se-
quences of RNA-binding proteins or was deduced from nucleotide
sequences. The amino acid sequence of each domain has sufficient
identity with other sequences (> 15%) to estimate reliable evolutionary
distances, using the similarity distance (SD) method [13]. The RNA-
binding domains of snRNP U1lA and hnRNP C, whose three-dimen-
sional structures have been resolved, could not be included into the
estimation of evolutionary distance because their identity with some
of other sequences is lower than 15%. Data on the accepted point
mutations and frequencies for the 20 amino acid residues [15] were
used for the probability model of the SD method. A phylogenetic tree
was constructed by the neighbor-joining (NJ) method [16]. We also
carried out bootstrap resampling [17] to test the reliability of each
branch in the NIJ tree.

3. RESULTS

Fig. 1 shows a tree of the 73 RNA-binding domains
from 35 sequences. Of these, 22 have the repeated struc-
ture of the RNA-binding domains. The RNA-binding
domains of poly(A)-binding protein (PABP), chloro-
plast RNPs, hnRNPs, including Al, A2 and their ho-
mologous proteins, and nucleolin clustered respectively
in the constructed tree. This means that repeated struc-
tures of the RNA-binding domains, i.c. the four repeats
in PABP and nucleolin and the two repeats in chloro-
plast RNPs and hnRNPs were established by duplica-
tion, which occurred independently of these proteins.

In PABPs, each of the four RNA-binding domains
derived from the five species, from yeasts and animals,
clustered in the phylogenetic tree. Successive duplica-
tions that led to the repeated structure of the RNA-
binding domains in PABP, therefore, preceded the di-
vergence of yeasts and animals. Nucleolin also has the
four-repeated structure of the RNA-binding domains.
The structure appeared independently of the one in
PABP. The hnRNP Al, A2 and Al-like proteins have
two RNA-binding domains. The tree indicates that the
ancestral gene of the hnRNPs had the two RNA-bind-
ing domains long before the divergence of vertebrates

_9
Fig. 1. Phylogenetic tree of RNA-binding domains. The branches
whose occurrence was less than 50% and 25% in the bootstrap 500
trials are shown with light and dark shade, respectively. The RNA-
binding proteins whose domain(s) was used in the tree construction
are sex-lethal (Sx1) [41], poly(A) binding protein (PABP) [27,28,42—
45], alternative splicing factor (SF2/ASF) [29,30], BS2 [31,32], X16
[18,33], PR264/SC35 [34,35], chloroplast RNPs from tobacco (cp28,
cp29A, cp29B, cp3l, cp33) [9,10] and from spinach (28RNP) [11],
glycine-rich protein (GRP) [46,47], hnRNP A1l [36,37,40,48], hnRNP
Al-like proteins (hnRNP-A1L) {38,39}, hnRNP A2 [19], Ul snRNP
70K protein (U1-70K) [49-53], transformer-2 (tra-2) [54] and nucleo-
lin [55-57]. When more than one RNA-binding domain are contained
in a protein, their numbers are assigned starting at the N-terminal
domain. Glycine-rich proteins (GRP) are probably cytosolic proteins,
although their RNA-binding domains belong to a cluster designated

‘chioroplast RNPs’ in the tree.
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and invertebrates, and has diverged to the present
hnRNP genes while preserving the repeated structure.
In the ancestral gene of the six chloroplast RNPs, the
RNA-binding domain was duplicated and formed the
tandem repeat, independently of the hnRNPs; the re-
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Fig. 2. Evolutionary scheme of the RNA-binding proteins.

peat has been conserved during evolution of the chloro-
plast RNPs, as was also suggested by Ye et al. [10].

The tree also shows that proteins with similar func-
tions have closely related RNA-binding domains. The
RNA-binding domains of SF2/ASF, B52, X16 and
PR264/SC335, all of which are splicing factors [18), make
a cluster. The RNA-binding domains of hnRNP Al and
A2 and the Drosophila Al-like protein, which are com-
ponents of the hnRNP particle [19-21], also form a
cluster in the tree.

Correspondence of the molecular function of the
RNPs to the evolutionary relationship of their RNA-
binding domains is remarkable in Sx1 and tra-2, two of
the sex determinants of Drosophila. Both belong to a
hierarchy of regulatory genes for somatic sex determi-
nation and control alternative splicing of mRNA of
their own and their downstream protein; however,
mechanisms controlling splicing differ. The product of
tra-2 induces the female-specific splicing together with
product of tra by recruiting general splicing factors to
a regulatory element located downstream of a female-
specific 3’ splice site [22]. The RNA-binding domain of
tra-2 forms a cluster with those of snRNP U1-70K, a
component of the spliceosome. The product of Sx7, in
contrast, inhibits the non-sex-specific splicing by recog-
nizing the uridine octamer at the acceptor site of non-
sex-specific splicing [23]. The RNA-binding domains of
Sx1 are most closely related to those of PABP. Both of
Sx1 and PABP bind to specific nucleotide sequences.

4. DISCUSSION

The phylogenetic tree indicates that the repeated
structures of the RNA-binding domains appeared in the
early stage of biological evolution, and have been con-
served for a long time. In PABP, establishment of the
repeated structure preceded the divergence of animals
and yeasts; in hnRNP, that is far before the divergence
of vertebrates and invertebrates; and in chloroplast
RNPs, that might have been prior to the integration of
chloroplast to the ancestral cell of eukaryotes. This is
quite different from evolution of the repeated structure
of the Ig- or EGF-like domains in animal extracellular
proteins and blood coagulation factors [24-26], where
a newly created repeated structure is often observed, in
some species. The highly conserved repeated organiza-
tion of the RNA-binding domain implies that the each
domain has its own unique functional role. Indeed, each
of the four domains of Xenopus and yeast PABP has its
own RNA-binding activity and specificity [27,28].

Evolutionary clustering of the RNA-binding domains
suggests that function of the tobacco chloroplast RNPs
(cp28, cp29A, ¢p29B, cp3l and cp33), which is un-
known, is similar to that of the chloroplast 28 kDa
RNA-binding protein from spinach (28RNP). The pro-
tein from spinach is required for the processing and/or
stability of plastic mRNA 3’-end [11]. The tobacco
RNPs may be involved in maturation of chloroplast
pre-mRNA. Similarly, grasshopper hnRNP Al-like
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protein is probably a component of the hnRNP particle,
because the tree shows that its organization of the re-
peated RNA-binding domains has evolved from a com-
mon ancestor with authentic hnRNPs.

The RNA-binding proteins have additional domains
which are characterized by an abundance of specific
residues in their amino acid sequences [14]. The splicing
factors SF2/ASF, B52, X16 and PR264/SC35, whose
RNA-binding domains make a cluster in the tree, have
serine-arginine-rich (SR-rich) domains in their C-termi-
nal regions [18,29-35] (Fig. 2). This implies that the
fusion of the RNA-binding domain and the SR-rich
domain occurred before the divergence of splicing fac-
tors, and that the SR-rich domain has evolved together
with the RNA-binding domain thereby conserving the
fused domain organization. HnRNPs share the glycine-
rich (G-rich) domain on the C-terminal side of their
two-repeated structure of the RNA-binding domains
[19,36-40]. This also suggests evolutionary conserva-
tion of the domain organization of their common ances-
tor. An evolutionary pathway of proteins that share the
RNA-binding domains is proposed (Fig. 2), taking into
account duplication and divergence of the RNA-bind-
ing domains, as well as structural arrangements of aux-
iliary domains. The ancestral RNA-binding domain
may have appeared even before the divergence of eukar-
yotes and prokaryotes, because the RNA-binding do-
mains are also found in chloroplast proteins. Repeated
duplication of the RNA-binding domain and addition
of auxiliary domains occurred, independently in PABP,
splicing factor, chloroplast RNP, hnRNP, snRNP Ul-
70K and nucleolin, before the appearance of primordial
eukaryotes. The glycine-rich (G-rich) domains of
hnRNP, nucleolin and glycine-rich protein (GRP) do
not seem to be homologous because the sequence pat-
terns of the domains are different from each other ex-
cept for an abundance of glycine residues. The func-
tional role of each domain was assigned independently
to these proteins and their domain organizations have
been conserved. The auxiliary domain(s) shared by pro-
teins with a similar function diverged together with the
RNA-binding domain(s). The two exceptions are
Drosophila Sx1 and plant glycine-rich protein (GRP).
Although establishment of the repeated structure of the
RNA-binding domains in Sx1 occurred together with
that in PABP, the number of repeated RNA-binding
domains and fusion of an auxiliary domain with the
repeated domains of Sx1 differ from those of PABP.
The RNA-binding domain of the glycine-rich protein
derived from the C-terminal RNA-binding domain of
chloroplast RNP (Fig. 1). Fusion of the RNA-binding
domain and a G-rich domain produced plant glycine-
rich protein, while fusion of an acidic domain and two-
repeated RNA-binding domains produced chloroplast
RNP.
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