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ABSTRACT

SHUTTLING OF GALECTIN-3 BETWEEN THE NUCLEUS AND CYTOPLASM
By

Peter Joseph Davidson

Galectin-3 (Gal3, Mr ~ 30 kDa) is a B-galactoside-specific lectin and a pre-
mRNA splicing factor. To test if Gal3 might shuttle between the nucleus and cytoplasm,
human fibroblasts (LG-1) were fused with mouse fibroblasts (3T3). The antibody NCL-
GAL3, which specifically recognizes human Gal3, was used to monitor human Gal3
localization in heterodikaryons. Human Gal3 localized to both nuclei of a large
percentage of heterodikaryons. Addition of leptomycin B decreased the percentage of
heterodikaryons showing human Gal3 in both nuclei. In parallel, mouse 3T3 fibroblasts,
expressing Gal3 were fused with fibroblasts from a Gal3-null mouse. The results from
both assays suggested that galectin-3 can shuttle from one nucleus into another.

We engineered a vector that expressed a fusion protein containing Green
Fluorescent Protein (GFP); bacterial maltose-binding protein (MalE); and Gal3. Analysis
of fluorescence in mouse 3T3 fibroblasts transfected with this construct showed that the
GFP-MalE-Gal3(1-263) fusion protein localized predominantly in the nucleus.
Carboxyl-terminal truncations of the Gal3 polypeptide upstream of residue 259 showed
loss of nuclear localization. Amino-terminal truncations of the same construct retained
nuclear localization, and residues 228-263 of the Gal3 sequence were sufficient to direct
the fusion protein into the nucleus. These results suggest that residues 228-258 of the

Gal3 polypeptide are important for nuclear localization.



Incubation of fibroblasts with leptomycin B resulted in nuclear accumulation of
Gal3, suggesting that nuclear export of Gal3 was mediated by the CRM1 receptor. A
candidate leucine-rich nuclear export signal (NES) can be found between residues 240
and 255 of the murine Gal3 sequence. This sequence was engineered into the pRev(1.4)-
GFP reporter system. Residues 240-255 of the Gal3 polypeptide exhibited nuclear export
activity when tested in this system, and nuclear export of the fusion protein was sensitive
to leptomycin B. Site-directed mutagenesis of Leu247 and I1e249 in the Gal3 NES
decreased nuclear export activity, consistent with the notion that these two positions
correspond to critical residues identified in a prototype leucine-rich NES. These results
indicate that residues 240-255 of the galectin-3 polypeptide are important for nuclear

export.
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Chapter 1

Literature Review



I. Galectins

The galectin family of proteins, currently containing 14 members, is characterized
by: (a) an affinity for $-galactosides; and (b) the presence of at least one conserved
carbohydrate recognition domain (CRD), which is responsible for ligand binding (1; 2).
The galectins are widely distributed phylogenetically, and analysis of genomic DNA
sequence banks has yielded additional candidates for inclusion in the mammalian galectin
family, as well as galectin candidates in plants and viruses (3). The galectins have been
classified into three subfamilies based on the number and organization of their
carbohydrate binding domains. The prototype subfamily contains one CRD, the chimera
subfamily contains a unique proline- and glycine-rich domain fused to the amino
terminus of the CRD, and the tandem repeat subfamily contains two CRDs fused in
tandem (Figure 1) (4).

Galectin-3 (Mr ~30 kDa) is the sole member of the chimera subfamily (4), and
consists of two domains. The amino-terminal domain (ND) of galectin-3 is unique, and
contains multiple repeats of a nine-residue consensus sequence P-G-A-Y-P-G-X-X-X (1;
5). The carboxy-terminal domain (CD) of galectin-3 contains the conserved CRD.
Physical-chemical studies of the galectin-3 polypeptide, as well as the two domains
individually, have indicated that the ND and CD are structurally and functionally distinct
(5). Differential scanning calorimetry revealed that the ND possesses a lower transition
temperature than the CD (6). Accordingly, the ND exists in an unfolded, random coil

state (7), while the CD exists as five-stranded and six-stranded B-sheets arranged



Figure 1. Polypeptide architecture of the galectins.
Members of the galectin family are organized into three subfamilies based upon their
domain organization. Residues which are critical for carbohydrate binding are indicated

in bold.



Figure 1

Subfamily Domain Organization
Prototype
H-NPR~V-N~WG-E-R~F-G~R
Tandem Repeat H-NPR~V-N~WG-E-R~F-G~R | H-NPR~V-N~WG-E-R~F-G~R
Chimera (PGAYPGXXX), | H-NPR~V-N~WG-E-R~F-G~R




in a B-sandwich (8). Residues critical for carbohydrate binding lie in three strands of the
six-stranded sheet (8).

Although the galectin family was so named because the minimal monosaccharide
ligand is galactose, most members of the family, including galectin-3, have a much
higher affinity for lactose and N-acetyllactosamine disaccharides. Galectin-3 also binds
larger, multivalent oligosaccharides such as poly-N-acetyl-lactosaminoglycan, a
saccharide polymer common in extracellular matrix (1; 8). Indeed, while free galectin-3
is typically monomeric (7; 9), binding to multivalent ligands induces galectin-3 to form
oligomers (10). Self-association of individual ND and CRD fragments was also
observed, indicating that oligomerization of galectin-3 may occur through either ND-ND
or CRD-CRD association (7).

Galectin-3 is primarily intracellular, and has been documented in the nuclear and
cytoplasmic compartments (11; 12; 13; 14). The subcellular distribution of galectin-3 in
cultured fibroblasts is dependent upon the proliferative status of the culturé. Galectin-3
in quiescent cultures is predominantly cytoplasmic, but proliferating cultures from the
same cell type show predominantly nuclear localization (15). Moreover, human diploid
fibroblasts have a finite replicative capacity in culture. Galectin-3 in low passage-
number cultures (high replicative capacity) exhibited nuclear and cytoplasmic
localization, but cultures monitored many passages later (at a low replicative capacity)
exhibited primarily cytoplasmic galectin-3 (16; 17).

Several lines of evidence indicate that nuclear galectin-3 is associated with
ribonucleoprotein (RNP) complexes (12). Treatment of unfixed, permeabilized

fibroblasts with ribonuclease A eliminated galectin-3 staining in the nucleus, but



treatment in parallel with deoxyribonuclease I produced no such effect (12; 13).
Moreover, separation of nucleoplasm by cesium sulfate centrifugation yielded galectin-3
in fractions with densities matching those reported for heterogeneous nuclear RNPs
(hnRNPs) and small nuclear ribonucleoproteins (snRNPs). This observation prompted
the use of depletion and reconstitution experiments to document that galectin-3 was a
required factor for splicing of pre-mRNA (18).

The yeast two-hybrid system was employed to search for ligands of galectin-1, a
relative of galectin-3. This assay revealed an interaction between galectin-1 and the
carboxy-terminal 50 amino acids of the protein Gemin4 [Gemin4(C50)]. This interaction
was confirmed using purified GST-Gemin4(C50), and in parallel galectin-3 was also
shown to interact directly with GST-Gemin4(C50) (19). Gemin4 is a component of a
macromolecular complex designated as the SMN (survival of motor neuron) complex
(20). The SMN complex functions in both the nucleus and the cytoplasm. In the
cytoplasm, the SMN complex mediates assembly of snRNP particles; in the nucleus, it
delivers the snRNPs to the pre-mRNA during the early stages of spliceosome formation
(21; 22). The association of galectin-3 with the SMN complex raises the possibility that
galectin-3 might perform related functions in both the nucleus and the cytoplasm in the
context of its role as a factor in pre-mRNA splicing.

In addition to members of the SMN complex, galectin-3 interacts with a variety of
other ligands in both the nuclear and cytoplasmic compartments (5; references therein).
In the nucleus, galectin-3 interacts directly with the homeodomain of the thyroid-specific
transcription factor (TTF-1), stimulating the DNA-binding activity of the latter protein.

This in turn increases the transcriptional activity of TTF-1, leading to increased



proliferation of thyroid cells (23). A second nuclear ligand for galectin-3 is CBP70, a
lectin with affinity for glucose/N-acetylglucosamine (GlcNAc) saccharides (24).
Galectin-3 was co-purified with CBP70 from HL60 cell nuclei. _Interaction of the two
proteins was inhibited by lactose, suggesting that lactose induces a conformational
change in galectin-3 that disrupts the interaction with CBP70 (24; 25).

Galectin-3 interacts in the cytoplasm with Bcl-2 (26; 27) and synexin (28), in both
cases producing an anti-apoptotic effect. Galectin-3 and Bcl-2 share two aspects of
sequence similarity: the amino-terminal regions of both proteins are rich in proline,
glycine, and alanine residues; and both proteins contain a motif of NWGR residues in
their carboxyl termini. Mutation of the NWGR motif in galectin-3 abolished its anti-
apoptotic activity. Moreover, galectin-3 binds to Bcl-2 in vitro, mimicking the
heterodimerization of Bcl-2 family members (26; 27). Studies of apoptosis in human
breast carcinoma induced by cisplatin revealed that galectin-3 translocation to the
mitochondrial membranes prevented mitochondrial damage and apoptosis (28).
Translocation of galectin-3 to the mitochondrial membranes was mediated by synexin,
and reduction of synexin levels abrogated galectin-3 translocation and anti-apoptotic
activity.

The studies reviewed here illustrate a variety of intracellular ligands and functions
for galectin-3, both in the nuclear and cytoplasmic compartments. Concomitantly, they
also suggest several important questions for future research on galectin-3. The
interactions of galectin-3 with many of its intracellular ligands occur through protein-
protein interactions rather than carbohydrate recognition (1). Therefore, one key topic for

future work is to determine the significance of galectin-3 carbohydrate-binding activity



with respect to its intracellular function. Are there intracellular functions of galectin-3
which can be definitively linked to its carbohydrate-binding activity? In a related vein, it
will be important to distinguish between activities which are either facilitated or inhibited
by carbohydrate-binding per se, and activities which are facilitated or inhibited through
the course of a conformational change in galectin-3 arising from carbohydrate-binding.
A second and more general point for future research is to rationalize how
galectin-3 is involved in such a number and variety of activities. Is galectin-3 so
multifunctional as to be involved, for example, in RNA processing, transcriptional
regulation, and anti-apoptotic signaling? Alternately, might galectin-3 participate in one
critical underlying process (e.g. RNA processing), through which other effects are
mediated, either directly or indirectly (29)? Answers to such questions are important not
only to the study of galectin-3, but in the broader context of understanding how multiple

(and apparently disparate) processes in a cell might be coordinated.

II. Nuclear Transport

IL.A. Overview

A defining feature of eukaryotic cells is the isolation of the nucleus as a distinct
subcellular compartment by the nuclear envelope, a double-membrane system that is
contiguous with the endoplasmic reticulum (30; 31). This separation necessitates a
mechanism of regulated communication and transport between the nuclear and
cytoplasmic compartments in order to coordinate fundamental cellular processes such as

signal transduction, transcription and translation, and cell division (32; 33; 34).



Substrates for transport into (nuclear import) or out of (nuclear export) the nucleus
include proteins, tRNA molecules, U snRNA molecules, and mRNA molecules (the latter
two being transported as ribonucleoprotein complexes or RNPs)‘(30; 31; 33; 35).

Traffic between the nucleus and cytoplasm occurs through the nuclear pore complex
(NPC), a large multi-protein complex which spans the nuclear envelope and provides an
aqueous channel between the nuclear and cytoplasmic compartments (30; 33; 35; 36).
The vertebrate NPC is composed of approximately 30 distinct proteins termed
nucleoporins (36; 37). The nucleoporins are present and arranged in groups of eight, and
structural analysis has revealed that the NPC exhibits eight-fold symmetry (34; 36; 37).
As depicted in Figure 2 (34), the central feature of the NPC is the cylindrical central
framework. The central framework is composed of eight spoke-like structures which
form the aqueous channel through which cargo-receptor complexes traffic (33; 34; 37).
The central framework is sandwiched between the cytoplasmic and nuclear ring
structures, each of which contains eight protruding filaments. The filaments of the
cytoplasmic ring extend into the cytoplasm, whereas the filaments of the nuclear ring
extend into the nucleoplasm but are joined at a distal ring (33; 34; 37).

Recent evidence indicates that interactions between nucleoporins and transport
receptors play a significant role in moving cargo through the NPC (33; 37; 38). These
interactions occur predominantly between phenylalanine and glycine residues (so-called
FG-repeats) of the nucleoporins and hydrophobic residues of transport receptors (37).
Nucleoporins in the cytoplasmic fibrils bind importin-cargo complexes, possibly serving

as “loading platforms” for entry to the NPC (37).



Figure 2. Schematic diagram depicting the architecture of the nuclear pore complex.
The central framework is depicted as a complex of eight cylindrical subunits located in
the center of the nuclear pore. The cytoplasmic ring is depicted as a thick ring above the
central framework, and cytoplasmic fibers are indicated as wavy structures. The
nucleoplasmic ring is depicted as a thick ring below the central framework.
Nucleoplasmic filaments are depicted as rod-like structures extending conically from the
nucleoplasmic ring, and are joined in a smaller ring at the distal end to form the nuclear

basket. This figure is reproduced from reference 34.
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Moreover, the import receptor importin-f (see below) exhibits progressively increasing
affinities for nucleoporins in the cytoplasmic fibrils, the central core, and the nuclear
basket, indicating that its interaction with these nucleoporins may augment the
directionality of transport imposed by Ran. Conversely, the export receptor CRM1 (see
below) has high affinity for a nucleoporin in the cytoplasmic fibril (33).

Most cargo destined for nuclear import or export bear signals specifying their
fate. These have been dubbed nuclear localization signals (NLS) and nuclear export
signals (NES), specifying nuclear import and nuclear export, respectively (34; 35).
Cargo destined for transport through the NPC is first bound by at least one soluble
receptor which recognizes the presence of a NLS or NES in the cargo, and mediates
transport of the cargo through the NPC. Transport receptors that recognize the NES of
nuclear cargo and mediate export to the cytoplasm have been termed exportins, while
receptors that bind the NLS of cytoplasmic cargo and mediate import to the nucleus have
been termed importins (32; 34; 39).

Implicit in this system is the principle of directionality: cargo is transported in the
proper direction and released in the proper compartment. Directionality of nuclear
transport is imposed by the GTPase Ran (30; 32; 34, 35; 39; 40), and is achieved by Ran
mediating the interaction between cargo and receptor relative to its GTP/GDP state. In
its GTP-bound state, Ran favors exportin-cargo interaction, but is antagonistic to
importin-cargo interaction. Conversely, Ran in the GDP-bound state favors importin-
cargo interaction, but is antagonistic to exportin-cargo interaction (41). A gradient of
Ran-GTP is maintained across the nuclear envelope by the concerted action of several

Ran-associated proteins. At the cytoplasmic face of the NPC, the GTPase activator
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RanGAP and the coactivator Ran-binding protein 1 (RanBP1) promote GTP hydrolysis
by Ran. Conversely, at the nuclear face of the NPC, exchange of GDP for GTP by Ran is
promoted by the guanine exchange factor RanGEF1 (35). Through the coordinated
activity of Ran, RanGAP/RanBP1, and RanGEF1, the nuclear compartment is enriched
for RanGTP, while the cytoplasmic face of the NPC is enriched for RanGDP. Thus the
formation of RanGDP-importin-cargo complexes is promoted at the cytoplasmic face of
the NPC, while the formation of RanGTP-exportin-cargo complexes is favored at the
nuclear face of the NPC (30; 35; 36; 40).

II.B Nuclear Import

Substrates destined for nuclear import are identified by the presence of a nuclear
localization signal, or NLS, and include proteins and U snRNPs. In proteins, the NLS is
a region of amino acids within the protein which is recognized by at least one receptor,
most often referred to as importins or karyopherins (30; 31; 35; 39). Among the earliest
identified NLSs (so-called “classical” NLSs) were those of the SV40 virus large T
antigen (SV40 NLS) and nucleoplasmin (30). The SV40 NLS consists (;f the sequence
PKKKRKY (42), and the nucleoplasmin NLS consists of the sequence
KRPAATKKAGQAKKKK (43), where residues in bold are critical for nuclear import.
Because the SV40 NLS contains one continuous stretch of basic residues, it has been
dubbed a “simple” or “monopartite” NLS, while the nucleoplasmin NLS has been dubbed
a “bipartite” NLS owing to the presence of two separated clusters of basic residues (35;
39).

Owing to their early identification, these “classical” motifs dominated early

notions of what constituted an NLS. However, most proteins in which the NLS has been
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identified do not bear a “classical” NLS, but rather variations on the theme, or even NLSs
without apparent similarity to the “classical” examples (32; 35). As illustrated in Table 1,
there is considerable variety among the characterized NLS motifs. For example, the HIV
Rev protein NLS consists of an approximately 12-residue stretch rich in arginines, while
the SR protein NLS is characterized by the presence of clustered serine and arginine
residues. More divergent is the RGG domain (a 120-residue stretch of RGG repeats) of
the yeast Npl3p, Nab2p, and Hrplp proteins. Perhaps the most atypical NLSs
characterized to date are the trimethyl-guanosine cap employed by the U snRNPs (see
below), and the M9 signal (approximately 40 residues) identified in the hnRNP proteins
Al, A2, and F, as well as the TAP protein (32; 35; references therein). The M9 signal
deserves special mention because (a) it is almost entirely uncharged, and (b) it also acts
as a nuclear export signal (see below). It is important to note that not only the apparent
chemistry of these NLS motifs varies, but also the length of the NLS. Compare, for
example, the short “classical” c-myc NLS (only three basic residues) with the 120-
residue RG-rich NLS of Npl3p. Finally, many proteins which undergo nuclear import
have no characterized NLS to date.

NLSs are recognized by soluble transport receptors known as importins (30; 32;
35). The prototype importins were identified as factors required for nuclear import of
cargo bearing the SV40 NLS, and have been dubbed importin-a and importin-p (31; 44;
45; 46; 47; 48; 49; 50; 51). These studies revealed that importin-a binds directly to the
NLS and acts as an adaptor protein to coordinate binding of importin-p, while importin-f
mediates docking with and translocation through the NPC. In this scenario, importin-a.

and importin-p were deemed to function as a heterodimer (31; 39).
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Table 1. Nuclear import receptors and the signals they recognize.
Nuclear import receptors are listed in the left column (Receptors), cargo is listed in the
middle column (Cargo), and the signal recognized by each receptor is indicated in the
right column (Signal Recognized). N/K, not known. Compiled from references 30, 32,

35 and references therein, except: '52; 253,



Table 1

Nuclear Import: Receptors & Signals

Receptor(s) Cargo Signal Recognized
Importin-p/ SV40 T Ag v PKKKRKYV
Importin-a nucleoplasmin KRPAATKKAGQAKKKKLD
c-myc PAAKRVKLD
Importin- ribosomal proteins extended R-rich domains

Transportin 1

HIV Rev RQARRNRRRRWR
HTLYV Rex R-rich domain
HIV Tat R-rich domain

histone core proteins

hnRNPAIL, A2, F

BIB domain'

M9 (bi-directional signal)

(aka Importin-B2) Nup153

histone core proteins BIB domain

Transportin SR
(aka Importin-p3)

SR proteins S-, R- rich domains

Importin-f3 ribosomal proteins N/K
Importin-5 ribosomal proteins N/K
histone core proteins BIB domain
Importin-7 ribosomal proteins extended R-rich domains
histone core proteins BIB domain
Importin-9' histone core, esp. H2B BIB domain
Importin-11 UbcM2 N/K
Importin-p/ replication protein A N/K
RIPa
Importin-p/ U snRNPs m3G cap, Sm core proteins
Snurportin
Importin-fB/ histone H1 extended basic-rich domain
Importin-7
NTF2 Ran salt bridge between NTF2 and Ran’
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Soon after these seminal discoveries, a variety of importin-a (54) and importin-$
(32; 35) relatives were characterized. Most importin-a relatives were characterized in
humans and were identified based upon the presence of a short amino-terminal basic
domain responsible for binding to importin-p (so-called importin-f binding or IBB
domain), and a large domain containing Arm repeats (named for homology to the
Drosophila protein Armadillo) responsible for NLS-binding (55; 56). All importin-a
relatives function as adaptors to bridge “classical” NLS motifs with importin-f.
However, nuclear import assays revealed that among the importin-a relatives, NLSs of
different proteins were bound with varying efficiency, suggesting the possibility of NLS
preference among the importin-a relatives (54).

Importin-f family members have been identified based upon the presence of an
amino-terminal binding domain for Ran, and of 15 — 20 repeats of the HEAT motif (32;
33). In contrast to the prototype scenario of an importin-o/B heterodimer, most of the
newly identified importin-p relatives mediate nuclear import without importin-a or other
adaptor(s), and exhibit a wide range of cargo recognition (32; 35). Several cases of direct
interaction between importin-f relatives and cargo are indicated in Table 1. Importin-$
recognizes several cargos directly, including the HIV Rev and Tat proteins, ribosomal
proteins, and the HTLV Rex protein, all of which appear to interact with importin-p via
extended R-rich motifs. Transportin 1/importin-B2 recognizes the M9 signal in hnRNP
proteins to mediate their nuclear import, and Transportin SR/importin-p3 recognizes

serine- and arginine-rich domains in the SR proteins.
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Import of histone core proteins by importin- relatives (52) deserves special
mention for two reasons. First, many importin-f relatives import histone core proteins in
addition to other cargo. Importin-B, for example, imports a large variety of cargo.
Second, interaction with the histone core proteins occurs through their BIB domain (52),
an exceptionally basic motif distinct from the IBB domain of importin-a (57). The
histone core proteins therefore highlight a trend among cargos that interact directly with
importin-B family members: interaction occurs through motifs (NLS or BIB) of
exceeding basic chemistry. Moreover, importin-f relatives possess different binding sites
to accommodate different NLSs (52; 57), explaining how importin-f relatives (and
importin-P in particular) can accommodate such a variety of cargo and signals. The
question of whether importin-f relatives import multiple cargos simultaneously or if
import occurs singly is still open, but evidence to date suggests that import is most
efficient when cargo is handled singly (52; 57).

Two exceptions to the trend of direct interaction between importin-f relatives and
cargo deserve mention. First, there are cases in which importin-p interacts with cargo
through an adaptor distinct from importin-a.. These include the importin-/RIPa.
pathway for import of replication protein A, and the importin-f/snurportin pathway for
import of U snRNPs. RIPa was identified as a required cofactor for nuclear import of the
replication protein A, and is unrelated to importin-a. (58). Similar to the histone core
proteins, RIPa bears a domain rich in basic residues, which is likely to mediate
interaction with importin-B. Snurportin was identified as a required cofactor for nuclear

import of the U snRNPs (59; 60). While snurportin contains an IBB domain reminiscent
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of importin-a, the two are dissimilar in all other respects. Snurportin recognizes the m3G
cap structure of mature U snRNPs and represents the only case to date of an RNA
structure being identified as an NLS.

The second variation is the importin-p/importin-7-mediated import of histone H1
(61). In this case, importin- employs importin-7 as an adaptor to interact with H1. The
exact mechanism of interaction is uncertain, but depends upon importin-p or importin-7
recognizing a BIB domain in H1. The likeliest scenario (61) is that importin-p and
importin-7 form a loose heterodimer in the cytoplasm, which is greatly stabilized by the
binding of H1, and the resulting trimeric complex is imported to the nucleus. The
example of H1 import is particularly fascinating because importin-7 and importin-§
function independently to import other cargo. Their cooperation represents the only case
to date of two importin-f relatives acting together, with one in the role of adaptor.

As described above, directionality of nuclear transport is mediated by Ran. Ran
at the cytoplasmic face of the NPC is GDP-bound, promoting importin-cargo association.
However, Ran-GDP does not travel through the NPC with the importin-cargo complex,
but remains associated with nucleoporins at the cytoplasmic side of the NPC (41; 53).
Conversely, Ran at the nuclear face of the NPC is GTP-bound, promoting importin-cargo
dissociation and subsequent exportin-cargo association. Critically, Ran-GTP associates
with exportin-cargo complexes during export (see below), and upon reaching the
cytoplasmic face of the NPC is acted upon by RanGAP. This results in GTP hydrolysis
by Ran, leading to dissociation of the exportin-cargo complex. Since Ran-GDP is not
carried back into the nucleus with importin-cargo complexes, an alternate mechanism

must facilitate import of Ran back into the nucleus lest repeated rounds of nuclear import
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and export deplete the nuclear pool of Ran and eventually “stall” nuclear transport.
Indeed, the protein NTF2 (nuclear transport factor 2) binds cytoplasmic Ran-GDP and
carries it through the NPC. At the nuclear face of the NPC, Ran-GDP is acted upon by
RanGEF, effecting a replacement by Ran of GDP for GTP and resulting in dissociation of
Ran-GTP from NTF2 (53). NTF2 is a small protein of approximately 15 kDa, highly
conserved, and is unrelated to any of the importin family members (62; 63).

II.C Nuclear Export

Nuclear export proceeds in a manner that is analogous to import, but in many
cases nuclear export is a much more complex process (30; 39). Substrates destined for
nuclear export are recognized by receptors known as exportins, which together with Ran-
GTP, mediate translocation of the exportin-cargo-Ran-GTP complex through the NPC.
Cargos destined for nuclear export include proteing, immature U snRNAs, tRNA,
ribosomal subunits, and mRNA (30; 39). Each of these cargo families proceeds through
at least one unique export pathway, resulting in considerable diversity and complexity of
nuclear export machinery. For the sake of simplicity, the pathway(s) responsible for
export of each cargo type will be discussed individually.

II.C.1 Proteins

Most proteins identify themselves for export by the presence of a conserved
nuclear export signal rich in leucine or isoleucine residues (30; 35; 39), dubbed the
leucine-rich (L-rich) NES. The prototype examples of the L-rich NES were identified in
the HIV Rev protein (64; 65) and the protein kinase inhibitor PKI (65). Since then, L-
rich NESs have been identified in a wide variety of proteins (30; 66), and the consensus

sequence of L-X(2/3)-Z-X213)-L-X-L/I (where X represents any amino acid; Z represents
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L, F, V, or M) has been accepted as typical of known L-rich NESs (39). The exportin
responsible for conveying L-rich NES-bearing proteins out of the nucleus is CRM1 (also
known as exportin-1) (67; 68), a relative of importin-f. Formation of a stable, “export
competent” CRM1-mediated complex requires the presence of cargo bearing an L-rich
NES, CRM1, and Ran-GTP. CRM 1 is specifically inhibited by the fungal antibiotic
leptomycin B, a property which figured prominently in early characterizations of CRM1
(67; 68), as well as subsequent identification of cargo exported by CRM1 (30).

As highlighted in Table 2, many proteins are exported by CRM1, and they cover a
wide range of functions. One prime example is the HIV Rev protein, which functions as
an adaptor to funnel HIV RNA transcripts bearing the Rev response element (RRE) into
the CRM1 export pathway for transport to the cytoplasm (64). This represents a general
trend of viruses in which cellular machinery is co-opted for the purpose of viral
propagation. In this case, HIV benefits from “hijacking” a cellular export pathway to
process its own transcripts.

Another prime example is PKI, the inhibitor of cyclic AMP-dependent protein
kinase (PKA) (65). Upon stimulation by increased cAMP, the PKA holoenzyme
dissociates, allowing the catalytic subunits of PKA to enter the nucleus and
phosphorylate the cAMP response element binding (CREB) protein, thereby increasing
transcription of genes bearing the cAMP response element (CRE) (69). To negate this
effect, PKI enters the nucleus (apparently through simple diffusion, 70; 71), binds the
catalytic subunits, and then funnels them into the CRM1 export pathway. In this case,

the end result is a change in gene regulation by removal of a signaling kinase.

21



Table 2. Nuclear export receptors and the signals they recognize.
Nuclear export receptors are listed in the left column (Receptors), cargo is listed in the
middle column (Cargo), and the signal recognized by each receptor is indicated in the
right column (Signal Recognized). N/K, not known. Compiled from references 30, 32,
35, and references therein except: '72; 267; >73; *74; °75; $76; 777; 60; °66; '°78; ''79;

1280; 1381; 1482; 183.
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Receptor(s)

Table 2:

Proteins

Cargo

Nuclear Export: Receptors and Signals

Signal Recognized

CRM1
(aka exportin 1)

CAS
(aka exportin 2)

Exportin 4
Transportin 2
Exportin 6

N/K

CRM1

Exportin t
TAP/NXF1
(aka Mex67p)
Transportin 2

Exportin §

proteins containing L-rich NES
Rev; PKI; IxkBa; STATI; c-Abl

Snurportin

Importin-a

elF-5a
HuR
actin

proteins bearing M9 signal

RNA
immature U snRNA

43S rRNA
60S rRNA

ARE-containing mRNA,

via HuR assoc. w/pp32 and April

tRNA

bulk mRNA
via Aly/REF, SR proteins

ARE-containing mRNA, via HuR

miRNA precursor

23

L-X@i3y-Z-X3)-L-X-L/1

~200 aa, regions similar
to L-NES'?

~140 aa, acidic®*

N/K?
HNS (M9-like)®
N/K’

N/K

m7G cap binds CBC;

CBC binds PHAX (L-NES)®
N/K’

subunit protein Rpl10 bound

by Nmd3p (L-NES)'*"!

pp32/April bear L-NES

Acceptor and TYC arms,
Mature 5’ and 3’ termini

N/K9.I2,13

HuR bears HNS®

N/K; proper end
processing reqd'*"’



The theme of regulating gene expression by controlling localization of signaling
proteins or transcription factors has several other examples. Regulation of the NFxB/Rel
family of transcription factors (84), as well as the STAT]1 transcription factor (85) is
accomplished through nuclear export. The inhibitor of k B-a (IxkBa) protein (84) binds
NFkB/Rel proteins in the nucleus and acts as an adaptor for CRM 1-mediated nuclear
export. In the case of STAT]I, binding to CRM1 is direct and occurs through an L-rich
NES in STAT!1 (85). Finally, activity of the c-Abl tyrosine kinase is also regulated by
CRM1-mediated nuclear export. c-Abl contains an L-rich NES, and is exported from the
nucleus in response to attachment of cells to fibronectin, indicating a shift in function of
c-ABL from gene regulation in the nucleus to transduction of adhesion signals in the
cytoplasm (86).

The snurportin protein, which functions as an adaptor for importin-f-mediated
nuclear import of U snRNPs, is also exported from the nucleus by CRM1 (67; 72). The
interaction between snurportin and CRM1 is unique because it does not occur through a
typical L-rich NES, but rather through a region of approximately 200 amino acids in
snurportin which contain regions of similarity to the L-rich NES. Moreover, despite its
unusual mode, the interaction between snurportin and CRM1 is much stronger than that
with cargos bearing the L-rich NES (72). The basis for the avidity of snurportin-CRM1
interaction compared to L-rich NES-CRM 1 interaction is unclear, but one possibility is
that several of the “imperfect” L-rich NES regions in snurportin might jointly interact
with CRM 1, resulting in an interaction that is stronger than a single “perfect” NES (72).
This issue will likely be resolved only through improved structural knowledge of the

interaction between snurportin and CRM1.
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Importin-a is a prototype example of proteins that are exported by receptors other
than CRM1 (30; 32; 35). Importin-a is the sole substrate of the CAS receptor, which
behaves similarly to CRM1 and is also an importin- relative (73; 74). Like CRM1, CAS
requires Ran-GTP to mediate nuclear export of importin-a, but the mode of interaction
between CAS and importin-a is unique and depends upon an acidic region of
approximately 140 amino acids near the carboxyl terminus of importin-a. Intriguingly,
importin-a bears a sequence of amino acids with homology to the L-rich NES, yet failed
to interact with CRM 1 either in vitro or in vivo (73). This highlights the critical point that
“predicting” the presence of an L-rich NES in a protein based on sequence alone is error-
prone (30). Indeed, both importin-a and importin-f bear sequences similar to the
consensus L-rich NES, yet neither is exported by CRM1. Importin-f exits the nucleus in
association with Ran-GTP and accesses the NPC directly, migrating through the pore by
interacting with nucleoporins (30; references therein).

The eukaryotic translation initiation factor SA (eIF-5A) is exported by exportin 4
(75), an importin-f relative. Like CRM1, exportin 4 requires Ran-GTP to form an
export-competent complex with eIF-5A, but eIF-5A does not possess a typical L-rich
NES. Instead, a unique modification of a lysine residue to hypusine (75; references
therein) dramatically enhances the interaction between exportin 4 and eIF-5A. Moreover,
the site of this modification is located in a highly exposed and flexible region of eIF-5A,
suggesting that the hypusine modification makes direct contact with exportin 4. The
biological significance of the exportin 4 pathway and the eIF-5A protein are not
understood, but Lipowsky e al. have suggested that eIF-5A might function as an export

adaptor or chaperone for RNA (75).
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Nuclear export of actin is mediated by exportin 6 (77), an importin-f relative.
Actin nuclear export requires Ran-GTP, as well as an interaction between actin and
profilin, which binds actin monomers and suppresses spontaneous actin polymerization.
Exportin 6 interacts with the actin-profilin complex much more avidly than it does with
either component alone, suggesting that profilin acts as an adaptor between actin
monomers and exportin 6. Entry of actin monomers into the nucleus is likely to occur
following cell division, when they are packaged into daughter nuclei during regeneration
of the nuclear envelope. Were the actin monomers to achieve sufficient concentration
inside the nucleus, they would polymerize into cytotoxic aggregates. Exportin 6
therefore plays a key role in protecting cells from actin toxicity, and it is not surprising
that exportin 6-mediated nuclear export of actin is conserved between vertebrates and
insects (77).

Nuclear export of the protein HuR is more complex, in that it accesses two export
pathways: one mediated by CRM1, and the other mediated by transportin 2, a relative of
transportin 1 (76). HuR accesses these pathways by different mechanisms, and the
pathways appear to be mutually exclusive. Access to the CRM1 export pathway occurs
through HuR interaction with the nuclear phosphoproteins pp32 and April, both of which
bear L-rich NESs (76). In this fashion, HuR “piggy-backs” into the CRM1 export
pathway via its interactions with pp32 and April. Alternately, HuR can access the
transportin 2 export pathway directly via its HuR nuclear shuttling (HNS) region (76; 87),
a region which bears moderate sequence similarity to the M9 signal of hnRNPA1. As

discussed below, HuR recognizes AU-rich elements (AREs) in the mRNAs of early
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response genes, and participates in exporting ARE-bearing mRNAs from the nucleus (see
below) (76).

II.C.2 U snRNAs

CRM1 mediates nuclear export of immature U snRNAs. U snRNAs are
transcribed in the nucleus, and most U snRNAs require export to the cytoplasm where
they associate with Sm core proteins and complete their maturation 