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Ribosomes are the nanomachines that synthesize all cellular
proteins from mRNA templates. In eukaryotes, ribosomes,
which are composed of ribosomal proteins and rRNA, are
mainly assembled in the nucleus. Thus, ribosomal proteins
require a nuclear transport step from their place of synthesis
in the cytoplasm to their site of assembly in the nucleus.
Recognition of import substrates is mediated by different
types of nuclear localization signals, which are either
directly recognized by import receptors or recruited to
these via adaptor proteins. The novel transport adaptor Syol
(Symportin), which is dedicated to the synchronous import
of two functionally related ribosomal proteins, has recently
been described. In this review, we highlight and discuss these
findings in the context of our current knowledge of ribosome
assembly and nucleocytoplasmic transport. We propose that
nuclear co-import of functionally and topologically linked
cargo could be a widespread strategy to streamline assembly
of macromolecular complexes in the nucleus.

Ribosome Assembly in Eukaryotes

Proteins are major cellular constituents and play central roles in
all processes of life. All proteins are synthesized by ribosomes—
these are the nanomachines that catalyze peptide bond forma-
tion between amino acids using tRNA as the translation adaptor
and mRNA as the blueprint. Rapidly dividing cells require
the continuous synthesis of new ribosomes,' a process that in
eukaryotes primarily takes place in the nucleus. Ribosomes are
complex structures, which consist of approximately 80 proteins
(r-proteins) and four rRNAs (rRNA).? Basically, the synthesis of
the two ribosomal subunits consists in the ordered assembly of
33 r-proteins with the 18S rRNA and 46 r-proteins with the 258,
5.8S and 5S rRNA, thus yielding mature 40S and 60S subunits,
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respectively.® Since most r-proteins are incorporated into early
pre-ribosomal particles, they need to traverse the nuclear pore
complex (NPC) and be targeted to their site of assembly in the
nucleolus or nucleoplasm (Fig. 1).*

The process of ribosome biogenesis is evolutionarily conserved
among cukaryotes. Moreover, most of our current knowledge
concerning this highly dynamic, multi-step process comes from
studies with the yeast Saccharomyces cerevisiae, we will therefore
briefly outline how ribosomes are assembled in this organism.
Ribosome synthesis begins in the nucleolus, a specialized sub-
nuclear compartment, with the transcription of the rDNA genes
into precursors (pre-rRNAs), which undergo a series of covalent
modifications and endo- and exonucleolytic cleavages.>® Three
of the four rRNAs (18S, 5.8S and 258) are transcribed as a single
large 35S pre-tRNA by RNA polymerase I (RNA Pol I), whereas
the fourth rRNA (55) is transcribed as a pre-5S rRNA by RNA
Pol II1. Concomitant to transcription, small subunit r-proteins
and early protein trans-acting factors associate with the nascent
35S pre-rRNA transcript to form 90S pre-particles (Fig. 1). A
subsequent endonucleolytic cleavage step, either co- or post-
transcriptional, generates the 43S and 66S pre-particles that are
further matured to give rise to mature 40S and 60S r-subunits,
respectively. Proteomic approaches revealed the protein and
rRNA composition of several distinct and successive pre-40S
and pre-60S ribosomal particles.*®” Contrary to the relatively
low compositional complexity of 43S pre-particles, the early pre-
60S particles contain more than 40 associated protein trans-act-
ing factors. As a consequence, the maturation of nuclear pre-60S
particles is accompanied by major compositional changes that
lead to a sequential reduction of complexity and to the acqui-
sition of export competence. Export of pre-60S subunits, con-
trary to pre-40S export, is relatively well understood and relies
on several factors, including the export adaptor Nmd3 and the
exportin Crm1.>* Cytoplasmic maturation events then lead to
the release of the last biogenesis factors and enable subunit join-
ing;”"
subunits and/or 80S ribosomes are subjected to quality control

moreover, recent evidence indicates that pre-ribosomal
prior to engaging in translation."® Given the complexity of the

process, it is not surprising that a multitude of protein trans-act-
ing factors (> 200) are required for the assembly and maturation
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of pre-ribosomal particles as they travel from the nucleolus to the
cytoplasm.®" Among these are, in agreement with the dynamic
nature of the process, energy-consuming enzymes such as AAA-
type ATPases (ATPases associated with various cellular activi-
ties), ATP-dependent RNA helicases, kinases and GTPases.>"'8
This suggests that the energy derived from nucleotide hydrolysis
or phosphorylation confers directionality to ribosome assembly
and that such a large number of trans-acting factors is required
to ensure accurate and efficient synthesis of ribosomal subunits.

While the structural and functional role of r-proteins within
mature ribosomal subunits is well established, less is known
about the contribution of r-proteins to the biogenesis of ribo-
somal subunits. A temporal assembly map of r-proteins was
already established in the 1970s;" however, only recently have
their functional roles in ribosome assembly and nuclear export
of pre-ribosomes started to be investigated, see for example.!®20-4
As can be seen in the crystal structures of ribosomes, most r-pro-
teins fold into a globular domain, which is generally found on
the surface of the ribosomal subunits, and long extensions that
penetrate into the interior and stabilize the tertiary structure
of the rRNA.?%8 Some r-proteins are even devoid of globular
domains, and the extensions, which are rich in lysine and argi-
nine residues, are likely disordered in the non-assembled r-pro-
teins.”® In agreement with the higher regulatory complexity of
eukaryotic translation, eukaryotic r-proteins are generally larger
than their prokaryotic counterparts and eukaryotes also contain
many additional, unique r-proteins. Moreover, the eukaryote-
specific extensions within conserved r-proteins may be needed
to confer nuclear targeting to those r-proteins that are assem-
bled into nuclear pre-ribosomal subunits. Due to their capac-
ity to bind to rRNA, mostly via their basic extensions, newly
synthesized r-proteins must be prevented from binding non-
specifically to cytoplasmic RNAs (e.g., tRNAs and mRNAs).
In order to simultaneously promote nuclear targeting, the same
basic stretches may be utilized for recognition by importins.?
Moreover, recent evidence suggests that, besides importins,
r-proteins rely on specific binding partners or accessory domains
that promote their soluble expression, nuclear targeting and/or

assembly into pre-ribosomes.?%-%

The Molecular Framework of Nucleo-Cytoplasmic
Import

Nuclear import receptors: Importin-f3. With the acquisition
of a nuclear compartment and the physical separation of the
genetic material from the protein synthesis machinery, eukary-
otic cells had to co-evolve sophisticated transport systems to
ensure nuclear targeting of a large number of proteins essen-
tial to many nuclear processes, including ribosome biogenesis.
Research over the past three decades, initiated by the discovery
of a peptide segment mediating nuclear targeting,’® has unrav-
eled the molecular framework of how proteins and ribonucleo-
proteins (RNDPs) translocate across NPCs, which constitute the
gates of the nucleo-cytoplasmic barrier.>*%° While proteins with
a molecular mass below ~40 kDa can generally passively diffuse
across NPCs, nuclear import of most proteins is dependent on
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an active transport process that is mediated by soluble transport
factors, also referred to as importins, of the karyopherin-3 pro-
442 The karyopherin-B protein family, which also
includes exportins, is characterized by the occurrence of 19-20
HEAT (huntingtin, elongation factor 3, A subunit of PP2A and
TOR) repeats arranged into an a-solenoid fold of concave or

tein family.

ring-like shape.®* While the genome of S. cerevisiae encodes
ten importin-f proteins, 11 human karyopherin-f proteins are
capable of transporting proteins into the nucleus.”’ According
to the available crystal structures, importin-f proteins can be
divided into two functional domains, which are referred to as
the N- and C-terminal arch.¥ Despite their structural simi-
larity and similar physico-chemical properties (isoelectric points
~4.5/molecular weights 95-125 kDa), they only show ~20% of
sequence identity.”! Nevertheless, importin-f3 proteins share sev-
eral common features, such as the capacity to recognize their
import cargo within the cytoplasm, to interact with hydrophobic
phenylalanine-glycine (FG) repeats that line the transport chan-
nel of NPCs,*®% and to release their cargo in the nucleus upon
binding to RanGTP (see below). While the N-terminal arch,
besides mediating the interaction with FG-repeats of nucleopo-
rins, forms the RanGTP binding site, the C-terminal arch is the
major contact site for recognition of cargo.

Nuclear localization signals. Recognition of import sub-
strates is mediated by nuclear localization signals (NLSs),
which are either directly recognized by importin-f3 or recruited
to importin-f3 via transport adaptors, such as the co-importin
importin-o..*4°%5! The classical NLSs (cNLS) can be subdivided
into a monopartite- (consensus: K-K/R-X-K/R) and a bipartite-
type [loose consensus of K/R-K/R-X; |, ~(K/R),]°**" Both
cNLS types are recognized by the importin-a subunit of the het-
erodimeric KapPl/importin-a (in S. cerevisiae Kap95/Kap60)
transport receptor.*4**5! Importin-a consists of ten armadillo
(ARM) repeats whose inner a-helices form a concave surface
containing a major (ARM-repeats 2-5) and a minor (ARM-
repeats 6—8) binding site for basic residues in an extended con-
formation (Fig. 2). While monopartite cNLSs primarily bind to
the major binding site, bipartite cNLSs bind to both sites with
the C-terminal basic cluster being located in the major bind-
ing site.**>>* Upon cargo binding in the cytoplasm, importin-a
interacts via its N-terminal importin-f1 binding (IBB) domain
with KapPl and the ternary cargo/importin-a/importin-3
complex then traverses the NPC (Fig. 2).*° In the cargo-free
form, importin-a binds its own IBB domain in the major cNLS
binding site, thus ensuring that only cargo-loaded importin-a is
recognized by KapB1 as a transport substrate. The IBB domain
consists of ~40 amino acids composed of an N-terminal 3,  helix
connected via a short loop to a C-terminal basic a-helix of ~30
residues.’® The IBB domain binds to the inner concave surface
formed by HEAT-repeats 7-19 of Kapl, thereby leading to a
compaction of its elongated a-solenoid shape. The C-terminal
a-helix of the IBB domain is the major determinant for the asso-
ciation with Kap1, and its contacts with HEAT-repeats 12-19
are mainly based on electrostatic interactions between basic
residues of the IBB a-helix and conserved negatively charged
side chains of KapB1. Besides the indirect recognition of import
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leading to acquisition of translation competence.

Figure 1. Symportin synchronizes nuclear import of the ribosomal proteins Rpl5 and Rpl11 with 5S RNP assembly. Ribosomal proteins (r-proteins) and
ribosome biogenesis factors are synthesized in the cytoplasm and need to be imported into the nucleus before their assembly into pre-ribosomal
particles. Passage across the nuclear pore complex (NPC) is facilitated by transport receptors of the importin-f family; however, in most cases the
importin mediating nuclear import of a given r-protein or biogenesis factor is not yet known. Ribosome assembly starts in the nucleolus, a subnuclear
compartment, by formation of a 90S pre-ribosomal particle upon transcription of the rDNA and the association of “early” r-proteins and biogenesis
factors with the nascent 35S pre-rRNA. Concomitant to and/or after completion of transcription, endonucleolytic cleavage of the 35S pre-rRNA leads
to the formation of pre-40S and pre-60S ribosomes. While pre-40S ribosomes are rapidly exported to the cytoplasm, the nuclear phase of pre-60S
maturation is complex and involves several well-defined intermediates. The 55 RNP, composed of the 55 rRNA and the r-proteins Rpl5 and Rpl11, is
incorporated into early pre-60S particles. The formation of the 5S RNP is already predetermined in the cytoplasm where Rpl5 and Rpl11 form an im-
port complex with the transport adaptor Syo1l. The trimeric Syo1-Rpl5-Rpl11 complex is recognized, via the N-terminal PY-NLS of Syo1, by the importin
KapB2 (Kap104). Upon nuclear translocation and RanGTP-dependent cargo release, association of the 55 rRNA leads to the generation of a 5S RNP
intermediate containing Syo1. Release of Syo1 is coupled to the formation of an assembly-competent 55 RNP that is most likely inserted with the aid of
the biogenesis factors Rpf2 and Rrs1 into nucleolar pre-60S particles. Both pre-40S and pre-60S subunits undergo final maturation in the cytoplasm

substrates via the IBB domain of cargo-loaded importin-a, both
KapB1 and Kap95 can also directly bind to some of their cargo
proteins. 55556

The remaining importin-f transport receptors do not rely on
the recognition of cargo by co-importins.”! Functional and struc-
tural analyses revealed that the well-studied KapB2 (Kap104)
binds via the inner concave surface of its C-terminal arch to
the extended conformation of two types of linear sequences of
~15-30 amino acids, which have related but distinct consensus
sequences and are accordingly referred to as hydrophobic or
basic proline-tyrosine NLSs (PY-NLSs).4"*8 The common
denominator of both types of PY-NLSs is a C-terminal signa-
(25" D-Y/L. The dis-
tinguishing feature is the presence of either a hydrophobic- or

ture with the consensus sequence R/K/H-X

basic-enriched N-terminal segment in the case of hydrophobic
(hPY-NLS) or basic (bPY-NLS) PY-NLSs, respectively. While
Kap2 recognizes both types, its yeast ortholog Kap104 is only
capable of interacting with the bPY-NLS—this can be explained
by the fact that residues within HEAT-repeat helices H16B and
H17B that contact the hydrophobic motif are not conserved in
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Kap104.>® PY-NLSs, irrespective of the sub-type, contain three
significant epitopes, consisting of (1) the N-terminal hydropho-
bic/basic motif, (2) the residue R/K/H and (3) the C-terminal
P-Y/L signature.’

Ran GTPase drives nuclear transport. The driving force
behind nuclear import is provided by the predominant nuclear
localization of a small GTPase, called Ran (Gspl), in its GTP-
bound state.””** The gradient of RanGTP across the NPC is
established by the exclusive nuclear or cytoplasmic localiza-
tion of its guanine-exchange factor (Ran-GEF) and its GTPase
activating protein (Ran-GAP), respectively. This RanGTP
gradient is then employed to specifically dissociate the import
substrate from cargo-loaded importin-f in the nuclear compart-
ment. The complete protein import cycle can be summarized
as follows (Fig. 3): (1) Importin-f proteins bind their import
substrates in the cytoplasm, then, the affinity of transport recep-
tors for the FG-repeat meshwork allows facilitated diffusion of
importin-cargo complexes across the NPC. (2) Upon nuclear
entry, RanGTP binds to the N-terminal arch of cargo-loaded
importin-B and thereby induces release of the import substrate
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Figure 2. Modus operandi of the generic importin-a and the dedicated symportin transport adaptors. (A, left) Importin-a recognizes cargo proteins
via classical nuclear localizations signals (cNLS). Subsequent binding, via its N-terminal IBB, to the KapB1 transport receptor leads to the generation of
a KapB1/importin-a/cargo import complex. Upon nuclear translocation across the NPC, RanGTP binding to Kap1 releases cargo-loaded importin-a
and the subsequent interaction of importin-a with the exportin CAS/Cse1 promotes cargo release. RanGTP-bound KapB1 and the CAS/RanGTP/
importin-a export complex return to the cytoplasm where GTP hydrolysis releases RanGDP and allows KapB1 and its transport adaptor importin-o
to engage in another round of nuclear protein import. (A, right) In contrast to the generic transport adaptor importin-a, the symportin Syol1 is solely
dedicated to the synchronous nuclear import of the 55 rRNA binding r-proteins Rpl5 and Rpl11. Binding of the trimeric Syo1-Rpl5-Rpl11 complex to the
transport receptor KapB2 is mediated by the N-terminal PY-NLS of Syo1. Upon nuclear translocation, RanGTP binding to Kap32 releases the trimeric
Syo1-Rpl5-Rpl11 complex, which, together with the 55 rRNA, forms a Syol-containing 5S RNP assembly intermediate. Conversion of this intermedi-
ate into an assembly-competent 5S RNP, which is incorporated into early pre-60S particles, leads to the dissociation of Syo1. Syo1 then returns to the
cytoplasm by facilitated diffusion due to its affinity for FG-repeats of nucleoporins. (B) Surface representation of importin-a and Syo1 (gray) bound to
the SV40-NLS and the N-terminal residues of Rpl5 (L5-N), respectively (red). The major and minor NLS-binding sites on importin-« are indicated. The
shown structures are derived from the PDB entries 1BK6 (Kap60/SV40-NLS) and 4GMN (Syo1/L5-N).3"3

in the nucleus. (3) The newly formed RanGTP/importin-f3
complex traverses again the NPC and dissociates upon GTP
hydrolysis, catalyzed by Ran-GAP, in the cytoplasm due to the
low binding affinity of RanGDP for importin-f proteins. (4)
To replenish the nuclear pool of Ran, RanGDP is re-imported
by the transport factor NTF2 (Ntf2) into the nucleus, where
it is again loaded with GTP by its GEF. This cycle is slightly
more complex in case of the heterodimeric KapB1/importin-a
transport receptor—upon its nuclear entry, RanGTP binding
leads to the dissociation of importin-a from Kapl and con-
comitantly, with the aid of the nucleoporin NUP50 (Nup2), the
cNLS-cargo is released from importin-a, which is then recycled

to the cytoplasm by the exportin CAS (Csel) (Fig. 3).%
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Even though different models have been put forward, the exact
mechanism of how the transport barrier, devised by FG-repeat
containing nucleoporins, is traversed by import and export cargo
complexes is still controversially debated.***>* Nevertheless, it
seems clear that transport receptors are required for the “solu-
bilisation” and the equilibration of the cargo complex within/
across the transport channel. Directionality of the transport
process is then brought about by the dissociation of the cargo
from the transport receptor in an energy-consuming manner,
thus preventing the released cargo from passing again through
the NPC channel. Therefore, the process of transport across the
NPC can be viewed as a rectified Brownian motion.“*¢" The
energy input in the case of karyopherin-f-dependent transport
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Figure 3. The GTPase Ran drives the nuclear transport cycle. Importin-@ transport receptors recognize their NLS-containing cargo proteins in the cy-
toplasm and promote nuclear translocation of the importin-cargo complex across the NPC. Binding of RanGTP to the importin-3 transport receptor in
the nucleoplasm leads to the dissociation of the cargo protein. The RanGTP-bound transport receptor returns to the cytoplasm where Ran-GAP stimu-
lation of GTP hydrolysis releases RanGDP. To replenish the pool of nuclear RanGTP, NTF2 re-imports RanGDP into the nucleus where the chromatin-

is provided by the RanGTP gradient and the GTP hydrolysis on

the cytoplasmic side of the transport channel.

Symportin—A Novel Transport Adaptor
for Co-Import of Rpl5 and Rpli1

Mechanism of Syol-mediated co-import. Aside from the gen-
eral task to import r-proteins for ribosome assembly to the
nucleus, cells face another important logistic problem: a num-
ber of r-proteins form functional clusters on the surface of the
ribosomal subunits or they need to be incorporated into nascent
pre-ribosomes at distinct temporal or spatial entry points; thus,
suggesting a coordination between nuclear import and assembly
of r-proteins in order to streamline ribosome assembly. A recent
study showed that functionally related r-proteins are indeed co-
imported.®' Specifically, the newly discovered protein Syol (for
synchronized import or symportin) (1) simultaneously imports
the two r-proteins, Rpl5 and Rpl11, which together with the 55
tRNA form the 5§ RNDP that constitutes the central protuber-
ance on mature 60S subunits;? and (2) coordinates the nuclear

www.landesbioscience.com

Communicative & Integrative Biology

import of Rpl5 and Rpl11 with their assembly into the 5§ RNP
and hence early pre-60S ribosomes (Fig. 1).*' Eukaryotic Rpl5
consists of a globular domain flanked by N- and C-terminal
extensions of ~45 amino acids that clamp the 5§ rRNA.» While
the C-terminal extension of Rpl5 is eukaryote specific, only the
first ~15 amino acids of the N-terminal extension are unique
to eukaryotes, as indicated by their absence from the archaeal
Rpl5 ortholog L18P. On the other hand, eukaryotic Rplll and
its archaeal ortholog L5P are relatively well conserved over their
entire lengths and are structurally very similar in their ribo-
some-bound state.?>® Both the N- and C-terminal extensions
of Rpl5 contain predicted bipartite NLSs that are sufficient to
target human r-protein L5 to the nucle(ol)us.®® Rpll1 also har-
bors a predicted monopartite NLS within its long C-terminal
loop, which forms extensive contacts with the 5§ rRNA.»
However, the importins that mediate nuclear import of Rpl5
and Rpll11 via these predicted NLSs have not yet been identified.
Interestingly, our study unveiled an additional and unexpected
mechanism for the import of Rpl5 and Rpl11. Structural analy-
ses showed that Syol recognizes the very N-terminal region of
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Rpl5 (amino acids 2-20),*" which also contributes to 5§ rRNA
binding and notably includes the eukaryote-specific extension.
This finding indicates that Syol binding to the N-terminal
extension of Rpl5 will preclude the formation of an interaction
between Rpl5 and importin-o or an importin-f transport recep-
tor. In vitro binding assays revealed that Syol can bind Rpl5
and Rplll simultaneously, but also individually. In line with a
physiological relevance of these interactions, Syol affinity puri-
fication from yeast cells yielded both Rpl5 and Rpl11. Moreover,
low levels of Kapl04 could be detected; thus, suggesting a pos-
sible role for Syol in nuclear import of Rpl5 and Rpll1 via the
importin-3 Kapl04. Subsequent experiments corroborated this
model: Syol contains an N-terminally located bPY-NLS that is
required and sufficient to mediate the interaction with Kap104.
Furthermore, in vitro, the trimeric Syol-Rpl5-Rplll complex
forms a stoichiometric tetrameric complex with Kapl04—cthis
interaction is sensitive to the presence of RanGTDP, thus estab-
lishing the trimeric Syol-Rpl5-Rplll complex as a bona fide
transport cargo of Kapl04 (Figs. 1 and 2). Further proof for
this scenario was provided by in vitro import assays using per-
meabilized HeLa cells, showing that nuclear accumulation of
the trimeric Syol-Rpl5-Rpl11 is dependent on an active, impor-
tin-dependent transport process. Following transport across the
NPC, the RanGTP-released trimeric Syol-Rpl5-Rpl11 complex
can, as shown in vitro, bind the 5S rRNA; thus, possibly form-
ing a transient 5S RNP intermediate that will later be converted
into an assembly-competent 5S RNP lacking Syol. Up to now,
it is not clear how exactly the 5§ RNDP is assembled into pre-
60S ribosomes. Data from the Woolford laboratory indicate
that the biogenesis factors Rpf2 and Rrsl, which form a sub-
complex with 5§ rRNA, Rpl5 and Rplll when maturation of
nuclear pre-60S subunits is blocked by mutational inactivation
of Rrpl, may be responsible for the recruitment of the 5§ RNP
into pre-60S ribosomes.®* Future experiments are required to
elucidate whether and how the Rpf2-Rrsl hetero-dimer replaces
Syol from a Syol-containing 5§ RNP intermediate in order to
promote assembly of the 5S RNP. Moreover, it will be of interest
to see how exactly correct 3" processing of the pre-5S rRNA is
sensed and linked to 5S RNP formation and assembly.®
Structure of Syol and cargo recognition. The crystal struc-
ture, solved for the orthologous protein from the thermophilic
ascomycete Chaetomium thermophilum,®
an unusual chimera composed of four complete N-terminal
ARM repeats followed by six HEAT repeats.” Such a combi-
nation of an ARM- and HEAT-repeat domain has so far not
been observed in other proteins; however, the evolutionary and

reveals that Syol is

functional implications of this arrangement are not yet clear.
The ARM- and HEAT repeats of Syol form an all a-helical
elongated superhelix or a-solenoid, which is specifically remi-
niscent of the overall length and shape of the transport adaptor
importin-a (Fig. 2).%"% Syol recognizes the N-terminal residues
of Rpl5 (amino acids 2-20) via side chains emanating from the
inner a-helices of the concave surface formed by the HEAT-
repeat domain. While the key residues of Rpl5 that mediate the
interaction with Syol are essentially a succession of properly
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spaced and conserved aromatic (Phe/Tyr) and basic (Arg/Lys)
amino acids, the major (ARM-repeats 2—5) and minor (ARM-
repeats 6—8) binding sites of importin-a have evolved to accom-
modate 3-5 and 1-2 basic amino acids, respectively.’***%” This
narrow amino acid recognition bias is most notably reflected
by the occurrence of a conserved W-X -N signature within the
inner o-helices of ARM-repeats 2—4, 7 and 8 of importin-a;
these tryptophan and asparagine residues, together with con-
served acidic side chains, are the main determinants for cNLS
binding. Notably, this signature is absent from the inner ARM-
repeat o-helices of Syol, which should therefore not be compe-
tent to bind monopartite or bipartite cNLSs. So far, there is no
structural information available on how Rpll1 is recognized by
Syol; however, binding studies revealed that Rplll binding to
Syol is more complex and is not restricted to a linear motif as in
the case of Rpl5.%' Rpll1 recognition by Syol mainly involves the
C-terminal end of the acidic loop of Syol.

Formation of the Kapl04-Syol-Rpl5-Rplll import com-
plex. In analogy to importin-a, which utilizes its N-terminal IBB
to interact with KapB1,% Syol is recruited to KapB2/Kap104 via
its N-terminally located bPY-NLS (Fig. 2).** However, unlike
the IBB, which folds back to occupy the major binding site
in the cargo-free form of importin-a,%® there is so far no evi-
dence for such a self-binding mechanism to the concave ARM-
repeat surface in the case of Syol. Elegant experiments from the
Stewart laboratory have shown that binding of NUP50 (Nup2)
to the minor site and C-terminal region of importin-a accel-
erates cargo release at the nucleoplasmic face of the NPC.%¢
Concomitantly, the interaction with its RanGTP-loaded export
receptor CAS (Csel) displaces NUP50 (Nup2), thus promoting
recycling of importin-a to the cytoplasm. Moreover, the nucleo-
porin-assisted cargo release also ensures retention of importin-a
at the nuclear basket and therefore increases the efficiency of
export complex formation.”””? In the case of Syol, release of
Rpl5 and Rpll1 is coupled to their transfer onto the 5S rRNA,
likely via a Syol-containing 5S RNP intermediate (see above),
and accordingly, Syol localizes predominantly to the nucleus.?!
It will be interesting to learn whether a similar mechanism of
nucleoporin-assisted cargo release at the nucleoplasmic side of
the NPC also occurs in the case of importin-f transport recep-
tors such as KapP2/Kapl04. While importin-a is recycled to
the cytoplasm by an active transport mechanism, free nucleo-
plasmic Syol crosses the NPC by facilitated diffusion due to its
affinity for FG-repeats of certain nucleoporins (Fig. 3).% It must
be assumed that the directionality of diffusion is provided by
encountering Rpl5 and Rplll in the cytoplasm, because cargo
binding severely reduces FG-repeat binding and nuclear trans-
location in the HeLa cell import assay.® However, Syol’s export
could also be mediated by an export receptor, such as CAS or
Crml. Future experiments are required to understand how Syol
interacts with FG-repeats and how cargo binding regulates
this interaction. An interesting but yet unresolved issue is how
cargo loading of Syol, and hence import competence, is sensed
by KapP2/Kapl04. Intuitively, in order to avoid a futile cycle
of Syol exchange across the NPC, it would only make sense
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to transport cargo-bound Syol into the nucleus. Therefore,
it is very likely that binding of Rpl5 and Rplll contribute to
the interaction with KapP2/Kapl04, either by rendering the
bPY-NLS of Syol accessible or by directly contacting Kapp2/
Kapl04. Alternatively, the relatively high abundance of the
newly synthesized r-proteins Rpl5 and Rpl11, coupled with their
high affinity for Syol, may ensure a rapid loading of free Syol in
the cytoplasm before encountering the transport receptor.

Diverging roads for Rpl5 and Rpl11 to the nucleus? Another
pertinent question concerns the loading state of Syol—does Syol
exclusively operate as a transport adaptor that simultaneously
carries Rpl5 and Rplll, or can each of these be an individual
cargo? Genetic data suggest that import of Rpl5 is more depen-
dent on the Syol pathway than Rpll1 since only overexpression
of Rpl5, but not of Rplll, suppresses the cold-sensitive growth
phenotype associated with the absence of Syol.*! Most strikingly,
Syol overexpression completely restores growth of yeast cells
expressing dysfunctional and even lethal Rpl5 variants, which
notably harbor single mutations in the globular domain.? This
finding strongly suggests that Syol can be viewed as a chaper-
one that: (1) prevents the globular Rpl5 domain from misfolding
and aggregation; and (2) escorts Rpl5 from the site of its cyto-
plasmic synthesis until its incorporation, as part of the 5§ RNP,
into nuclear pre-60S ribosomes. Once assembled into the ribo-
some, these faulty Rpl5 variants permit mature 60S subunits to
properly operate. Since Syol is not an essential protein, it seems
evident that alternative import routes for Rpl5 and Rpl11 exist.
What is then the advantage of a specialized, Syol-dependent
import route for Rpl5 and Rpll1? One obvious benefit con-
sists in the optimization of 5§ RNP assembly by the simulta-
neous co-import of the two 55 rRNA binding r-proteins Rpl5
and Rpll1—thereby establishing the correct stoichiometry and
geometry for their efficient transfer onto the 5§ rRNA already in
the cytoplasm. In that sense, the Syol-dependent import of Rpl5
and Rpll1 may represent the preferred route, especially at low
temperatures where macromolecular assembly processes are gen-
erally less thermodynamically favored. Moreover, the utilization
of a dedicated transport adaptor may also ensure that the cargo
proteins do not stand in competition with other import sub-
strates that utilize the same generic transport receptor. However,
this scenario also implies that the trimeric Syol-Rpl5-Rplil
complex should represent one of the preferred Kapp2/Kapl04
substrates. Alternatively, the additional flexibility provided by
specialized transport adaptors may in general be harnessed to
specifically import selected cargoes under certain growth condi-
tions or according to the cellular needs. In this respect it is note-
worthy that there are five importin-a isoforms in mammalian
cells; while all isoforms are capable of recognizing ¢NLSs, some
isoforms show striking substrate specificity for non-classical
cargoes.”’
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