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RNA processing

HnRNAs, or pre-mRNAs, are the primary tran-
scripts of RNA polymerase I1 in eukaryotic cells.
These transcripts, which become functional mR-
NAs upon capping, splicing, and polyadenyla-
tion, are bound by hnRNP proteins as they
emerge from the polymerase complex [1]. In
human (HeLa) cells, immunopurification of
hnRNP complexes has shown that they consist
of a set of approximately 20 major (and many
minor) polypeptides, ranging in size from 34 kDa
to 120 kDa and denoted hnRNP A1l through
hnRNP U [2]. The major hnRNP proteins are
extremely abundant components of HeLa nuclei,
their amounts far exceeding those of the major
snRNPs, and approximately the same as those of
the core histones.

Analysis of the hnRNP proteins has provided
strong evidence that most (if not all) of them bind
directly to RNA, [2-5] that they exhibit binding
preferences and that the composition of hnRNP
complexes appears to be transcript-specific
[6, 7). Immunolocalization studies of these pro-
teins have shown (with several notable excep-
tions) a general, uniform nucleoplasmic staining,
consistent with their role in nuclear RNA meta-
bolism [8-10]. Recently, however, several
hnRNP proteins (e.g. hnRNP Al) have been
found to shuttle between the nucleus and the
cytoplasm [11] (see below). The emerging picture
is one of a dynamic hnRNP complex whose
composition changes during the course of
mRNA metabolism.

HnRNP proteins have also been studied in
divergent organisms. Vertebrate organisms, such
as mouse and chicken, have an assortment of
hnRNP proteins very similar to those observed in
Hela cells, both immunologically and structur-
ally. Lower metazoans, in particular Drosophila
melanogaster, contain a somewhat less diverse
collection of hnRNP proteins, most of which
have a similar domain structure to the vertebrate
hnRNP A/B group proteins [12-15]. Studies of
nascent transcripts of the polytene chromosomes
of Drosophila have clearly demonstrated the dif-
ferential association of hnRNP proteins with
pre-mRNAs in a transcript-specific manner [6].
In the yeast S. cerevisiae and in other lower
eukaryotes, hnRNP proteins remain less well-
defined. Candidates for such proteins have re-
cently begun to emerge [16, Matunis MJ, Ma-
tunis EL & Dreyfuss G, submitted], and studies
in these organisms will facilitate a better under-
standing of the functions of hnRNP proteins.

The structure of hnRNP proteins

The cloning and sequencing of cDNAs for most
of the hnRNP proteins has revealed a modular
structure and allowed the identification of several
different motifs. Three major structural motifs
have been identified: the RNP consensus se-
quence, the RGG box and the KH domain {1,
17].
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The RNP consensus sequence (RNP-CS)

The most prevalent motif is the 90-100 aa RNP
consensus sequence (RNP-CS [18]; also referred
to as RRM [19, 20] or RNP motif [1]) with its
canonical RNP 1 and RNP 2 sequences [ 18-21].
It is found in human hnRNP A1, A2/B1, C1/C2,
E, G, F/H, and D. melanogaster hrp36, hrp40.1,
hrp40.2, and hrp48 [1, 15]. Several hnRNP
proteins (I, L, M) contain multiple copies of
noncanonical RNP-CS domains {10, 22, 23].
The RNP-CS and sequences immediately adja-
cent to it confer the specific RN A binding activity
of these proteins [3, 4, 24-26]. In proteins with
multiple such RNA-binding domains (RBDs),
the specificity of RNA-binding can be a property
of multiple RBDs (e.g. hnRNP A1l and the
poly(A) binding protein) [4, 27, 28], or each
RBD can function independently (e.g. the Ul
snRNP A protein) [24-26]. '

The structure of two different RBDs, the
N-terminal RBD of the UlA snRNP A protein
[29, 30] and that of the hnRNP C proteins [31],
has recently been solved. Both RBDs fold into a
BafBaf structure, forming an antiparallel four-
stranded f-sheet which is packed against the two
a-helices. The RNP1 and RNP2 consensus se-
quences are juxtaposed on the two central
p-strands (B3 and f1). Refinement of the
hnRNP C RBD has recently revealed a new
structural feature between 2 and f4, a short
two-stranded antiparallel f-sheet with a tight
turn [M. Wittekind, M. Gérlach, G. Dreyfuss &
L. Mueller, unpublished}.

Mutagenesis [29, 32] and NMR studies [3]
have identified candidate residues involved in
RNA binding to reside mainly on the antiparallel
B-sheet, including conserved positions of the
RNP1 and RNP2 consensus sequences. In addi-
tion, the NMR data {3] and deletional analysis
[M. Gérlach, C.G. Burd & G. Dreyfuss, submit-
ted] have identified residues flanking the
RNP-CS of the hnRNP C proteins to be involved
in RNA binding. Interestingly, several hnRNP
proteins differ from each other only by small
peptide inserts [33] immediately adjacent to the
RNP-CS, suggesting that those amino acids

could modulate sequence-specific RNA binding.
Structural studies, combined with mutagenesis
and RNA-binding studies, should reveal the de-
terminants of RNA-binding specificity.

The RGG box

The RGG box, originally described in hnRNP U
[34], is also found in many RNA-binding pro-
teins including hnRNP Al. This sequence motif
contains clustered repeats of Arg-Gly-Gly tripep-
tides with interspersed aromatic (Phe, Tyr) resi-
dues. In hnRNP U, the RGG box is necessary
and sufficient for RNA binding [34]. However,
hnRNP A1 and G contain RNP-CSs in addition
to an RGG box, suggesting an additional role for
this domain in these proteins (see below). The
RGG box, like the RNP-CS, is also found in
RNA-binding proteins involved in the biogenesis
of pre-rRNA [34-36]. Circular dichroism studies
suggest that the RGG box can adopt a §-spiral
structure and that it changes the structure of the
RNA substrate by partially unstacking its bases
upon binding [37].

The KH domain

A new structural motif, termed the K hAomology
domain (KH domain), has recently been discov-
ered in the hnRNP K protein [17]. This domain
spans about 40 amino acids and is found in a
large number of proteins from evolutionarily dis-
tant organisms [ 17, 38]. Its main features are a
conserved spacing of the hydrophobic branched
side chain amino acids (I, L, V) and a central
IGxxG pentapeptide that is reminiscent of but
distinct from the core sequences of mono- and
dinucleotide binding sites [39]. The fact that this
domain is primarily found in known or likely
RNA-binding proteins [17], including archae-
bacterial and eubacterial ribosomal S3 proteins
[40] and the yeast MERI protein [41], and that
it bears some resemblance to the mono/dinucle-
otide binding motif, suggests that this domain is
an RNA-binding domain.



Auxiliary domains

The hnRNP proteins of the RNP-CS family also
contain domains outside their RBDs, which are
termed auxiliary domains [18}. With a few ex-
ceptions, the functions of these auxiliary domains
are unknown. It is likely that these domains are
involved in protein-protein interactions, in mod-
ulating the RNA-binding properties of these pro-
teins, and in determining their nuclear localiza-
tion. Auxiliary domains frequently contain
potential sites for covalent modification, and
several human hnRNP proteins have been shown
to be post-translationally modified. RGG box-
containing proteins, such as hnRNP A1l [42],
undergo dimethylation of specific arginine resi-

- dues in their carboxy-terminal regions, and
hnRNP A/B, C, and U are substrates for phos-
phorylation in vivo [43-45]. The precise effects of
these modifications are not yet clear. One very
interesting feature of these domains is that they

~ usually are rich in one or a few particular amino
acids, reminiscent of several families of transcrip-
tion factors [46].

The glycine-rich domains found in the A/B-
type hnRNP proteins from divergent organisms
is the most prevalent type of auxiliary domain.
Since all the proteins of this group have two
RBDs, they are referred to as 2xRBD-Gly pro-
teins [ 15]. The glycine-rich domain confers some
nonspecific RNA-binding activity to hnRNP Al
[47], though this binding is weak compared to
that of the glycine-rich RGG box region of
hnRNP U [34]. The glycine-rich domain also
mediates the cooperative binding mode of Al
[48] and exhibits RNA annealing activity (see
below). Proline-rich regions [as found in hnRNP
K, L, and the poly(A) binding protein] and
glycine-rich domains are similar to regions in
other proteins that have been shown to mediate
protein-protein interactions [49, 50]. These re-
gions may serve a similar function in hnRNP
proteins.

Studies of oligomeric forms of hnRNP pro-
teins suggest that protein-protein interactions
may be important for the structure of hnRNP
complexes [51, 52].
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The functions of lmRNP proteins

It has long been expected that hnRNP proteins,
being very abundant and avid RNA-binding pro-
teins, play important roles in the metabolism of
hnRNAs. Most experiments have focused prima-
rily on the role of hnRNP proteins in pre-mRNA
splicing reactions. Addition of antibodies to
hnRNP C proteins [53] or to hnRNP A/B and C
proteins [54] has been shown to inhibit the
splicing of several different pre-mRNAs in vitro.
More recent experiments have directly explored
the role of hnRNP proteins in splicing by com-
plementation assays. HnRNP Al has recently
been shown to affect 5’ splice site choice in
concert with another protein, ASF/SF2 [55].
Interestingly, ASF/SF2 contains all the hall-
marks of hnRNP proteins — namely an RNP-CS
and an auxiliary (SR) domain [56, 57]. It is likely
that the ratio of 2xRBD-Gly proteins to SR
proteins is important for regulated pre-mRNA
splicing [55]. An essential role for a D. melano-
gaster 2xRBD-Gly protein has recently been
identified [58, E.L. Matunis, R. Kelley & G.
Dreyfuss, submitted], and others have been
shown to have important developmental func-
tions [59]. However, a murine cell line com-
pletely deficient of hnRNP A1 has been obtained
[60], indicating that A1 is not essential for basal
splicing and raising the possibility that hnRNP
proteins exhibit functional redundancy. The 57
kDa hnRNP I protein (also known as PTB) was
purified on the basis of its ability to bind to the
polypyrimidine tract of the 3’ splice site region of
pre-mRNAs and to influence 3’ splice site choice
[61-63]. It co-purifies with a 100 kDa protein,
called PSF, in a large complex that is required to
restore splicing to a depleted extract [64].
Functional significance of hnRNP proteins to
RNA metabolism is also snggested by RNA-
binding site mapping experiments. Preferred
binding sites for the hnRNP Al, C1/C2, and D
proteins have been mapped to the 3’ ends of
several intron/exon borders [65] and SELEX
experiments have begun to identify preferred
binding sequences for many pre-mRNA-binding
proteins. Thus far, the results of these experi-



76

ments have correlated well with previous studies
and these experiments suggest that hnRNP pro-
teins have a range of RNA-binding affinities. It
will be necessary to determine the relative affin-
ities for high-affinity and low-affinity sequences.
Although the significance of high-affinity hnRNP
protein binding sites is not known, it is obvious
that these sites will affect the local constellation
of bound proteins on a particalar RNA. Since the
major hnRNP proteins are very abundant, it is
likely that each protein will be bound to many
different binding sites. The result of such binding,
in conjunction with cooperative interactions,
would be to form a protein-RNA fibril in which
most, if not all, of the pre-mRNA is bound by
hnRNP proteins.

Understanding the biochemical consequences
of the binding of hnRNP proteins to pre-mRNA
is essential to understanding the function of
hnRNP proteins. An important biochemical
property of hnRNP proteins that has emerged
from studies with hnRNP Al is the ability to
strongly stimulate nucleic acid annealing in vitro
[66—68]. The domain primarily responsible for
the RNA annealing activity of Al is its glycine-
rich auxiliary domain [68]. Moreover, phospho-
rylation of a serine in this domain abolishes this
activity of Al [69]. Fractionation of RNA an-
nealing activities in HeLa cell extracts has re-
cently revealed that many additional hnRNP
proteins have RNA annealing activity [D. Port-
man & G. Dreyfuss, submitted]. The functional
significance of RNA annealing activity may be
related to processes such as pre-mRNA-snRNA
‘interaction [70], snRNA-snRNA interaction, or
the modulation of pre-mRNA secondary struc-

" ture. However, RNA annealing activity may also
be thought of as a manifestation of a more
general effect caused by certain types of RNA-
protein interaction, which may act to facilitate
interactions in frans. Such activity could be due
to protein-protein interaction and/or the modu-
lation of RNA conformation and accessibility.

In thinking about their functions in the cell, the
hnRNP proteins have traditionally been consid-
ered to be strictly nuclear proteins. However, it
has recently been found that some hnRNP pro-

teins shuttle between the nucleus and the cyto-
plasm and it has been demonstrated that hnRNP
Al (one of the shuttling proteins) is bound to
polyadenylated RNA in both cellular compart-
ments [11]. It is possible that the mRNA trans-
port machinery is, actually, a protein transport
machinery in which the RNA may be the cargo.
Furthermore, since the mRNA in the cytoplasm
is bound by hnRNP proteins, it invites the
thought that haRNP proteins may modulate gene
expression by participating in a variety of cyto-
plasmic aspects of mRNA metabolism including
translational regulation, mRNA degradation and
subcellular mRNA localization.

Conclusions

The isolation of hnRNP complexes has identified
many new proteins and their characterization has
led to the identification of several motifs that are
important for RNA binding. These motifs are
present in a wide variety of proteins including
splicing factors, ribosomal proteins, and several
proteins of unknown function. These findings
have blurred the lines of demarcation between
proteins previously thought of as RNA
“packaging” proteins and RNA processing fac-
tors. Recent findings on hnRNP proteins have
suggested a plethora of possible functions along
the pathway of mRNA metabolism. It can be
expected that the next few years will see the
unraveling of the detailed functions of hnRNP
proteins.
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