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SUMMARY

Mago and Y14 are core components of the exon
junction complex (EJC), an assembly central to
nonsense-mediated mRNA decay in humans and
mRNA localization in flies. The Mago-Y14 hetero-
dimer shuttles between the nucleus, where it is
loaded onto specific mRNAs, and the cytoplasm,
where it functions in translational regulation. The het-
erodimer is imported back into the nucleus by Impor-
tin 13 (Imp13), a member of the karyopherin-b family
of transport factors. We have elucidated the struc-
tural basis of the Mago-Y14 nuclear import cycle.
The 3.35 Å structure of the Drosophila Imp13-
Mago-Y14 complex shows that Imp13 forms a ring-
like molecule, reminiscent of Crm1, and encircles
the Mago-Y14 cargo with a conserved interaction
surface. The 2.8 Å structure of human Imp13 bound
to RanGTP reveals how Mago-Y14 is released in
the nucleus by a steric hindrance mechanism. Com-
parison of the two structures suggests how this
unusual karyopherin might function in bidirectional
nucleocytoplasmic transport.

INTRODUCTION

In eukaryotic cells, the distinct composition of the nucleoplasm is

maintained by the selective and directional transport of macro-

molecules across the nuclear envelope. Nucleocytoplasmic

transport occurs via nuclear pore complexes (NPCs) and is

mediated, in the vast majority of cases, by the karyopherin-b

family of receptors (Cook et al., 2007; Görlich and Kutay, 1999;

Terry et al., 2007; Weis, 2003). Nuclear proteins are transported

into the nucleus by a subset of karyopherins known as importins,

while most classes of RNAs (with the notable exception of

messenger RNAs, mRNAs) are transported out of the nucleus

by karyopherins known as exportins. Directionality is determined

by the RanGTP gradient, created by the presence of high levels

of RanGTP in the nucleus and low levels in the cytosol. Importins

bind their cargo in the cytosol in the absence of RanGTP and

release it in the nucleus upon RanGTP binding. On the contrary,
Mo
exportins form complexes in the nucleus with RanGTP and their

cargo, which is then dissociated upon hydrolysis of GTP to GDP

in the cytosol.

While several structural studies to date have revealed the

mechanisms by which canonical transport factors mediate unidi-

rectional nuclear import or export (Chook and Blobel, 1999;

Cingolani et al., 1999; Cook et al., 2005, 2009; Dong et al.,

2009; Lee et al., 2005, 2006; Matsuura and Stewart, 2004; Mon-

ecke et al., 2009), it is unclear how other transport factors can

support bidirectional mechanisms. Karyopherins such as Impor-

tin 13 (Imp13) in metazoans and Msn5 in yeast, for example, have

a double functionality in that they can either import or export

depending on the specific cargo molecule to which they bind

(Mingot et al., 2001; Yoshida and Blobel, 2001). In Drosophila,

Imp13 is encoded by an essential gene that is required at the

neuromuscular junction (Giagtzoglou et al., 2009). In humans,

Imp13 has been shown to mediate the nuclear import of cargos,

including Mago-Y14 and Ubc9, and to mediate the nuclear

export of eIF1A (Mingot et al., 2001).

The import of Mago-Y14 into the nucleus is a prerequisite for

its incorporation into messenger ribonucleoprotein particles

(mRNPs) that assemble upon splicing (Giorgi and Moore,

2007). As the spliceosome processes intron-containing pre-

mRNAs, it loads Mago and Y14 upstream of splice junctions.

The loading depends on the presence of the helicase eIF4AIII,

and the assembly is then stabilized by a fourth component,

Barentsz (Btz, also known as MLN51) (Gehring et al., 2009a;

Herold et al., 2009; Zhang and Krainer, 2007). Together, the

four proteins form the core of the exon junction complex (EJC),

an assembly that endows the mature mRNP with architectural

information on the pre-mRNA intron structure long after the

introns have been excised (Ballut et al., 2005; Le Hir et al.,

2000). The EJC is an integral part of the spliced mRNP and is re-

tained with it during its journey to the cytoplasm. In the cyto-

plasm, the EJC functions in different aspects of translational

control of the mRNP with which it is associated, ranging from

nonsense-mediated mRNA decay in human cells to localization

of oskar mRNA at the posterior pole of Drosophila oocytes

(Giorgi and Moore, 2007).

After carrying out their cytoplasmic function as part of the EJC,

Mago and Y14 are imported back into the nucleus by Imp13 for

another round of mRNP incorporation and regulation (Mingot

et al., 2001). The dissociation of Mago-Y14 from the EJC requires

the action of translating ribosomes on the mRNP as well as the
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ribosomally associated protein PYM (Diem et al., 2007; Gehring

et al., 2009b). PYM is a cytosolic protein that binds to Mago-Y14,

forming a compact ternary complex (Forler et al., 2003; Bono

et al., 2004) that is no longer able to interact with eIF4AIII and

Barentsz (Chamieh et al., 2008). However, PYM is not imported

into the nucleus with Mago-Y14 (Mingot et al., 2001), raising

the question of how the Mago-Y14-PYM complex is dissociated

prior to nuclear import.

To study the nuclear import mechanism of Mago-Y14, we

determined the crystal structures of an Imp13-Mago-Y14 com-

plex and of an Imp13-RanGTP complex, revealing snapshots

of both the cytosolic and nuclear steps of the transport cycle.

The structures show how the Mago-Y14 heterodimer is specifi-

cally recognized and selected away from its interaction with

PYM and how the release of Mago-Y14 in the nucleus is

achieved. Comparison of the two nuclear import complexes

suggests how this unusual karyopherin might function in nuclear

export.

RESULTS AND DISCUSSION

Determination of the Structures of Imp13-RanGTP
and Imp13-Mago-Y14
To obtain crystals of Imp13 bound to the cargo Mago-Y14 or

bound to the regulator RanGTP, we used homologous proteins

from different species. This is an established crystallization

strategy, based on the rationale that the solvent-exposed molec-

ular surfaces that engage in crystal lattice contacts are often the

least-conserved residues in the protein. The three components

of the Imp13-Mago-Y14 complex from H. sapiens and D. mela-

nogaster share 27%, 89%, and 60% sequence identity, respec-

tively (Figures 1 and S1). Orthologs of the GTPase Ran also share

about 90% sequence identity from yeast to human (Figure S1).

The conservation is such that yeast GTP-bound Ran can interact

with Imp13 from either human (see below) or fly (data not shown).

Imp13 and Mago-Y14 from Drosophila and human can also

interact across species in pull-down assays (see below).

Diffracting crystals of Imp13 bound to RanGTP were obtained

with a complex composed of full-length H. sapiens Imp13 (resi-

dues 1–963) and a construct of S. cerevisiae Ran encompassing

residues 8–179 and containing the Q71L mutation (which impairs

the intrinsic GTPase activity of the protein [Bischoff et al., 1994]).

The truncations at the N and C termini of Ran (residues 1–219

when full-length) were identified by limited proteolysis (data not

shown) and map to the portion of the molecule that is ordered

in the crystal structures of other karyopherin complexes (Cook

et al., 2007). The 127 kDa binary complex between Imp13 and

the nonhydrolytic deletion mutant of Ran (Ran 8–179 Q71L)

bound to GTP crystallized in space group P3121, with one mole-

cule per asymmetric unit (ASU). The structure was solved by

SAD (single-wavelength anomalous dispersion) phasing with

crystals containing selenomethionine (SeMet)-derivatized

Imp13. The final model (Figure 2A) has been refined to 2.8 Å reso-

lution with an Rfree of 26.8%, Rfactor of 23.6%, and good stereo-

chemistry (data collection and refinement statistics in Table 1).

The atomic model consists of Imp13 residues 18–953 (with the

exception of residues 153–158, 183–191, and 658–672, which

show no ordered electron density) and Ran residues 8–179.
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The structure of Imp13 bound to Mago-Y14 (Figure 2B) was

obtained by combining full-length Drosophila (Dm) Imp13 (resi-

dues 1–971) and Mago-Y14 (residues 1–147 and 1–165). The

147 kDa ternary complex crystallized in space group P1, with

two molecules per ASU. The structure was solved by a combina-

tion of molecular replacement and SeMet SAD phasing and has

been refined at 3.35 Å resolution to an Rfree of 28.9% and a Rfactor

of 26.7% (Table 1). The atomic model for Imp13 consists of resi-

dues 11–965, with the exception of a number of short inter- and

intra-repeat loops that show no ordered electron density. The

model of Mago includes residues 3–147, with the exception of

residues 42–44 and 106–107 in disordered loops. The model

for Y14 spans from residue 67 to 154. The electron density for

functionally important regions of the molecules discussed in

the text is shown in Figure S2.

Overall Structure of Imp13 in the Cargo-Bound
and Ran-Bound Complexes
As with all members of the karyopherin-b family, Imp13 is an all

a-helical protein consisting of 20 consecutive helical motifs

(Figures 3 and S3). The first 19 are canonical HEAT repeats,

each comprising two antiparallel a helices (A and B), while the

C-terminal motif (here referred to as HEAT 20) consists of three

a helices. The repeats pack side by side in a parallel fashion,

generally with a right-handed twist that generates a superhelical

molecule with the A helices forming the outer convex surface

and the B helices forming the inner concave surface (Figures

3A and 3B, right panels). The loops that connect consecutive

repeats (interrepeat) protrude on one side of the molecule, while

the loops that connect the A and B helices of each repeat

(intrarepeat) protrude on the opposite side (Figures 3A and 3B,

left panels). These loops have variable lengths and in several

instances contain insertions with small helical segments (Fig-

ure 3C). The regular right-handed arrangement of the repeats

is interrupted by prominent left-handed turns at HEATs 4 and

10. Other deviations are at the first repeat, which packs with

HEAT 2 in an almost perpendicular fashion, and at the last

HEAT repeat that caps the superhelix. The packing of the helical

repeats in both the Ran and Mago-Y14 complexes is such that

the molecule is bent into a toroid shape, although the overall

conformation of the karyopherin is different in the two structures

(Figure 3).

When in complex with Mago-Y14, Dm Imp13 has a twisted

ring-like conformation, with the edge of HEAT 20 approaching

the side of HEAT 1 (Figure 3B). The inner surface of the ring

measures about 60 Å in diameter, and the outer surface spans

about 95 Å in diameter. Mago-Y14 binds at the inner surface of

Imp13, shifted toward the side of the ring that features the inter-

repeat loops (Figures 3B, left panel, and 2B). When bound to

RanGTP, human (Hs) Imp13 again has a toroidal conformation,

but with a more pronounced twist of the N- and C-terminal

repeats with respect to each other (Figure 3A). In the Imp13-

RanGTP structure, the edge of HEAT 20 approaches the side

of HEAT 4, creating a more compact toroid with an inner diam-

eter of approximately 50–55 Å. Ran occupies half of the inner

surface of the ring, shifted toward the protruding N-terminal

HEAT repeats (Figures 3A, left panel, and 2A), i.e., toward the

opposite side as compared to Mago-Y14. Hs and Dm Imp13
.



Figure 1. Structure-Based Sequence Alignment of Imp13

The alignment includes Imp13 orthologs from D. melanogaster (Dm), H. sapiens (Hs), and S. pombe (Sp). Highlighted in green are conserved residues. The

secondary structure elements of Dm and Hs Imp13 are shown below the sequences as light and dark green rectangles, respectively. The A and B helices of

the 20 HEAT repeats are labeled. Above the sequences, colored circles highlight the residues involved in the interaction with Mago (blue), Y14 (magenta),

and Ran (yellow), as identified using the AquaProt server (Reichmann et al., 2007). See also Figure S1.
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have similar secondary structure elements at similar positions in

the sequence (Figure 1). Although the individual HEAT repeats of

the two orthologs superpose with a root-mean-square deviation
Mo
(rmsd) of 1.4 Å in their Ca atoms, the overall molecules super-

pose with a larger rmsd of 5.3 Å, reflecting the conformational

differences in the two structures. The different conformations
lecular Cell 37, 211–222, January 29, 2010 ª2010 Elsevier Inc. 213



Figure 2. Structures of Imp13 Bound to the Cargo Mago-Y14

and to the Regulator Ran

(A) Structure of the Imp13-RanGTP complex. H. sapiens Imp13 is shown in

green and Ran in yellow, with GTP and Mg2+ shown in ball-and-stick

representation in black. The N terminus and C terminus of Imp13 are indi-

cated. This and all other protein structure figures were generated using

PyMOL (http://www.pymol.org). See also Figure S2.

(B) Structure of the Imp13-Mago-Y14 complex with D. melanogaster

Imp13 in green, Mago in blue, and Y14 in magenta. The complex is shown

in the same orientation as the RanGTP complex in (A), after optimal super-

position of the karyopherin molecules.
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result both from small cumulative shifts between individual HEAT

repeats and from larger hinge movements.

Imp13 Binding to Mago-Y14: Snapshot of the Cytosolic
Import Complex
In the complex with Imp13, Dm Mago-Y14 has a compact

structure very similar to the previously reported structures of

the Mago-Y14 heterodimer in isolation (rmsd of 0.98 Å over

all Ca atoms) (Fribourg et al., 2003; Lau et al., 2003; Shi and

Xu, 2003). Briefly, Mago is made up of a flat six-stranded anti-

parallel b sheet packed on one side by two long a helices

(Figure 4). Y14 consists of a C-terminal region containing the

fold of a canonical RRM (RNA-recognition motif) domain

between residues 64 and 152, with a twisted antiparallel b sheet

and two helices packing against one surface. The opposite

surface of the Y14 b sheet (that is typically used by RRM

domains to bind nucleic acids) interacts instead with the

a helices of Mago.

In the complex with Imp13, there is no interpretable electron

density for the N-terminal region of Y14. In the structure of full-
214 Molecular Cell 37, 211–222, January 29, 2010 ª2010 Elsevier Inc
length Dm Mago-Y14, the N-terminal region of Y14 was

ordered between residues 10 and 39, with an a helix (resi-

dues 17–29) reaching over the b sheet surface of Mago dia-

metrically opposite the RRM-binding surface (Fribourg

et al., 2003). This conformation is not compatible with the

Imp13-bound structure, as the N-terminal region of Y14

between residues 10 and 20 would clash with the B helix of

HEAT 9 (Figure S4A). Thus, in the complex with Imp13, the

N-terminal region of Y14 is displaced into a conformation

that, from the features of the electron density, is likely to be

flexible and to extend into the solvent. Consistent with this

observation, in vitro pull-down experiments with recombi-

nant proteins show that the N-terminal region of Y14 is not

required for Imp13 binding (Figure S4B).

Mago fits into the arch of Imp13 formed between HEATs

8 and 20, with direct interactions at several positions

(Figure 4). HEATs 8 and 9 contact one edge of the Mago

b sheet (Figure 4A), at the site where the N terminus of Y14

was bound in the structure of Mago-Y14 in isolation (Fribourg

et al., 2003). In particular, Asp443 of D. melanogaster Imp13

(Asp443DmI) approaches the side chain of Mago Arg34

(Arg34M), while Tyr447DmI and Tyr378DmI contact the main

chain. HEAT 15 contacts the Mago b sheet at the opposite

side of the molecule, at Leu76M, while HEATs 17 and 18

contact the nearby termini of the Mago a helices. In partic-

ular, Lys815DmI and the adjacent Lys814DmI point toward

Glu73M and Asp116M (Figure 4B). Finally, HEAT 20 wraps up

toward the side of the Mago a helices (Figure 4C). Here, the gua-

nidinium groups of Arg63M and Arg950DmI pack against each

other. Arg950DmI is in the very C-terminal helix of Imp13 and is

also contacted at its main chain by Y14 Glu82 (Glu82Y) and

Gln142Y.

Y14 is surrounded by the C-terminal HEATs 19 and 20 on one

side and by HEATs 4–7 on the other. In particular, Ile220DmI and

Pro275DmI at HEATs 5 and 6 are in van der Waals contacts with

the side chains of Leu128Y, His124Y, and Trp73Y, while Glu132Y

approaches Lys167Imp. Imp13 thus tightly and entirely encircles

the Mago-Y14 heterodimer with many conserved interactions,

explaining why purified Imp13 and Mago-Y14 can interact

even across species (Figure S4B). Consistent with the structural

analysis, mutation of Lys815DmI and the adjacent Lys814DmI

(Figure 4B) to glutamate (thus reversing the charge) or mutation

of Tyr447DmI to arginine (Figure 4A) severely reduced the binding

to Mago-Y14 in pull-down assays (Figure 4D, lanes 4 and 7,

respectively).
.
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Table 1. Crystallographic Statistics

Data collection

Data set Imp13-RanSeMet SAD Imp13-Mago-Y14 native Imp13-Mago-Y14 SeMet SAD

Beamline SLS PX1 SLS PX2 SLS PX2

Space group P3121 P1 P1

Unit cell (Å) a = b = 99.93, c = 276.52,

a = b = 90�, g = 120�
a = 82.57, b = 100.79, c = 93.92,

a = 89.83�, b = 110.18�, g = 90.63�
a = 83.28, b = 101.92,c = 94.25,

a = 90.03�, b = 110.67�, g = 89.92�

Wavelength (Å) 0.978 0.978 0.979

Resolution range (Å)a 50–2.8 (3.0–2.8) 71–3.35 (3.53–3.35) 50–3.7 (3.9–3.7)

Unique reflections 76,082 39,374 29,677

Multiplicity 8.1 2.0 5.9

Completeness (%)a 100.0 (100.0) 96.3 (96.1) 97.1 (96.7)

Anomalous completeness (%)a - - 96.6 (96.1)

I/s(I)a 15.3 (3.3) 5.7 (1.5) 9.2 (3.1)

Rsym(%)a 10.0 (66.9) 9.8 (56.0) 15.0 (55.9)

Phasing

Rcullis(%)a - - -

Phasing power - - -

Refinement

Resolution range (Å)a 50–2.80 50–3.35 -

Rfree (%)a 26.8 28.9 -

Rwork (%)a 23.6 26.7 -

Rmsd bond (Å) 0.008 0.006 -

Rmsd angle (�) 1.37 1.25 -

B factor protein (Å2) 69.9 97.3 -

B factor ligands (Å2) - - -

Ramachandran values

Most favored (%) 92.6 90.5 -

Additionally allowed (%) 7.4 9.5 -

Generously allowed (%) 0 0 -

Disallowed (%) 0 0 -
a Values in parentheses correspond to the highest-resolution shell.
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Imp13 Binding to Ran: Snapshot of the Nuclear State
RanGTP has a compact core domain with a Ras-like fold that has

been extensively described with previous crystal structures

(Chook and Blobel, 1999; Vetter et al., 1999). The core domain

features two regions that interact with the bound GTP, the switch

I region (residues Thr34–Val47, yeast numbering) and switch II

region (residues Thr68–Tyr82), so called because they switch

conformation when the nucleotide is hydrolyzed (Milburn et al.,

1990). These regions interact with two distinct surfaces of

Imp13. Switch I binds the C-terminal portion of Imp13 at HEAT

motifs 16–19 (Figure 5A). The interaction occurs mainly via polar

and electrostatic contacts, in particular between Lys39Ran and

Lys40Ran approaching Asp785HsI and Asp788HsI. Switch II

contacts the N-terminal portion of Imp13 at HEAT 1–3, with

hydrophobic contacts centered at Leu77Ran and electrostatic

contacts between Asp79Ran and Arg122HsI (Figure 5A). The helix

adjacent to switch II in the core domain contacts HEATs 3 and 4,

in particular with Arg108Ran and Arg112Ran approaching

Glu175HsI and Glu176HsI. RanGTP also establishes a third inter-

action with the central portion of Imp13 at HEATs 8 and 9, with
Mo
Arg168Ran and Lys169Ran approaching Asp415HsI and Glu416HsI

on helix 9B (Figure 5B).

The mode of Ran binding to the N-terminal region of Imp13 is

largely similar to that observed with other members of the karyo-

pherin family, which indeed share the highest degree of conserva-

tion in the N-terminal half of the molecule (Görlich et al., 1997). The

interaction in the middle region of Imp13 centered at HEAT 9 is

also found in most other karyopherins, although the details differ.

In importin b and transportin, this contact is mediated by

a conserved acidic loop within HEAT 8 (Chook and Blobel,

1999; Lee et al., 2005). Imp13 has no such loop, but the negatively

charged residues in the B helix of HEAT 9 reside in a similar struc-

tural position and serve a similar purpose. Imp13 is, in this sense,

more similar to the exportins Crm1 and Cse1 (Dong et al., 2009;

Matsuura and Stewart, 2004; Monecke et al., 2009). Finally, the

interaction of RanGTP with the C-terminal HEATs divergesamong

the karyopherins studied to date. While Ran docks at HEAT 16–19

in the case of Imp13 and Crm1, it binds to HEAT 14 and 15 in the

case of importin b and Cse1. These differences are reflected in the

overall superhelical conformation of the karyopherins, with Imp13
lecular Cell 37, 211–222, January 29, 2010 ª2010 Elsevier Inc. 215



Figure 3. Conformational Variability of Imp13

(A) The Imp13-RanGTP complex is viewed in two orientations related by a 90� rotation around a horizontal axis, with the a helices of the Imp13 HEAT repeats

shown as cylinders and colored with a gradient from gray (N terminus) to green (C terminus). The orientation in the left panel is the same as in Figure 2A. The

HEAT repeats, as well as two of the A and B helices, are labeled on the right panel. Some of the intra- and interrepeat loops are indicated on the left panel.

Ran is visible in a ribbon representation in yellow. See also Figure S3.
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and Crm1 curling up in a more closed conformation than importin

b and Cse1. Along the same lines, transportin makes only limited

contacts with Ran at HEAT 14 and 15, and the superhelix is the

most extended in comparison to the other karyopherin-b struc-

tures (Chook and Blobel, 1999) (Figure S3).

Mechanisms of Ran Dissociation and Cargo Release
from Imp13
The RanGTP-bound state of Imp13 changes when the complex

reaches the cytosol: as GTP is hydrolyzed to GDP, Ran dissoci-

ates from Imp13. Superposition of the RanGDP structure to the

Imp13-RanGTP complex shows that the conformation of switch

I and of the C-terminal tail of Ran (known as switch III) has the

greatest impact on Imp13 binding. In the GDP-bound conforma-

tion, the contact between HEATs 17 and 18 to the switch I region

would be lost, and this switch region would assume a conforma-

tion that would clash with HEAT 1 of Imp13 (Figure S5A). In addi-

tion, the C-terminal tail of Ran (which is known to be unstructured

in the GTP-bound form and which was removed from the

construct that crystallized) would assume a stable helical confor-

mation on the surface of the Ran core domain that would clash

with HEAT 9. Thus, the collapse of the Ran-bound Imp13

complex upon hydrolysis to RanGDP relies on a similar molec-

ular mechanism observed in other karyopherins (Chook and

Blobel, 1999; Cook et al., 2009; Lee et al., 2005; Monecke

et al., 2009; Vetter et al., 1999).

Conversely, the cargo-bound state of Imp13 changes when

the complex reaches the nucleus: upon RanGTP binding to

Imp13, Mago-Y14 is dissociated. In the two importins studied

to date, importin b and transportin, cargo release relies on their

characteristic acidic loop at HEAT 8 (Cingolani et al., 1999; Lee

et al., 2006). However, as described above, Imp13 lacks this

structural feature, and therefore cargo release is likely to be

mediated by a different molecular mechanism. Comparison of

the structures of Imp13 bound to RanGTP and bound to

Mago-Y14 shows that the GTPase and the cargo interact with

different surface residues of the karyopherins and therefore do

not compete for the same binding sites. The reverse-charge

double mutation of Lys814DmI and Lys815DmI, for example,

impairs Mago-Y14 binding (Figure 4D, lane 4) but does not

abolish Ran binding (Figure S5B). When the two structures are

superposed, RanGTP and Mago-Y14 assume an almost side-

by-side position when bound to Imp13, but concomitant binding

would not be possible, as they would be too close: the loops on

one side of the Mago b sheet would clash against the loops of the

Ran b sheet (Figure 6A). As expected, increasing amounts of

RanGTP progressively decrease the amount of Mago-Y14

binding to GST-Imp13 in pull-down experiments (Figure S5C).

Mutually Exclusive Binding of Mago-Y14 to Either Imp13
or PYM
Mago-Y14 is a nuclear protein at steady state, but shuttles to the

cytoplasm as part of the mRNA-associated EJC (Le Hir et al.,
(B) The Imp13-Mago-Y14 complex is shown with similar views and representatio

sentation in blue and magenta.

(C) Schematic of the Dm Imp13 secondary structure, with the A and B helices

disruptions between subsequent HEAT repeats that differ between the two struc

Mo
2001). It has recently been reported, using in vitro splicing reac-

tions and immunoprecipitations, that the protein PYM is involved

in EJC dissociation (Gehring et al., 2009b), consistent with

previous reports suggesting that PYM binding to Mago-Y14

would not be compatible in the context of the EJC (Bono et al.,

2006). The N-terminal domain of PYM binds Mago-Y14 at

a composite surface formed by a loop of the Y14 RRM (known

as the b2-b3 loop) and by the a helices of Mago (Bono et al.,

2004). In particular, PYM docks with electrostatic interactions

at the negatively charged surface of the Mago a helices centered

at Glu73M. This surface is also used to bind Imp13. Superposi-

tion of the structures of Mago-Y14 bound to Imp13 and to

PYM shows that Arg18 and Arg24 of PYM occupy a similar posi-

tion in space as Lys815 and Lys814 of Imp13 (Figure 6B). Thus,

the two interactions are mutually exclusive, as the b hairpin of

PYM (residues 15–24) would clash with HEAT 16, 17, and 18 of

Imp13. This prediction from the structure can be recapitulated

biochemically. A reverse-charged mutation of Mago Glu73 to

arginine impairs the interaction either with Imp13 or PYM

(Figure 6C). Moreover, increasing amounts of Imp13 progres-

sively reduce the amounts of PYM binding to GST-Mago-Y14

in competition experiments (Figure 6D).

Conclusions
A challenge in understanding how mRNPs function at the molec-

ular level is to decipher how and when the composition of the

protein components changes during their complex life cycle.

mRNP dynamics are the result of different cellular machineries,

which act with a precise sequence of events that depend on

concomitant or incompatible interactions. Mago and Y14 partic-

ipate in a complex set of sequential binding events: they

assemble into the EJC to associate with mRNPs in the nucleus,

bind to PYM during or after EJC dissociation in the cytoplasm,

bind to Imp13 to return back to the nucleus, and are dissociated

from it by RanGTP (Figure S6). Previous work had elucidated the

first steps of the Mago-Y14 pathway at the atomic level,

revealing the intricate network of interactions that form the

RNA-bound EJC and its mutually exclusive interactions with

PYM (Andersen et al., 2006; Bono et al., 2004, 2006). We now

report the mechanisms of the nuclear import step of the cycle.

Mago-Y14 is recognized by the karyopherin Imp13 via specific

and evolutionarily conserved contacts. The transport factor

forms a ring around the Mago-Y14 cargo, binding at a surface

that is also used for PYM recognition. Concomitant binding of

PYM is thus sterically incompatible, explaining how this Mago-

Y14-binding partner is excluded from the nuclear import step.

Similarly, Mago-Y14 is sterically inaccessible to Imp13 when in

the EJC.

Binding of RanGTP in the nucleus successively displaces

Mago-Y14 from the transport factor. The sites at which RanGTP

binds on the karyopherin are mostly accessible in the Imp13-

Mago-Y14 complex, providing a rationale for how the GTPase

would be able to approach and dock to the transport factor as
ns as the RanGTP complex in (A). Mago and Y14 are visible in a ribbon repre-

of each HEAT repeat indicated. Two left-handed turns are indicated, as are

tures (twists).
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Figure 4. Conserved Interactions between Imp13 and Mago-Y14
(A–C) Close-up views of the interactions between Imp13 and Mago-Y14. The molecules are in a similar orientation as in Figure 3B, right panel. The views show the

interaction between HEATs 8 and 9 of Imp13 and the Mago b sheet (A), between HEATs 17 and 18 of Imp13 and the Mago loops (B), and between HEAT 20 and the

interface of the Mago-Y14 heterodimer (C). Residues of Imp13 are labeled in green, of Mago in blue, and of Y14 in magenta, and HEAT repeats are in black (bold).

See also Figure S4.

(D) Protein coprecipitations by GST pull-down assays. GST-tagged Drosophila Imp13 wild-type or mutants were incubated with full-length Mago-Y14 in a buffer

containing 50 mM NaCl. One-sixth of the sample was kept as input control (upper panel), and the rest was coprecipitated with glutathione-Sepharose beads

(lower panel). Both input and pull-down samples were analyzed on Coomassie-stained 15% SDS-PAGE. Lane 1 shows binding to GST as control. The far left

lane was loaded with a molecular weight marker.
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it enters the nucleus in a complex. When fully bound, RanGTP

binding would sterically push Mago-Y14 out of the complex:

although the binding sites for cargo and Ran are positioned

roughly side-by-side on the karyopherin, the molecules would
218 Molecular Cell 37, 211–222, January 29, 2010 ª2010 Elsevier Inc
come into too close a contact with each other for their binding

to be simultaneous. In this scenario, it is possible to envisage

how this unusual karyopherin might be able to mediate bidirec-

tional transport, rather than being a canonical unidirectional
.



Figure 5. Conserved Interactions between Imp13 and Ran

(A) Close-up view of the interaction between the switch I region of Ran and HEATs 17 and 18 and between the switch II region of Ran and HEATs 3 and 4.

The molecule is shown in the same orientation as in Figure 3A, left panel. Ran is in yellow, the switch regions in violet, and GTP and Mg in black. Residues of

Imp13 are labeled in green, residues of Ran in black, and HEAT repeats are in black (bold). See also Figure S5.

(B) Close-up view of the interaction between Ran and HEATs 8 and 9 of Imp13. The molecule is shown in the same orientation as in Figure 3A, right panel.
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import or export factor. An export cargo might also bind to Imp13

with a side-by-side configuration relative to Ran but occupy less

space than Mago-Y14, so as not to clash with RanGTP and to

require the proximity with RanGTP for increasing its binding

affinity. In this situation, Imp13 would be able to mediate either

the cooperative or antagonistic binding of Ran with the cargo

depending on its specific structural features. This would in turn

define whether a cargo is destined for import or export.
EXPERIMENTAL PROCEDURES

Protein Expression and Purification

D. melanogaster Mago and Y14 were coexpressed in E. coli and purified

essentially as previously described (Fribourg et al., 2003). Dm Imp13 was

cloned from a full-length commercial (Drosophila Genomics Resource Center)

clone and the Hs Imp13 clone was a kind gift from Dirk Görlich (MPI; Goettin-

gen, Germany). Dm and Hs Imp13 were expressed as N-terminal GST fusion

proteins in E. coli BL21-GOLD pLysS cells (Stratagene; Amsterdam Zudoost,

Holland) with an overnight induction at 18�C. They were affinity-purified on

glutathione-Sepharose beads (GE Healthcare; Freiburg, Germany) in buffer

A (20 mM Tris [pH 7.5], 100 mM NaCl, 1 mM dithiothreitol [DTT]). Binding to

the resin was performed in batch, and the tag was removed by addition of

Tobacco Etch Virus (TEV) protease. The cleaved proteins were further purified

by anion-exchange chromatography using a HiQ column (Bio-Rad; Munich,

Germany) in buffer A and eluted with a gradient of 100–750 mM NaCl. The

Dm Imp13-Mago-Y14 complex was formed by adding a 1.5-fold excess of

pure Mago-Y14 heterodimer to Imp13 and incubating for 2 hr at 4�C prior to

loading the complex onto a Superdex 200 gel filtration column (GE Health-
Mo
care). Attempts to measure the affinity of the interaction between GST-

Imp13 and Mago-Y14 either by surface plasmon resonance (SPR) or by

isothermal titration calorimetry (ITC) failed, mainly because a significant

percentage of Imp13 aggregates over time (as detected in static light scat-

tering [SLS] measurements) (data not shown).

A construct of yeast RanQ71L encompassing residues 8–179 was

expressed as an N-terminal His-tagged protein in E. coli BL21-GOLD pLysS

cells with an overnight induction at 18�C. His-tagged Ran was purified by

Ni2+-NTA chromatography with buffer B (20 mM Tris [pH 7.5], 4 mM MgCl2,

10% glycerol, and 0.5 mM DTT) supplemented with 500 mM NaCl and

5 mM imidazole. After elution (buffer B with 500 mM NaCl, 500 mM imidazole,

and 1 mM b-mercaptoethanol), the protein was dialyzed in the presence of

TEV protease (buffer B with 250 mM NaCl and with 1 mg TEV per 50 mg

Ran). It was then loaded on a Co2+-Talon (Clontech; Saint-Germain-en-

Laye, France) column and collected in the flowthrough. To ensure the forma-

tion of a homogeneous nucleotide-bound state of Ran, the pure protein was

incubated with 7 mM EDTA, dialyzed in buffer B supplemented with 50 mM

NaCl, and then incubated with a 5-fold molar excess of GTP and 10 mM

MgCl2 at room temperature for 30 min. As a final purification step, RanGTP

was purified by cation-exchange chromatography (ResourceS, GE Health-

care) in buffer B and eluted with a 1 M NaCl gradient. The Imp13-Ran

complex was formed by adding a 1.5-fold molar excess of Ran to Imp13

for 2 hr at 4�C. The 1:1 complex was then purified on a Superdex 200 size-

exclusion column.

For phasing, Hs and Dm Imp13 proteins labeled with SeMet were used to

form the corresponding complexes with either unlabeled RanGTP or unla-

belled Mago-Y14. The SeMet-labeled Imp13 proteins were expressed in

BL21-GOLD pLysS cells grown in M9 minimal media and starved before addi-

tion of SeMet (Van Duyne et al., 1993). They were purified with the same

protocol used for the unmodified proteins.
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Figure 6. Mutually Exclusive Interactions on Imp13 and Mago-Y14

(A) Superposition of the structures of Imp13-Mago-Y14 and Imp13-RanGTP. The molecules are viewed in the same orientation as in Figure 2, with Imp13 shown in

a ribbon representation in gray. Although Mago-Y14 and RanGTP bind to a large extent to different regions of Imp13, their concomitant binding would result in

steric clashes (region highlighted with a red circle). See also Figure S6.

(B) Superposition of the structures of Imp13-Mago-Y14 and Mago-Y14-PYM. Imp13 (green) and PYM (orange) interact with the same region of Mago (blue)

centered at Glu73. HEAT repeats are labeled in black (bold).

(C)Proteincoprecipitations byGSTpull-downassays. DrosophilaGST-tagged Imp13orGST-tagged PYMwere incubated with full-lengthMago-Y14,either wild-type

or containing the Mago E73R mutation. The pull-downs were carried out with a similar protocol described in Figure 4D. The input and precipitated samples are shown

in the left and right panels. The leftmost lanes were loaded with a molecular weight marker. Bands marked with an asterisk are degradation impurities of GST-PYM.

(D) Competition experiments showing the effect of Imp13 on the PYM-binding properties of Mago-Y14. GST-Mago-Y14 was incubated on beads with an excess of

PYM (input, left panel). After washing, increasing amounts of Imp13 (from 2.3 mg in lane 1 to 13.8 mg in lane 4) were added in the pull-down. The competition exper-

iments are representative of five repetitions, all showing that the amount of Imp13 precipitated is progressively increased while the amount of PYM is progressively

decreased.

Molecular Cell

Importin 13-Mago-Y14 and Importin 13-Ran Structures
Crystallization, Data Collection, and Structure Determination

Crystallization experiments were carried out using the vapor diffusion method.

The best crystals of the Imp13-RanGTP complex were obtained at 18�C using

a reservoir solution containing 100 mM Bis-Tris (pH 6.0), 23% (w/v) PEG 3350,

and 100 mM Na-thiocyanate. For data collection, the crystals were flash-cooled

in liquid nitrogen after addition of 20% glycerol as cryoprotectant to the reser-

voir solution. The crystals diffracted to 2.8 Å resolution at the PXII beamline of
220 Molecular Cell 37, 211–222, January 29, 2010 ª2010 Elsevier Inc
the Swiss Light Source (Villigen, Switzerland). They belong to space group

P3121 with cell dimensions a = b = 99.93 Å, c = 276.52 Å and contain one mole-

cule in the ASU. Diffraction data were processed with the program XDS

(Kabsch, 1993). The structure was solved by SeMet SAD phasing. SHELX

(Schneider and Sheldrick, 2002) was used to obtain 23 selenium sites and initial

phases. Model building was carried out with Coot (Emsley and Cowtan, 2004)

and alternating cycles of refinement with CNS (Brünger et al., 1998).
.
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Initial crystals of the Imp13-Mago-Y14 complex were obtained using

100 mM MES (pH 6.5) and 26% (v/v) PEG 300 as reservoir solution and

were optimized with the addition of 6% trimethylamine N-oxide dihydrate

and by microseeding. The crystals were flash-cooled in liquid nitrogen after

adding 40% (v/v) PEG 400. Diffraction data to 3.35 Å resolution were collected

at the SLS synchrotron and were processed with the program XDS (Kabsch,

1993). The crystals belong to space group P1 with cell dimensions a =

82.6 Å, b = 100.8 Å, c = 93.9 Å and a = 89.8�, b = 110.2�, g = 90.6�. The

ASU of the crystals contains two independent copies of the Imp13-Mago-

Y14 complex related by a noncrystallographic two-fold axis. The structure

was solved with the program Phaser (McCoy et al., 2007) using a combination

of molecular replacement and single-wavelength anomalous dispersion (SAD)

data on a crystal grown using SeMet-substituted Imp13. Phased molecular

replacement in Phaser using the structure of Drosophila Mago-Y14 as search

model (PDB code 1HL6) allowed the location of 41 of the expected 86 selenium

sites and gave initial phases. The electron density was improved with DM

(CCP4, 1994), model building was performed with the program O (Jones and

Kjeldgaard, 1997), and refinement with CNS (Brünger et al., 1998).

In Vitro Binding Assays

In the pull-down assays in Figures 4D and 6C, GST-tagged recombinant Imp13

or PYM proteins and purified binding partners (2 mg of each) were mixed in

binding buffer (20 mM HEPES [pH 7.5], 50 mM NaCl, 1 mM DTT, 10% glycerol,

0.1% [v/v] Nonidet P40) to a final volume of 60 ml and incubated for 1 hr at 4�C.

Complexes were immobilized on 15 ml glutathione agarose beads (GE Health-

care) and incubated for 1 hr at 4�C. The resin was washed three times with

500 ml binding buffer and eluted with 20 mM reduced glutathione in elution

buffer (30 mM Tris-HCl [pH 8.8], 150 mM NaCl, 1 mM DTT, 14% glycerol,

0.1% [v/v] Nonidet P40). Eluates were dried down, mixed with SDS loading

buffer, boiled, and loaded on 15% SDS-PAGE with a protein molecular

mass marker. Proteins were visualized by Coomassie staining. In the compe-

tition experiment in Figure 6D, 4 mg GST-Mago-Y14 and PYM was incubated

on beads and washed, and increasing amounts of Imp13 were added

(2.3 mg, 4.6 mg, 9.2 mg, and 13.8 mg from lanes 1 to 4).
ACCESSION NUMBERS

The coordinates and structure factors have been deposited in the Macromo-

lecular Structure Database of the European Bioinformatic Institute (EBI) with

ID code 2x19 (Imp13-RanGTP complex) and 2x1g (Imp13-Mago-Y14

complex).
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