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for gene therapy, new anti-bacterial drugs and to better
understand the origin of the deoxyribonucleotide salvage-
pathway enzymes.

The TK1 structure [9] has clearly illustrated that
the catalysts of various biochemical reactions could be
developed in nature using several alternative methods:
employing different protein folds and engaging different
amino acid residues in the active center. Although the
dCK/dGK/TK2 family has relaxed substrate specificity,
the TK1 family seems to be more conserved. However, in
the future it will be important to determine whether TK1
could be mutated to change its nucleoside substrate
preference, and if such mutations have also occurred in
nature.
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2Gene Center, Ludwig-Maximilians-University of Munich, Feodor-Lynen-Strasse 25, D-81377, Munich, Germany
3Present address: Institute for Brain Research, Medical University of Vienna, Spitalgasse 4, A-1090 Vienna, Austria
In addition to its role in rRNA processing and ribosome

assembly, the nucleolus plays a part in the assembly of

non-ribosomal ribonucleoprotein particles (RNPs) that

are destined for cytoplasmic RNA delivery. Recent

evidence indicates that mammalian Staufen2, a brain-
specific RNA-binding protein involved in RNA localiza-

tion, can – at least transiently – enter the nucleolus.

Therefore, the assembly of Staufen2 into transport-

competent RNPs might occur in the nucleus before their

export into the cytoplasm. This could provide new

insights into the mechanisms of subcellular RNA

localization.
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Introduction

The primary function of the nucleolus is the synthesis and
processing of rRNAs and their assembly into ribosomal
subunits. Several observations suggest that the nucleolus
might perform additional functions, including an involve-
ment in export and/or degradation of mRNA, the process-
ing of non-rRNAs transcribed by RNA polymerase III, the
modification of small RNAs and the sequestration of
regulatory molecules [1–3]. Moreover, a body of evidence
suggests that non-ribosomal ribonucleoprotein particles
(RNPs) destined for cytoplasmic RNA delivery might
assemble in the nucleolus [3]. This is best documented
for signal-recognition particles (SRPs) [2] and telomerase-
containing particles [4]. Interestingly, a series of indepen-
dent studies suggests that certain RNA-binding proteins,
including nucleolin, La, the fragile-X mental retardation
proteins FMRP, FXR1 and FXR2, and Modulo, might be
components of non-ribosomal RNPs that transiently enter
the nucleolus. These proteins have been previously
described as nucleocytoplasmic-shuttling proteins and
most of them have been implicated in cytoplasmic RNA
localization [3,5–7].

The involvement of Staufen in cytoplasmic RNA

localization

Staufen belongs to the family of the double-stranded RNA
(dsRNA)-binding proteins [8], which contain three-to-five
copies of the dsRNA-binding domain (dsRBD) consensus. In
Drosophila, the product of the maternal effect gene Stau is
required for the transport of oskarmRNA from the anterior
to the posterior pole of the oocyte. During its movement,
Drosophila Staufen co-localizes with the mRNA in an RNP
called the oskar localization complex [9]. Mammals
possess two different Staufen genes that encode two
distinct Staufen (Stau) proteins, Stau1 and Stau2. More-
over, alternative splicing generates two isoforms for Stau1
and three isoforms for Stau2; the molecular and cellular
localization of these proteinshas been characterized [10,11].
In mammalian neurons, both Staufen proteins are
predominantly located in the cytoplasm where the
Staufen-containing RNPs move along microtubules from
the cell body into dendrites, suggesting a functional role of
Staufen proteins in the dendritic localization of mRNAs
[12]. Two reports have suggested that the more ubiqui-
tously expressed Stau1 protein might be able to enter the
nucleus before the assembly into RNPs: (i) exogenously
expressed Stau1 has been detected in the nucleus of
mammalian cells; and (ii) interaction of Stau1 with RNAs
in the nuclear compartment was reported ([4] and
references therein).

Nucleocytoplasmic shuttling of Stau2

Recently, two independent studies have provided evidence
that the brain-specific Stau2 might enter the nucleus in
mammalian cells and behave as a nucleocytoplasmic-
shuttling protein [13,14]. This is surprising because
Drosophila Staufen has only been shown to have roles in
RNA localization and translational control in the cyto-
plasm [9]. When a mutagenesis approach was performed
in mice to render Stau2 incompetent for RNA-binding,
mutant Stau2 proteins accumulated in the nucleus and, in
www.sciencedirect.com
particular, in nucleoli [13]. A closer inspection of the
protein sequence revealed that Stau2 indeed contains a
nuclear localization signal immediately following the
third dsRBD, which binds RNA with high affinity.

Because Staufen proteins are predominantly located in
the cytoplasm of mammalian cells, it is likely that Stau2 is
efficiently exported upon nuclear import. Under normal
circumstances, the export of Stau2 is not dependent on
chromosomal region maintenance 1 (CRM1; or exportin-1)
[13], an export factor that recognizes nuclear-export
signals (NES). Instead, it depends on exportin-5 (exp-5),
which is known to be responsible for the export of tRNAs,
microRNAs and possibly dsRNA-binding proteins [15,16].
When exp-5 is downregulated by RNAi, wild-type Stau2
accumulates in nucleoli. Interestingly, only the largest
isoform of Stau2 (Stau262, which contains five dsRBDs like
the Drosophila homolog), but not the other two differen-
tially spliced isoforms (Stau259 and Stau252), changes its
intracellular localization upon downregulation of exp-5
[13]. Recently, the Stau259 isoform has been shown to
leave the nuclear compartment in a CRM1-dependent
manner [14]. This differential specificity originates by
alternative splicing at the N terminus of Stau2, leading to
the presence of an NES in the 59-kDa isoform, which is not
present in the 62-kDa isoform [14].

Based on the previous observations, it is tempting to
speculate that Stau2 enters the nucleus and possibly the
nucleolus to bind its target RNAs (e.g. tRNAs, micro-
RNAs and mRNAs). Because exp-5 has been proposed as
the export factor for microRNAs [16], it is conceivable
that Stau262 might play a part in the assembly of trans-
lationally repressed RNPs that contain such micro-
RNAs. Once assembled, the RNPs would be exported
via the exp-5 (or the CRM1) pathway into the cytosol of
mammalian cells where they are transported to their final
destinations.
Nucleolar sequestration of ADAR proteins

ADAR (adenosine deaminases that act on RNA) proteins
also belong to the family of dsRNA-binding proteins and
have a role in RNA editing by changing adenosines to
inosines in mRNAs. Whereas ADAR2 is mainly found in
the nuclear compartment, ADAR1 is predominantly
located in the cytoplasm of fibroblasts. Independent
studies have shown that ADAR1 and ADAR2 both shuttle
in and out of the nucleolus in living cells [17,18]. Further
evidence for localization of ADAR proteins to the nucleolus
came from an in vitro study showing binding to small
nucleolar RNAs that form dsRNA structures with specific
substrate rRNAs. This nucleolar sequestration of ADAR
proteins could represent a regulatory mechanism by
which a pool of editing activity is rapidly available by
translocation of ADAR proteins from the nucleolus to the
nucleoplasm in response to changes in the expression of
potential RNA-editing substrates [18]. Another interest-
ing parallel to Stau2 is that the RNA-binding activities of
ADAR proteins are necessary for proper subcellular
localization [18]. In contrast to Stau2, ADAR proteins
additionally contain a nucleolar localization sequence.
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Figure 1. Alternative models for RNP biogenesis in mammalian cells. RNA precursors are generated in the nucleus by transcription and are subsequently exported for

translation or recruited to the nucleolus. RNA-binding proteins (red), for example, Stau2 and ADAR, are imported into the nucleus. (a) In model I, RNA-binding proteins and

RNA precursors independently localize to the nucleolus where they assemble into RNPs. (b) In model II, the RNA-binding proteins assemble with their cargo RNA precursors

into RNPs in the nucleoplasm and then localize to the nucleolus. Upon addition of nucleolar proteins (green), the RNPs mature, leave the nucleolus and subsequently become

exported from the nucleus into the cytoplasm. In a final step, further cytosolic factors such as additional RNA-binding proteins, accessory proteins and molecular motor

proteins are recruited to these RNPs and transport to the final destinations inside the cell occurs.
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A putative role of the nucleolus in the assembly of non-

ribosomal RNPs

In addition to its role in rRNA synthesis, processing,
ribosome assembly and maturation, it is now widely
accepted that the nucleolus is involved in the biogenesis
of SRP and telomerase RNPs, the sequestration of regu-
latory molecules and possibly even the control of aging.
There are several independent observations that a series
of non-nucleolar RNA-binding proteins (e.g. La, FMRP,
FXR1, FXR 2, Modulo, ADAR1, ADAR2, Stau1 and Stau2)
are transiently present in the nucleolus. It is, therefore,
tempting to speculate that the nucleolus has amore general
role in the assembly of non-ribosomal RNP particles
destined for cytoplasmic RNA delivery (Figure 1).

There are several possibilities to explain a nucleolar
transit of Stau2 and possibly additional RNA-binding
proteins. The observed translocation of RNA-binding
proteins, such as Stau2 and ADAR (Figure 1), from the
cytoplasm to the nucleolus might be mediated by binding
to abundant nuclear dsRNAs. However, because several of
the aforementioned proteins still accumulate in nucleoli in
their mutant form (i.e. when deficient in their RNA-binding
activity), other mechanisms seem more likely. These
RNA-binding proteins might bind their cargo RNAs either
in the nucleoplasm (Figure 1a) or even in the nucleolus
(Figure 1b) to assemble with additional RNAs and
proteins, including ribosomes. The nucleolus might,
thus, function as a checkpoint to verify the potential
functional integrity of RNP complexes. Once the RNPs
www.sciencedirect.com
have matured and passed this quality control, they leave
the nucleolus. In the cytosol, additional cytosolic factors,
such as additional RNA-binding proteins, accessory
proteins and molecular motor proteins, are recruited to
these RNPs and transport to the final destinations inside
the cell occurs (Figure 1).

Another plausible hypothesis is that the nucleolus
functions as a regulatory or quality-control compartment
that certain proteins or protein complexes only transiently
enter. The recruitment of nuclear or cytoplasmic proteins
to the nucleolus might, therefore, represent a mechanism
to tightly regulate their activity. Visintin and Amon [19]
have convincingly demonstrated, for cell-division cycle 14
(CDC14), a protein phosphatase that is kept inactive by
sequestration in the nucleolus, thereby preventing the
premature onset of mitosis. Based on these observations,
the authors put forward the interesting hypothesis that
the nucleolus might function as a ‘prison’ [19]. It will be
interesting to see whether this concept also holds for
RNA-binding proteins, such as Stau2 and others, that are
involved in cytoplasmic RNA delivery.
Future perspectives

The biological role for the nucleocytoplasmic shuttling of
dsRNA-binding proteins, including Stau2, remains to be
elucidated. One important goal will, therefore, be to
visualize the transit of wild-type Stau2 into the nucleolus
of living cells under normal conditions. Furthermore, it
will be interesting to unravel the precise location at which
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Stau2 recognizes its cargo RNAs and the assembly into
transport-competent RNPs occurs. One possible approach
could be to interfere with the assembly of Stau2 into RNP
particles and to investigate whether this results in the
trapping of other components of the localization machin-
ery in the nucleolus. Promising candidates will be cargo
RNAs in addition to other protein components of RNPs.
These represent, however, only a few of the many possible
avenues of future research. We anticipate that the
underlying mechanism(s) of RNP assembly in the nucleo-
lus will soon emerge.
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Guanine (G)-rich DNA sequences can adopt stable

G-quadruplex structures by G-tetrad hydrogen-bonding

and hydrophobic stacking. Recently, it has been shown

that a DNA sequence forms an aptamer (termed 93del)

and adopts a novel dimeric quadruplex folding topology

in KC solution. This aptamer exhibits anti-HIV1 inte-

grase activity in the nanomolar range in vitro. A docking-

based model of the 93del-integrase complex positions

the DNA aptamer within a channel of the tetrameric

integrase. This mutual fitting blocks several catalytic

amino acid residues that are essential for integrase
function, and accounts for the anti-HIV1 activity of the

93del aptamer.
Versatile DNA structures and functions

DNA sequences can form a variety of unique structures
[1,2], of these, quadruplexes are particularly interesting
because guanine (G)-rich sequences in the human gen-
ome, such as telomere [3,4], promoter [5,6] and regions
associated with human disease [7], have been suggested to
adopt such structures in vivo. Indeed, several proteins that
bind to G-quadruplexes have been identified [8]. Stabiliz-
ation of these quadruplex structures with small chemical
agentsmight inhibit the functionof telomerase that is active
in cancer cells [4], or decrease the transcription of the c-myc
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