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ABSTRACT

Nab2, Npl3, and Nab4/Hrp1 are essential RNA binding proteins of the shuttling hnRNP class that are required for the efficient
export of mRNA. To characterize the in vivo transcript specificity of these proteins, we identified their mRNA binding partners
using a microarray-based assay. Each of the three proteins was coimmunoprecipitated with many different mRNA transcripts.
Interestingly, each protein exhibits preferential associations with a distinct set of mRNAs. Notably, some of these appear to
denote specific functional classes. For example, the ribosomal protein mRNAs and other highly expressed transcripts signifi-
cantly favor association with Npl3 over Nab2, and Nab4/Hrp1 is strongly enriched with transcripts required for amino acid
metabolism. Significantly, nab4 mutants showed a striking, desensitized growth phenotype when exposed to amino acid stress
conditions suggesting a biological consequence to the associations we observed. Supporting the hypothesis that these proteins
display transcript specificity, we identified a unique 7-nucleotide sequence overrepresented in the transcripts highly associated
with Nab2 and Nab4/Hrp1 using the REDUCE algorithm. Validating our approach, our bioinformatics analysis correctly
identified the known binding site for Nab4/Hrp1. These specialized associations of the hnRNP proteins of Saccharomyces
cerevisiae suggest the opportunity to regulate the processing of particular transcripts between transcription and translation.
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INTRODUCTION

The biological fate of a transcript is intimately dependent
upon the RNA binding proteins with which it is associated.
In the nucleus, the predominant form of mRNA is com-
plexed with ribonucleoproteins to form hnRNPs (hetero-
geneous nuclear ribonucleic acid particles) (Dreyfuss et al.
1993, 2002). An hnRNP protein was classically defined as
any protein that was found in association with these nuclear
mRNA particles. While many hnRNP proteins share com-
mon RNA binding modules, these proteins appear to be
functionally diverse and influence many processes, includ-
ing alternative splicing, 3� end formation, mRNA export,
and RNA stability. In order to better define the function of
the hnRNP proteins on specific transcripts, a careful iden-
tification of specific hnRNP–RNA interactions is required.

Novel functions of RNA binding proteins have been un-

covered by the identification of specific mRNA binding
partners on a genome-wide scale in Saccharomyces cerevi-
siae, Drosophila, and mammalian cells (Takizawa et al. 2000;
Tenenbaum et al. 2000; Brown et al. 2001; Herold et al.
2003; Hieronymus and Silver 2003; Shepard et al. 2003;
Blanchette et al. 2004; Gerber et al. 2004; Inada and Guthrie
2004; Rehwinkel et al. 2004). The picture that is emerging is
one in which RNA binding proteins associate with discrete
subsets of mRNAs that share functional attributes. The as-
sociation with groups of related RNAs by an RNA binding
protein can then influence the fate of those transcripts,
possibly in a regulated manner. In some cases, well-defined
sequence elements have been identified as the protein bind-
ing sites.

Of the hnRNP proteins, the shuttling, RNA binding pro-
teins are particularly interesting since they maintain the
ability to traverse the barrier between the nucleus and the
cytoplasm. This shuttling feature may facilitate the export
process itself and has also been hypothesized to give the
shuttling hnRNPs the capacity to communicate nuclear
events to the cytoplasmic machinery (Stutz and Rosbash
1998; Dreyfuss et al. 2002). To date, the best studied of these
in S. cerevisiae are the shuttling proteins Nab2, Npl3, and
Nab4/Hrp1. In budding yeast, these three are among a small
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set of proteins that were identified as cross-linked poly(A)-
RNA binding proteins (Anderson et al. 1993; Wilson et al.
1994; Henry et al. 1996). While each protein readily asso-
ciates with RNA, their protein structures suggest that they
may do so in different ways (Fig. 1). Nab2 associates with
RNA primarily through an extended zinc finger domain
(Marfatia et al. 2003). Both Npl3 and Nab4/Hrp1 contain
two RRM domains. However, Nab4/Hrp1 has an arginine/
glycine-rich domain typical of mammalian hnRNP pro-
teins, while Npl3 has an RGG domain that is interdigitated
with arginine/serine dipeptide repeats typical of mamma-
lian SR proteins.

Nab2, Npl3, and Nab4/Hrp1 are each functionally nonre-
dundant, as they are each essential. Two possibilities that
are not mutually exclusive could explain their essential na-
ture: Either each protein may be involved in the same pro-
cess but with unique transcripts or each protein may play a
unique role in the cell in separate processes. Because con-
ditional mutations in any of these proteins can lead to
nuclear mRNA accumulation, the simplest hypothesis im-
plies a function in the mRNA export process (Singleton
et al. 1995; Lee et al. 1996; Green et al. 2002; Hector
et al. 2002). However, recent data have demonstrated that
nuclear events are tightly coupled with one another, such
that an export block at the pore can feedback to inhibit at
or near the site of transcription (Hilleren et al. 2001; Jensen
et al. 2001; Thomsen et al. 2003). Therefore, it is unclear
whether Nab2, Npl3, and Nab4/Hrp1 could be involved in
directing the export of specific transcripts in parallel export
pathways, or if they are involved in earlier RNA processing
or remodeling steps that are required to establish export
competence.

Despite recent progress in understanding mRNA export
in S. cerevisiae, an open question remains whether there is a
single export pathway for all transcripts. Notably, the export
of Nab2 can be uncoupled from that of the other hnRNP
proteins by mutations in TOM1 (Duncan et al. 2000). In the
background of tom1 temperature-sensitive mutations, Nab2
is exclusively retained in the nucleus, while other mRNA
export factors (Npl3, Nab4/Hrp1, Mex67, Nop1, and Xpo1)

continue to display wild-type protein localization (Duncan
et al. 2000). It follows that if Nab2 is specifically bound to
certain messages, then the export of these messages would
be blocked as well. Conversely, the export of those messages
not bound to Nab2 would be unaffected. In addition, the
selective retention or export of hnRNPs has also been ob-
served during stress conditions (Krebber et al. 1999; Dun-
can et al. 2000; Henry et al. 2003), arguing against the
model of a single, shuttling hnRNP complex. Moreover, a
genome-wide study in S. cerevisiae identifying the RNAs
associated with two different RNA binding proteins re-
quired for export, Yra1 and Mex67, concluded that each
factor can associate with disparate transcripts (Hieronymus
and Silver 2003).

While the evidence for multiple export pathways seems
compelling, the primary function of Nab2, Npl3, and Nab4/
Hrp1 may lie in a step upstream of translocation across the
nuclear membrane. 3� end maturation is an essential re-
quirement for export. Notably, the presence of a poly(A)
tail is not sufficient for export (Dower and Rosbash 2002)
implying that the 3� end processing reaction deposits a sig-
nal or remodels the RNP in a manner that is required for
export. Intriguingly, both Nab2 and Nab4/Hrp1 have been
implicated in aspects of 3� end generation. Nab2 has been
hypothesized to play a role in poly(A) tail length control
and has genetic interactions with the poly(A) binding pro-
tein Pab1. Nab4/Hrp1 is part of the Cleavage Factor Com-
plex and may be required for positioning of the cleavage site
prior to polyadenylation (Kessler et al. 1997; Minvielle-Se-
bastia et al. 1997, 1998; Chen and Hyman 1998). Although
practically every mRNA has a poly(A) tail, Nab2 and Nab4/
Hrp1 may not play a role in the 3� end processing of every
transcript. In contrast, Npl3 may play a role in splicing,
which, like 3� end processing, is required to occur before
translocation and greatly enhances the export of properly
processed messages. Npl3 is related to the family of SR
proteins that, in mammalian cells, are required for consti-
tutive splicing in addition to their widespread involvement
in alternative splicing (Graveley 2000; Hastings and Krainer
2001; Caceres and Kornblihtt 2002). Moreover, Npl3 has
been identified in a proteomics study in association with U1
snRNPs, an RNP complex that is required for splicing
(Gottschalk et al. 1998). Therefore, it is unclear if the es-
sential function of Nab2, Npl3, and Nab4/Hrp1 is at the
export step or in an upstream process that is required for
export to occur.

In addition to a role in the nucleus and during export,
shuttling hnRNPs may act as the communicators of nuclear
events to the cytoplasmic machinery. For example, Nab4/
Hrp1 is required for nonsense mediated decay (NMD) in S.
cerevisiae (Gonzalez et al. 2001). NMD is thought to occur
in the cytoplasm to target incorrectly processed messages
for degradation. Nonsense-containing messages may arise
from errors during replication, transcription, or RNA pro-
cessing—all nuclear events. Additionally, Npl3 has been

FIGURE 1. Nab2, Npl3, and Nab4/Hrp1 have shared and unique
domains. Schematic representation highlighting the known domains
of Nab2, Npl3, and Nab4/Hrp1. (Q3P) glutamine and proline-rich
region, (RGG) arginine and glycine-rich region, (C3H) zinc finger
region, (APQE) alanine, proline, glutamine, glutamic acid-rich region,
(RRM) RNA recognition motif.
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