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SUMMARY

Proteins and ribonucleoproteins containing a nuclear
export signal (NES) assemble with the exportin
Xpol1p (yeast CRM1) and Gsp1p-GTP (yeast Ran-
GTP) in the nucleus and exit through the nuclear
pore complex. In the cytoplasm, Yrb1p (yeast
RanBP1) displaces NES from Xpo1p. Efficient export
of NES-cargoes requires Yrb2p (yeast RanBP3), a
primarily nuclear protein containing nucleoporin-
like phenylalanine-glycine (FG) repeats and a low-af-
finity Gsp1p-binding domain (RanBD). Here, we
show that Yrb2p strikingly accelerates the associa-
tion of Gsp1p-GTP and NES to Xpo1p. We have
solved the crystal structure of the Xpolp-Yrb2p-
Gsp1p-GTP complex, a key assembly intermediate
that can bind cargo rapidly. Although the NES-bind-
ing cleft of Xpo1p is closed in this intermediate,
our data suggest that preloading of Gsp1p-GTP
onto Xpolp by Yrb2p, conformational flexibility of
Xpo1p, and the low affinity of RanBD enable active
displacement of Yrb2p RanBD by NES to occur effec-
tively. The structure also reveals the major binding
sites for FG repeats on Xpo1p.

INTRODUCTION

Rapid exchange of macromolecules between the nucleus and
the cytoplasm is a crucial cellular function that regulates many
physiological processes. Nuclear transport proceeds through
nuclear pore complexes (NPCs), a large protein assembly
embedded in the nuclear envelope. The NPC is equipped with
a barrier that is freely permeable for small molecules but sup-
presses the flux of large objects >5 nm in diameter (Mohr
et al., 2009) unless they are bound by cognate nuclear transport
receptors (NTRs). The NTRs circulate rapidly between the nu-
cleus and the cytoplasm and transfer cargoes from one side
of the nuclear envelope to the other (reviewed in Gorlich and Ku-
tay, 1999). The NPC is composed of multiple copies of about 30
different protein subunits (nucleoporins or nups) (Rout et al.,
2000; Cronshaw et al., 2002). About one-third of these nups
contain tandem sequence repeats, so-called phenylalanine-
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glycine (FG) repeats, based on short hydrophobic cores con-
taining phenylalanine and glycine residues, typically of the
sequence FG, FxFG, (where x is usually a small residue), or
GLFG, separated by linkers of variable sequence and length.
The FG repeat domains represent natively unfolded, nonglobu-
lar protein structures (Denning et al., 2003) that are essential for
viability and are involved in forming the permeability barrier in
the central channel of the NPC (Strawn et al., 2004; Frey and
Gorlich, 2007; Patel et al.,, 2007; Hllsmann et al., 2012). All
known NTRs can bind to FG-nups, and interactions between
the FG repeats and NTRs are essential for NTR-cargo com-
plexes to penetrate the barrier (reviewed in Stewart et al.,
2001; Stewart, 2007). The NPC passage of NTR-cargo com-
plexes is reversible (Nachury and Weis, 1999), and the active
cargo release in the destination compartment is important to
drive transport in one direction.

In Saccharomyces cerevisiae, Xpo1p (CRM1 in vertebrates) is
a major NTR that mediates nuclear export of a broad range
of cargo macromolecules containing the leucine-rich nuclear
export signal (NES) (Fornerod et al., 1997; Fukuda et al., 1997;
Ossareh-Nazari et al., 1997; Stade et al., 1997). Cargo loading
and release is guided by a concentration gradient of Gsp1p-
GTP (Ran-GTP in vertebrates) across the nuclear envelope. A
high nuclear Gsp1p-GTP concentration favors cargo loading
onto Xpo1p in the nucleus, whereas cytoplasmic Ran-binding
proteins Yrb1p and Rna1p (RanBP1 and RanGAP in vertebrates)
promote cargo release from Xpolp and GTP hydrolysis by
Gsp1p in the cytoplasm. In this respect, each of the four Ran-
binding domains (RanBDs) of RanBP2 in vertebrates functions
similarly to RanBP1. Recent crystallographic studies have
defined the cooperative interactions between Xpo1p (CRM1),
NES, and Gsp1p-GTP (Ran-GTP) (Dong et al., 2009; Monecke
et al., 2009; Guttler et al., 2010; Saito and Matsuura, 2013; Mon-
ecke et al., 2013). Xpo1p (CRM1) is a toroid-shaped molecule
that is constructed from 21 tandem HEAT repeats, each of which
consists of two antiparallel a helices, designated A helix and B
helix. The A helices form outer convex surface, whereas the B
helices form the inner concave surface. NES binds to the hydro-
phobic cleft on the outer surface of Xpo1p (CRM1), formed be-
tween the A helices of HEAT repeats 11 and 12, whereas
Gsp1p-GTP (Ran-GTP) binds to the interior surface of Xpo1p
(CRM1), making intimate contacts with HEAT repeats 1-4, 17,
and 19 and a long B hairpin loop (referred to as HEAT9 loop) in-
serted between the A and B helices of HEAT repeat 9. HEAT9
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loop plays a key role in the cooperative Gsp1p-GTP (Ran-GTP)
and cargo binding to Xpo1p (CRM1) (Koyama and Matsuura,
2010; Saito and Matsuura, 2013). In free Xpolp (CRM1),
HEAT9 loop binds to the inner surface beneath the NES-binding
cleft, stabilizing the cleft in a closed conformation that is incom-
patible with cargo binding. This autoinhibitory activity of HEAT9
loop is reinforced by the C-terminal tail of Xpo1p (CRM1) (Saito
and Matsuura, 2013). The binding of Gsp1p-GTP (Ran-GTP) to
Xpo1p (CRM1) is associated with movement of the C terminus
and HEAT9 loop of Xpo1p (CRMH1), allowing for opening of the
NES-binding cleft and binding of cargo (Saito and Matsuura,
2013). The cytoplasmic protein Yrb1p (RanBP1 or RanBP2) uti-
lizes the autoinhibitory activity of HEAT9 loop to accelerate cargo
release (Koyama and Matsuura, 2010). Association of the RanBD
of Yrb1p (RanBP1 or RanBP2) to the Xpo1p -NES-Gsp1p-GTP
(CRM1-NES-Ran-GTP) complex in the cytoplasm induces
movement of HEAT9 loop to the autoinhibitory position (the
concave side of the NES-binding cleft). This results in closure
of the hydrophobic cleft to dissociate NES (Koyama and Mat-
suura, 2010). The idea that HEAT9 loop has an important mech-
anistic role in controlling the conformational dynamics of Xpo1p
(CRM1) has been supported by a recent molecular dynamics
simulation study (Ddlker et al., 2013).
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Figure 1. Yrb2p Accelerates the Association
of NES and Gsp1p-GTP to Xpoip

(A) Domain organization of Yrb2p.

(B-E) Stopped-flow traces. CFP was excited at
430 nm, and YFP emission was monitored. In (B)
and (C), a solution of 0.2 uM Xpo1p-CFP and
3.0 uM Gsp1p-GTP was rapidly mixed with a so-
lution of 1.0 uM YFP-NES and 0.0-2.0 puM Yrb2p. In
(D), a solution of 0.2 uM Xpo1p-CFP and 3.0 uM
Gsp1p-GTP was rapidly mixed with a solution of
1.0 uM YFP-NES and 0.5 pM Yrb2p. In (E), a
solution of 0.5 uM YFP-Xpo1p was rapidly mixed
with a solution of 0.5 uM CFP-Gsp1p-GTP and
0.0-1.0 uM Yrb2p.

(F) GST pull-down assay. Immobilized GST (44 ng;
lanes 1 and 2) or GST-Gsp1p-GTP (82 png; lanes 3
and 4) was incubated with Xpo1p (30 pg) with or
without Yrb2p (50 ng).

(G) A solution of 0.2 uM Xpo1p-CFP, 2.0 uM Yrb2p,
and 3.0 pM Gsp1p-GTP was rapidly mixed with a
solution of 0.5-1.5 uM YFP-NES. The observed
association rates were plotted against concentra-
tion of YFP-NES. The straight line gives a second-
order association rate constant ko, of 3.8 x 10°
M~'s~". Error bars represent standard errors (n = 3).
(H) A solution of 0.2 uM Xpo1p-CFP and 3.0 uM
Gsp1p-GTP was rapidly mixed with a solution of
0.5-3.0 uM YFP-NES. The observed association
rates were plotted against concentration of YFP-
NES. The straight line gives a second-order as-
sociation rate constant ko, of 9.0 x 103 M~ 's~".
Error bars represent SE (n = 3).

See also Figure S1.
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Crystallographic studies of Xpolp
(CRM1) so far have advanced under-
standing of how transport directionality
is controlled, especially in terms of how Gsp1p-GTP (Ran-GTP)
stabilizes cargo binding and how RanBDs in the cytoplasm facil-
itate cargo release and highlighted HEAT9 loop as a primary
determinant of the conformation of the NES-binding site. Never-
theless, there are issues still unresolved, including the structural
basis for the function of Xpo1p (CRM1)-specific cofactors in nu-
clear export. Although it has been known for more than a decade
that efficient export of NES-cargoes in S. cerevisiae requires a
primarily nuclear Gsp1p (Ran)-binding protein Yrb2p (RanBP3
in vertebrates) (Taura et al., 1998; Noguchi et al., 1999), the
mechanism of action of Yrb2p (RanBP3) remains poorly under-
stood. Yrb2p has a multidomain structure based on an N-termi-
nal domain containing a nuclear localization signal (NLS), a
central domain containing FG repeats that bind Xpo1p specif-
ically, and a C-terminal Gsp1p-binding domain (RanBD) that is
homologous to Yrb1p (RanBP1) (Dingwall et al., 1995) (Fig-
ure 1A). However, Yrb2p binds Gsp1p-GTP only extremely
weakly (Noguchi et al., 1997), unlike Yrb1p (RanBP1) or RanBP2
that binds Gsp1p-GTP (Ran-GTP) with high affinity (Kuhlmann
et al., 1997) and functions as a cytoplasmic disassembly factor
for the Xpo1p (CRM1) nuclear export complex (Koyama and
Matsuura, 2010). Yeast cells deleted for the YRB2 gene are
cold sensitive (Noguchi et al., 1997; Taura et al., 1997) and



show severe defect in Xpo1p-mediated nuclear export (Taura
et al.,, 1998; Noguchi et al., 1999). Yrb2p interacts with the
Gsp1p nucleotide exchange factor Prp20p (yeast RCC1), and
yrb24 is synthetically lethal with temperature-sensitive mutants
of prp20 (Taura et al., 1997). Hba1p, the fission yeast ortholog
of Yrb2p (Noguchi et al., 1999), is essential for viability (Turi
et al., 1996). RanBP3, the human ortholog of Yrb2p, has a multi-
domain structure similar to that of Yrb2p and stimulates CRM1
export pathway in permeabilized cells (Englmeier et al., 2001;
Lindsay et al., 2001).

The cooperative binding of cargo and Ran-GTP to CRM1 has
been suggested to be the most rate-limiting step in nuclear
export (Kehlenbach et al., 2001) and could be the point of regu-
lation by cofactors. Generally, the assembly of macromolecular
complexes depends on diffusion-driven, random collision of
subunits. The diffusion rates amidst the high concentrations of
biological macromolecules in living cells are much reduced
than those in the uncrowded buffers in vitro (Ellis, 2001), and
efficient assembly of macromolecular complexes in vivo often
requires assisting factors referred to as assembly chaperones
(Ellis, 2006; Chari and Fischer, 2010). Yrb2p (RanBP3) may
play such an assisting role in the Xpo1p (CRM1)-mediated export
pathway because it has been shown that RanBP3 increases the
affinity of CRM1 for NES and Ran-GTP when RanBP3 is present
at an optimal concentration (Englmeier et al., 2001; Lindsay et al.,
2001). However, the pull-down assays and RanGAP protection
assays used in the previous studies (Englmeier et al., 2001; Lind-
say et al., 2001) cannot directly measure the rates of protein-pro-
tein association, and so it remains unclear how Yrb2p (RanBP3)
affects the assembly kinetics of the Xpolp (CRM1) nuclear
export complex. It was also puzzling that too much RanBP3 in-
hibits the binding of CRM1 and Ran-GTP to NES (Englmeier
et al., 2001) and that overexpression of Yrb2p (RanBP3) (or
microinjection of too much RanBP3 into the nucleus) inhibits
NES-protein export in vivo (Taura et al., 1998; Englmeier et al.,
2001; Sabri et al., 2007). To dissect the mechanism of action of
Yrb2p (RanBP3), we performed detailed structural and functional
characterization of the interactions between Xpol1p, Yrb2p,
Gsp1p, NES, and FG-nups in this study. Here we show direct ev-
idence that Yrb2p dramatically increases the rate of association
of Gsp1p-GTP and NES to Xpo1p and also report the crystal
structure of a key intermediate (Xpo1p-Yrb2p-Gsp1p-GTP com-
plex) in the assembly reaction of the Xpo1p nuclear export com-
plex. Although the architecture of this assembly intermediate
was unexpectedly similar to that of Xpo1p-Yrb1p-Gsp1p-GTP
complex, the atomic details of interactions and structure-based
functional analyses provided clear mechanistic insights that
Yrb1p and Yrb2p exploit Xpol1p allostery in different ways to
perform entirely different functions. The structure also provided
a structural view of how Xpo1p interacts with the FG-repeat
motif.

RESULTS AND DISCUSSION

Yrb2p Accelerates Association of Gsp1p-GTP and NES
to Xpo1ip

We previously showed that the RanBD of Yrb1p (RanBP1/2)
increases the off-rate of NES from Xpo1p (CRM1) and Gsp1p-

GTP (Ran-GTP) by using a real-time assay based on fluores-
cence resonance energy transfer (FRET) that monitors the bind-
ing of NES to Xpo1p (CRM1) (Koyama & Matsuura, 2010). In the
present study, we used this FRET-based assay to examine how
Yrb2p might affect the on-rate of NES. Association kinetics of
NES binding to Xpo1p were measured by monitoring the in-
crease in the FRET signal between Xpo1p-CFP and YFP-NES
in the presence of Gsp1p-GTP and increasing concentrations
of Yrb2p in a stopped-flow apparatus. Yrb2p remarkably accel-
erated NES association in the presence of Gsp1p-GTP (Figures
1B and 1C; Table S1). This activity of Yrb2p required two clus-
ters of FG repeats (referred to as FG1 and FG2, as defined in
Figure 1A) in the central domain and the C-terminal RanBD,
but did not require the N-terminal domain (Figure 1D). This par-
allels the previous observation that both FG-repeat domain and
RanBD are required for full activity of Yrb2p and RanBP3 to pro-
mote nuclear export (Taura et al., 1998; Lindsay et al., 2001).
Yrb2p also remarkably accelerated association of Gsp1p-GTP
to Xpol1p (Figure 1E), forming a stable ternary complex that
was readily detectable by a pull-down assay (Figure 1F). In
contrast, the binding of Xpo1p alone to Gsp1p-GTP was hardly
detectable (Figure 1F). The NES association rates obtained by
rapidly mixing the preformed ternary complex (Xpo1p-CFP
bound to Yrb2p and Gsp1p-GTP) with increasing concentra-
tions of YFP-NES were plotted against the YFP-NES concentra-
tion to obtain ko, of 3.8 x 106 M~'s™" (Figure 1G), which was
two orders of magnitude faster than the k., (9.0 x 10°
M~'s™") of NES binding to Xpo1p in the presence of a large
excess of Gsp1p-GTP (but in the absence of Yrb2p) (Figure 1H).
Taken together, our data suggest that Yrb2p accelerates the
initial step of nuclear export by recruiting Gsp1p-GTP to
Xpo1p to form an intermediate complex that can bind cargo
rapidly in the nucleus. Kinetic measurements also indicated
that human RanBP3, like yeast Yrb2p, accelerates the assembly
of the CRM1 nuclear export complex (Supplemental Results
and Discussion; Figure S1).

Overall Structure of Xpo1p-Yrb2p-Gsp1p-GTP Complex:
A Key Assembly Intermediate that Can Bind Cargo
Rapidly

To understand the structural basis for how Yrb2p increases the
on-rates of Gsp1p-GTP and NES-cargo to Xpo1p, we crystal-
lized the key intermediate complex (Xpo1p-Yrb2p-Gsp1p-GTP
complex). We used the construct of Yrb2p (residues 90-327)
that encompasses both FG-repeat domain and RanBD and re-
tains the activity of full-length Yrb2p to accelerate assembly of
the Xpo1p nuclear export complex (Figure 1D; Table S1). The
structure was solved at 2.22 A resolution (Figure 2A; Table S2).
The crystals contained two complexes per asymmetric unit,
with essentially identical structures (C, root mean square devia-
tionof 0.72 A). To enable a complete comparison to be made be-
tween different conformations of Xpo1p, we also determined the
structure of Xpo1p bound to PKI (a representative NES-cargo;
Wen et al., 1995) and Gsp1p-GTP at2.15 A resolution (Figure 2B;
Table S2). Unlike previous structural studies on CRM1 (Guttler
et al., 2010), this structure of cargo-bound Xpo1p was deter-
mined without artificially fusing NES to the C-terminal domain
of snurportin and confirmed that Xpol1p recognizes the PKI
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NES in essentially the same way as observed previously in the
structure of mouse CRM1 bound to Ran-GTP and NES-snurpor-
tin chimera (Guttler et al., 2010).

FG1 and FG2 had unambiguously clear electron density in the
crystal of the Yrb2p complex and bound to the outer surface of
Xpo1p at HEAT repeats18-20 and HEAT repeats 2-4, respec-
tively (Figures S2A and S2B). RanBD bound on top of Gsp1p.
The linker between FG1 and FG2 and the linker between FG2
and RanBD did not have defined electron density, and so it
was not possible to establish unequivocally that the bound
FG1, FG2, and RanBD came from the same chain of Yrb2p rather
than from adjacent molecules in the crystal. However, the linkers
are sufficiently long to connect FG1, FG2, and RanBD, as indi-
cated by the red dashed lines in Figure 2A, and so the crystal
structure supports the idea that Yrb2p functions as a scaffold
to recruit Gsp1p-GTP to Xpo1p. The structure is also consistent
with previous biochemical data that indicated that RanBP3 does
not increase the stoichiometry of Ran-GTP binding to CRM1 and

Figure 2. Structures of an Assembly Inter-
mediate and the Fully Assembled Xpo1p
Nuclear Export Complex

(A) Xpo1p-Yrb2p-Gsp1p-GTP complex. The HEAT
repeats of Xpo1p are labeled H1-H21. Xpo1p is
colored yellow, except that HEAT9 loop, HEAT
repeats 11 and 12 (that constitute the NES-binding
site), and the C-terminal region beyond the A helix
of HEAT21 are highlighted in magenta, orange,
and light green, respectively. Gsp1p is colored
cyan, with its switch |, switch Il, and the C-terminal
tail highlighted in pink, gray, and blue, respec-
tively. Yrb2p is colored red, with its phenylalanine
side chains of FG1 and FG2 shown in stick
representation.

(B) Xpolp-PKI-Gsp1p-GTP complex. PKI is
colored purple. The hydrophobic side chains of the
NES are shown in stick representation.

(C—E) The conformation of the NES-binding cleft of
Xpo1p-Yrb2p-Gsp1p-GTP complex (C), Xpolp-
PKI-Gsp1p-GTP complex (D), and Xpo1p-Yrb1p-
Gsp1p-GTP complex (E). The closed conformation
of this cleft is stabilized by interaction between the
HEAT9 loop (magenta) and the inner surface of
Xpo1p immediately behind the NES-binding cleft.
This cleft is open in Xpo1p-PKI-Gsp1p-GTP com-
plex and accommodates hydrophobic side chains
of NES (purple). The HEAT repeats 11 and 12 are
shown in surface representation, and the residues
that directly interact with NES are colored white,
whereas the other residues are colored yellow.

(F) Superposition of HEAT repeats 11 and
12 of Xpolp-Yrb2p-Gsp1p-GTP complex (or-
ange), Xpol1p-PKI-Gsp1p-GTP complex (pink),
and Xpo1p-Yrb1p-Gsp1p-GTP complex (yellow).
Orientation is the same as (C-E).

See also Figure S2.
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instead acts by increasing the affinity of
CRM1-RanBP3 complex for Ran-GTP
(Lindsay et al., 2001).

The overall architecture of Xpoip-
Yrb2p-Gsp1p-GTP complex was similar
to that of Xpo1p-Yrb1p-Gsp1p-GTP complex (Figures 2A and
S2C), and as observed in the Yrb1p complex (Koyama and Mat-
suura, 2010), the arrangements of RanBD and HEAT9 loop were
such that the NES-binding cleft in Xpo1p-Yrb2p-Gsp1p-GTP
complex is in a closed conformation, which was distinct from
an open conformation observed in the PKI complex (Figures
2C-2F). This is consistent with the fact that too much RanBP3
outcompetes NES in the binding to CRM1 and Ran-GTP (Eng-
Imeier et al., 2001), but on the other hand raises an intriguing
question as to how Yrb2p accelerates NES association, in
contrast to Yrb1p that accelerates NES dissociation. Close ex-
amination of the details of RanBD interactions gave an important
clue to solve this puzzle.

Weak RanBD Interactions in Xpo1p-Yrb2p-Gsp1p-GTP
Complex

Although the RanBDs of Yrb1p and Yrb2p have the same
fold (Figures S3A and S3B), the low sequence identity (only
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30%; Figure S3C) of these RanBDs resulted in substantial differ-
ences in RanBD interactions with Gsp1p and Xpo1p (Figures 3
and S3C; Tables S3 and S4). In both Xpo1p-Yrb1p-Gspip-
GTP complex and Xpo1p-Yrb2p-Gsp1p-GTP complex, RanBD
and Gsp1p embrace each other (Figures 3A and 3B): the globular
guanine-nucleotide binding domain (G domain), the linker, and
the C terminus (the C helix and the acidic D-E-D-D-A-D-L motif)
of Gsp1p wrap around the pleckstrin-homology (PH) domain of
RanBD, and the N-terminal extension of RanBD reaches across
the G-domain of Gsp1p. Most of the RanBD residues (on the B
strands B2, B3, and B4) that contact the G domain of Gspip
are conserved (Figure S3C), and the RanBD contact area for
the G domain and the linker of Gsp1p in the Yrb2p complex
(1120 AZ) is only slightly smaller than that in the Yrb1p complex
(1294 AZ). However, the RanBD residues at the interface to the
C terminus of Gsp1p, formed by the B strands B1, B2, B5, B6,

C-terminus of

Figure 3. RanBD Interactions

(A and B) Schematic illustrations depicting the
interactions involving RanBDs. (A) Xpo1p-Yrb2p-
Gsp1p-GTP complex. (B) Xpo1p-Yrb1p-Gsp1p-
GTP complex. Intermolecular contacts are shown
as dotted lines. The contacting residues are
defined as those having an interresidue distance
below the cutoff of 3.6 A.

(C and D) Interactions involving the C terminus of
Gsplip. (C) Xpolp-Yrb2p-Gsp1p-GTP complex.
(D) Xpo1p-Yrb1p-Gsp1p-GTP complex. Gspip
(cyan) and the RanBD of Yrb2p (dark pink) and
Yrb1p (green) are shown as ribbon models, except
for Gsp1p C terminus shown as stick models. Key
residues of RanBDs interacting with Gsp1p C
terminus are shown as stick models. Dotted lines
indicate hydrogen bonds or salt bridges.

(E and F) RanBD-HEAT9 loop interactions (salt
bridges, indicated by dotted lines) are observed in
Xpo1p-Yrb1p-Gsp1p-GTP complex (E) but not in
Xpo1p-Yrb2p-Gsp1p-GTP complex (F). HEAT9
loop is colored magenta.

(G) Overlay of Xpolp (yellow)-Yrb1p (green)-
Gsp1p-GTP complex and Xpo1p (orange)-Yrb2p
(dark pink)-Gsp1p-GTP complex, illustrating loss
of RanBD-HEAT15 contact in the Yrb2p complex.
Gsp1p is colored cyan, except for its C terminus,
which is colored blue (only Gsp1p in the Yrbip
complex is shown).

(H) Change in superhelical paths of Xpo1p HEAT
repeats. The centers of consecutive HEAT repeats
are represented by spheres. The yellow is Xpo1p in
Xpo1p-PKI-Gsp1p-GTP complex. The dark pink is
Xpo1p in Xpo1p-Yrb2p-Gsp1p-GTP complex, and
green is Xpolp in Xpolp-Yrb1p-Gsp1p-GTP
complex. HEAT1, 9, 15, and 21 are labeled H1, H9,
H15, and H21, respectively.

() GST pull-down assay. Immobilized 1.3 nmol of
GST-Yrb2p (full-length) (lane 1) or GST-Yrb2p
(residues 90-211; the FG-repeat domain) (lane 2)
or GST-Yrb2p (residues 212-327; the RanBD)
(lane 3) was incubated with Xpo1p (30 ng) and
Gsp1p-GTP (50 ng).

See also Figure S3.

RanBD of

Gsp1p-GTP B5-6 loop

‘\'/ D215

.( C-terminus of

GST-Yrb2p (full length)

GST-Yrb2p (90-211)
P GST-Yrb2p (212-327)

Gsp1p-GTP

and the B5-B6 loop of RanBD, are less well conserved (Fig-
ure S3C), disrupting this interface substantially in the Yrb2p com-
plex. The crystallographic electron density suggested that this
disruption of the interface resulted in weaker binding of the
Gspip C terminus in the Yrb2p complex relative to the Yrb1p
complex: only residues 203-213 of the C terminus of Gsp1p
had electron density that was strong enough to be traced reliably
in the Yrb2p complex, in contrast to the Yrb1p complex, in which
residues 197-217 of the C terminus of Gsp1p had well-defined
density. Consequently, much less contacts are made between
Yrb2p and Gsp1p C terminus compared with Yrb1p-Gsp1p in-
teractions (Figures 3A-3D), and the RanBD contact area for the
C terminus of Gsp1p in the Yrb2p complex (482 Az) was ~2-
fold smaller than that in the Yrb1p complex (898 ,&2). Thus, the
RanBD interactions with the C terminus of Gsp1p (Ran), which
are known to make a key contribution to the binding of RanBD
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A Passive competition model

closed

B Active displacement model

closed

(P stable binding

Figure 4. NES Actively Displaces RanBD of
Yrb2p

(A and B) Passive competition model (A) and active
displacement model for the competition between
NES and RanBD of Yrb2p (B). See the text for
details. HEAT9 loop is colored magenta.

(C-F) Stopped-flow traces. CFP was excited at
430 nm, and YFP emission was monitored. A so-
lution of 0.2 M YFP-Xpo1p, 0.2 uM CFP-RanBD
(Yrb1p), and 4.0 uM Gsp1p-GTP was rapidly mixed
with either 4.0 uM Yrb1p (C), buffer alone, or 20 uM
PKI (S35L) (D). A solution of 0.2 uM YFP-Xpo1p,
0.2 uM FG-CFP-RanBD (Yrb2p), and 4.0 uM
Gsp1p-GTP was rapidly mixed with either 4.0 uM
Yrb2p (C), buffer alone, or 20 pM PKI (S35L) (F). (E)

C vre-xpotp [ N | A solution of 0.2 uM YFP-Xpo1p, 0.2 uM CFP-FG-
CFP-RanBD (Yrb1p) CEP RarED (Yb1p) CFPFO-RANBD (Yrb2p) RanBD (Yrb2p), and 4.0 uM Gsp1p-GTP was
Sz)p::_GTP ¢ Gsplp:CTR j|—r Gsp1p-GTP ]—r rapidly mixed with either buffer alone, 20 uM PKI

buffer or PKI buffer or PKI or Yrb2p (S35L), or 4.0 uM Yrb2p.
Eg?é?,’fg;nm (Yib2p) 329 ou 34q . (G) A diagram depicting the design of the chimeric
Gsp1p-GTP :|_> o s } "‘.':;;Ter mutant (YrbChimera) in which the C-terminal
AfpER 8 8 20 RanBD of Yrb2p is replaced with the RanBD of
e 8 Yrb1p
30 173 0 N

° Yrb1p g 26 'ZK'_O — qs; 26 oy = 0.3193 57 (H) GST pull-down assay. Immobilized GST-

g, ko =080s"  E < i 2 Gspip-GTP (30 pg) was incubated with Yrbip

3 > 2 * Yrb2p (60 ng) or Yrb2p (60 pg) or YrbChimera (60 ug) with

R 00 50 100 150 200 00 20 40 60 80 100 or without Xpo1p (60 ng).

Time (sec) Time (sec) (I) Stopped-flow traces. CFP was excited at
& 12 201 430 nm, and YFP emission was monitored. A so-
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(Kuhlmann et al., 1997), are clearly weaker in the Yrb2p complex
compared with the Yrb1p complex, and Gspip only weakly
wraps around RanBD of Yrb2p. From the crystal structure of
free RanBD of RanBP3 (Langer et al., 2011), it appears that
Yrb2p and RanBP3 are similar in that the Gsp1p/Ran C terminus
interacts with RanBD only very weakly (Supplemental Results
and Discussion).

Moreover, the direct contacts made between Yrb1p RanBD
and Xpo1p are entirely lost in Xpo1p-Yrb2p-Gsp1p-GTP com-
plex (Figures 3A, 3B, and 3E-3G). The basic residues of Yrb1p
(Lys88 and Lys130) that form salt bridges with the acidic resi-
dues of HEAT9 loop (Glu448 and Asp447, respectively) in
Xpo1p-Yrb1p-Gsp1p-GTP complex are not conserved in
Yrb2p, and so these salt bridges are not formed between
Yrb2p and HEAT9 loop (Figures 3E and 3F). The direct contacts
between RanBD and HEAT15, observed in the Yrb1p complex,
are also lost in the Yrb2p complex due to changes in amino

988 Cell Reports 9, 983-995, November 6, 2014 ©2014 The Authors

Time (sec)

an arrow in Figure 3G) and results in a
small shift in the superhelical path of the
C-terminal half of Xpolp (Figure 3H).
Thus, the structural data show that the RanBD contacts with
both Gsp1p and Xpo1p are much less intimate in the Yrb2p com-
plex and imply that the RanBD of Yrb2p would readily dissociate
from the Xpo1p-Yrb2p-Gsp1p-GTP, in contrast to the RanBD of
Yrb1p that binds strongly to Gsp1p-GTP and Xpo1p to displace
NES. Indeed, pull-down assays showed that the binding of
Xpo1p and Gsp1p to the RanBD of Yrb2p was hardly detectable
(Figure 3I).

An Allosteric Mechanism of RanBD Displacement by
NES Likely Underlies Rapid Binding of NES to Xpo1p-
Yrb2p-Gsp1p-GTP Complex

In view of the fact that the association of RanBD is much less
intimate in Xpo1p-Yrb2p-Gsp1p-GTP complex than in Xpo1p-
Yrb1p-Gsp1p-GTP complex, two distinct models on the mech-
anism underlying the rapid NES binding to Xpo1p-Yrb2p-
Gsp1p-GTP complex can be envisaged (Figures 4A and 4B).



One model is that NES binds to Xpo1p only after RanBD disso-
ciates (a passive competition model; Figure 4A). If association of
RanBD was extremely weak, the off-rate of RanBD would be
high. Because Gsp1p-GTP is preloaded onto the inner surface
of Xpo1p by Yrb2p, the dissociation of RanBD may be associ-
ated with movement of HEAT9 loop to Gsp1p and concomitant
opening of the NES-binding cleft, which would enable stable
binding of NES afterward. However, pull-down assays using
deletion mutants of Yrb2p showed that the integrity of Xpo1p-
Yrb2p-Gsp1p-GTP complex requires both FG-repeat domain
and RanBD and that Gsp1p-GTP cannot form a stable complex
with Xpo1p in the absence of RanBD (Figure 3l). Thus, once
RanBD dissociates, the binding of Gsp1p to Xpolp could
become unstable immediately. This casts doubt on the passive
competition model.

An alternative model (an active displacement model) is that
NES displaces RanBD by an allosteric mechanism (Figure 4B).
In other words, the reverse reaction of Yrb1p-induced displace-
ment of NES may occur for Yrb2p. Our previous kinetic and
structural data showed that Yrb1p binds Xpo1p-NES-Gsp1p-
GTP complex to form a short-lived quaternary intermediate
(Xpo1p-NES-Yrb1p-Gsp1p-GTP complex), which rapidly trans-
forms into Xpo1p-Yrb1p-Gsp1p-GTP complex, releasing NES
(Koyama and Matsuura, 2010). Crucial to this mechanism is
that the binding of the RanBD of Yrb1p is strong enough to elicit
the movement of HEAT9 loop (from Gsp1p to the concave side
of the NES-binding cleft) and prevent its backward movement.
This suggests that if the binding of RanBD were very weak (as
is the case for Yrb2p and RanBP3) the reverse reaction (i.e.,
displacement of RanBD by NES through movement of HEAT9
loop toward Gsp1p/Ran) could occur easily, accounting for
our kinetic data that NES binds rapidly to preformed Xpo1p-
Yrb2p-Gsp1p-GTP complex. Although this active displacement
mechanism necessitates the transient binding of NES to Xpo1p-
Yrb2p-Gsp1p-GTP complex (before dissociation of RanBD) in
the first place, recent structural studies indicate that this could
indeed occur due to flexibility of Xpo1p. The crystal structures
of Xpolp in complex with Yrbip, Gsp1p-GTP, and various
CRM1 inhibitors (such as Leptomycin B) showed that the
NES-binding cleft of Xpo1p-Yrb1p-Gsp1p-GTP complex is flex-
ible enough to open at least partially to bind the small inhibitors
even when HEAT9 loop adopts the autoinhibitory conformation
(Sun et al., 2013). Thus, the conformational flexibility of Xpo1p
could allow for weak binding of NES to Xpo1p-Yrb2p-Gspip-
GTP complex without necessitating the movement of HEAT9
loop and dissociation of RanBD. The loss of direct contact be-
tween Xpolp and the RanBD in Xpol1p-Yrb2p-Gsp1p-GTP
complex indicates that the flexibility of Xpo1p in this complex
may be enhanced compared with the Yrb1p complex and
thus facilitates the transient binding of NES and subsequent
conformational changes of Xpo1p (i.e., movement of HEAT9
loop and complete opening of the NES-binding cleft), leading
to stable binding of NES and dissociation of the loosely bound
RanBD.

Strong support for the active displacement model was ob-
tained by examining the effect of NES on the off-rate of
Yrb2p using FRET-based stopped-flow assays (Figures 4C—
4F). As a control, we measured the off-rate of the RanBD of

Yrb1p. As expected from the high affinity of Yrb1p RanBD,
the rate of spontaneous dissociation of Yrbip RanBD from
Xpo1p and Gsp1p-GTP was slow (ko = 0.80 s™'; Figure 4C),
and even a strong NES-cargo (PKI S35L mutant; Guttler
et al., 2010) did not increase the off-rate of Yrb1p RanBD (Fig-
ure 4D). This suggests that the binding of Yrb1p RanBD is so
strong that the reverse reaction of the active displacement of
NES by Yrb1p RanBD is prevented effectively. In contrast,
the NES-cargo increased the off-rate of Yrb2p (Figures 4C
and 4F). To do this assay, we made three FRET constructs of
CFP-Yrb2p fusion protein (CFP-FG-RanBD, in which CFP is
fused to the N terminus of Yrb2p [residues 90-327]; FG-CFP-
RanBD, in which CFP is inserted between residue 199 and
200 of Yrb2p [residues 90-327]; and Yrb2p-CFP, in which
CFP is fused to the C terminus of Yrb2p). Unfortunately, the
Yrb2p-CFP construct, which was expected to be the most suit-
able among the three constructs for FRET-based detection of
the dissociation of RanBD, did not give detectable CFP-YFP
FRET signal when incubated with YFP-Xpo1p and Gsp1p-
GTP. Nevertheless, important supportive data were obtained
using the other two FRET constructs in stopped-flow experi-
ments. Rapid mixing of a preincubated mixture (YFP-Xpo1p,
Gsp1p, and CFP-FG-RanBD) with a large excess of unlabeled
Yrb2p gave ko of 0.319 s~ (Figure 4E), and this off-rate was
not increased by PKI (S35L) (Figure 4E). Because CFP is teth-
ered to the N terminus of FG repeats in the CFP-FG-RanBD
construct, the decrease in the FRET signal would be sensitive
to dissociation of FG repeats, and the kinetic data indicate
that NES does not increase the rather slow off-rate of FG re-
peats. In contrast, a much faster rate of spontaneous dissocia-
tion (kof = 1.24 s~ ') was observed when FG-CFP-RanBD was
used (Figure 4C). Because CFP is inserted immediately before
RanBD in FG-CFP-RanBD, this construct would be far more
sensitive to the dissociation of RanBD than the CFP-FG-RanBD
construct, and so the kinetic data indicate that the rate of spon-
taneous dissociation of RanBD is much faster than that of the
FG repeats of Yrb2p. Importantly, the PKI (S35L) dramatically
increased the off-rate measured by using FG-CFP-RanBD by
11-fold (ko = 13.3 s ), supporting the idea that NES actively
displaces RanBD of Yrb2p from the Xpol1p-Yrb2p-Gsp1p-
GTP complex (Figure 4F). Taken together, the structural and
biochemical data suggest that the active displacement mecha-
nism underlies the rapid NES-binding to Xpo1p-Yrb2p-Gsp1p-
GTP complex.

To further verify the functional importance of the RanBD’s
affinity for Gsp1p-GTP, we used a chimeric mutant of
Yrb2p (referred to as YrbChimera; Taura et al., 1997) in which
the weak-binding RanBD of Yrb2p is replaced with the
RanBD of Yrb1p that binds Gsp1p-GTP much more strongly
(Figures 4G and 4H). YrbChimera did not retain the Yrb2p’s
ability to accelerate NES association in the presence of
Gsp1p-GTP and instead inhibited the NES binding like
Yrb1p (Figure 4l). Thus, it is important that Yrb2p has only
extremely low affinity for Gsp1p-GTP in order to allow for
rapid binding of cargo to Xpo1p-Yrb2p-Gsp1p-GTP complex.
These results are consistent with the previous in vivo func-
tional analyses, in which the same chimeric mutant of
Yrb2p did not rescue the cold sensitivity of yrb2A yeast cells
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Figure 5. Recognition of the FG-Repeats
of Yrb2p by Xpo1ip and In Vitro Mutational
Analyses

(A and B) Interactions involving FG1 (A) or FG2 (B)
with key residues shown under the transparent
surface (colored by electrostatic potential: blue,
positive; red, negative; white, neutral) of Xpo1p.
(C and D) Schematic diagram of recognition of the
FG repeats by Xpo1p.

(E and F) Mutational analyses of the FG-repeats of
Yrb2p.

(G and H) Mutational analyses of the FG-repeat
binding sites of Xpo1p.

In GST pull-down assays (E and G), immobilized
GST-Yrb2p (25 pg) was incubated with Xpolp
(50 ng) with (lanes 7-12 in E and lanes 5-8 in G) or
without (lanes 1-6 in E and lanes 1-4 in G) Gsp1p-
GTP (50 pg). In stopped-flow assays (F and H), a
solution of 0.2 uM Xpo1p-CFP and 3.0 uM Gsp1p-
GTP was rapidly mixed with a solution of 1.0 uM
YFP-NES and either buffer alone or 0.5 uM Yrb2p.
CFP was excited at 430 nm, and YFP emission
was monitored. ANup refers to a Yrb2p mutant
in which the entire FG-repeat domain (residues
94-149) is deleted (Taura et al., 1998). See also
Figure S4.
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and was toxic for cell growth when overexpressed (Taura
et al., 1997).

Specific Recognition of Yrb2p FG Repeats by Xpo1p

At each of the FG-repeat binding sites identified in the structure
of Xpo1p-Yrb2p-Gsp1p-GTP complex, three phenylalanine side
chains of Yrb2p (Phe98, Phe100, and Phe106 in FG1; Phe142,
Phe148, and Phe152 in FG2) were buried in hydrophobic depres-
sions between adjacent HEAT repeats on the convex surface of
Xpo1p (Figures 5A-5D). This is reminiscent of the way FG-nups
bind to importin B (Bayliss et al., 2000; Liu and Stewart, 2005)
and suggests that importin-p-like NTRs commonly have the
FG-repeat binding sites on their outer face. At each site, the
binding pockets for the phenylalanine side chains of Yrb2p are
defined by a number of aliphatic and aromatic residues of
Xpolp (Figures 5A-5D; see also Figures S4A and S4B for
details). Thus, phenylalanine side chains of FG repeats are
recognized through a combination of hydrophobic and aromatic

. or preceding the key Phe residues, and
the Gly residues in both FG1 and FG2
enabled Yrb2p to adopt these conforma-
tions. More details of the recognition of
FG-repeats are described in the Supplemental Results and
Discussion (Figure S4).

T
15

Mutational Analyses of the Interactions between Xpo1p
and Yrb2p FG Repeats

We used structure-based mutants of Yrb2p and Xpo1p to verify
that the interactions between Xpo1p and FG repeats of Yrb2p
are important for Yrb2p’s function to accelerate export complex
assembly (Figures 5E-5H). In pull-down assays, substitution of
three phenylalanines of FG1 with aspartic acids (3FD [FG1]
mutant) reduced the binding of Xpo1p to Yrb2p both in the pres-
ence and absence of Gsp1p-GTP, and substitution of three phe-
nylalanines of FG2 with aspartic acids (3FD [FG2] mutant) was
more effective in reducing Xpo1p binding (Figure 5E). Substitu-
tion of all six phenylalanines of the FG-repeat domain with ala-
nines (6FA mutant) or aspartic acids (6FD mutant) decreased
the Xpo1p binding to an undetectable level (Figure 5E). Consis-
tently, in stopped-flow experiments, the 3FD (FG2) mutations
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Figure 6. Yeast In Vivo Functional Analyses
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of the Interactions between FG Repeats and
Xpoip

(A and B) In vivo nuclear transport assays. NLS-
NES-GFP, was expressed in S. cerevisiae yrb2 4
cells that express plasmid-encoded WT Yrb2p or
its derivatives, and the subcellular localization of
NLS-NES-GFP, was analyzed. NLS-mCherry,
was coexpressed to identify the nucleus. (A)
Representative images of the cells. DIC, differen-
tial interference contrast. The scale bar represents
5 um. (B) Localization of NLS-NES-GFP, was
scored in 150 to 200 cells as Nuclear (black), Nu-
clear/Cytoplasmic (comparable intensity in the
nucleus and the cytoplasm; light gray), or Cyto-
plasmic (dark gray).

(C and D) In vivo CFP-YFP FRET imaging (evalu-
ated by acceptor photobleaching) detected
Xpo1p-Yrb2p interactions in the nucleus. (C)
1 Representative images of the yeast cells ex-

Scale bar: 5 um
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trol ROls (Cy) were calculated for each strain, and
* average values are shown. Error bars represent
SE, n = 10. *p < 0.0001 by two-tailed Student’s
t test.

See also Figure S5.
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decreased the rate of NES association to Xpo1p in the presence
of Gsp1p-GTP by a factor of 3, and although the 3FD (FG1) mu-
tations decreased the on-rate of NES only slightly, they exacer-
bated the effect of 3FD (FG2) mutations (Figure 5F; Table S1).
Mutations on Xpo1p’s side were also effective. Substitution of
Trp891XP°'P (that contacts two of the key phenylalanines of
FG1; Figures 5A and 5C) with alanine reduced Xpo1p binding
to Yrb2p, and substitution of Phe93*P°P (that contacts two of
the key phenylalanines and also Leu146 of FG2; Figures 5B
and 5D) with alanine more effectively reduced Xpo1p binding
(Figure 5G). Likewise, F93A mutation was more effective than
W891A mutation in decreasing the rate of NES association to
Xpo1p in the presence of Gsp1p-GTP and Yrb2p, and when
combined, W891A mutation exacerbated the effect of FO3A mu-
tation (Figure 5H; Table S1). Taken together, our data demon-
strate that both FG1 and FG2 contribute to Yrb2p’s activity to
accelerate NES binding in vitro.

Do the interactions between FG-repeats and Xpo1p observed
in the crystal structure of Xpo1p-Yrb2p-Gsp1p-GTP complex
contribute to NES-protein export in vivo? To address this ques-
tion, we expressed fluorescent reporter protein (NLS-NES-GFPy)
in yeast cells and examined the effect of Yrb2p mutations on the
subcellular localization of the reporter protein. In agreement with

YFP-Xpo1p
+

previous studies (Taura et al., 1998; No-
guchi et al., 1999), the efficiency of nu-
clear export of this reporter protein is
decreased substantially in yrb24 cells,
and expression of WT Yrb2p restored
efficient export (Figures 6A and 6B). However, the 3FD (FG1) or
3FD (FG2) mutant of Yrb2p was not as effective as WT Yrb2p
in restoring nuclear export, and more drastic mutations (6FA or
6FD mutations) were even less effective in restoring export activ-
ity (Figures 6A and 6B). These data demonstrate that both the
Xpo1p-FG1 and Xpo1p-FG2 interactions observed in the crystal
structure are important for efficient Xpo1p-mediated export
in vivo.

We also used the 6FD mutant to demonstrate that the FG re-
peats of Yrb2p binds to Xpo1p in the nucleus by FRET imaging
of living yeast cells in which fluorescent fusion proteins (YFP-
Xpo1p and CFP-Yrb2p [NLS-CFP-FG-RanBD]) are expressed
in place of WT proteins (Figures 6C and 6D). YFP-Xpo1p comple-
mented WT Xpo1p in yeast cells, and CFP-Yrb2p rescued the
cold sensitivity of yrb24 cells, demonstrating that both YFP-
Xpo1p and CFP-Yrb2p are functional in vivo (Figure S5). We
employed the acceptor photobleaching technique to detect
CFP-YFP FRET signal (Karpova et al., 2003; Figures 6C and
6D). A positive control (NLS-CFP-YFP fusion protein) showed
conspicuous FRET signal in the nucleus (Figure 6D). When
YFP-Xpo1p and CFP-Yrb2p were coexpressed in yeast cells,
both proteins localized primarily in the nucleus (Figure 6C), and
the CFP-YFP FRET signal was indeed detected in the nucleus

YFP-Xpo1p NLS-
+ CFP-YFP
NLS-CFP
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buffer or Nsp1p (1-601) or Yrb2p Nsp1p (1-601) or Yrb2p 4.0 uM Yrb2p.

30 (I) A model for how Yrb2p facilitates the initial step
o puffer ® Nsp1p (1-601) of the Xpo1p-mediated nuclear export. The spon-
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taneous assembly of Xpo1p-cargo-Gsp1p-GTP
complex is slow, whereas Yrb2p-assisted assem-
bly of the export complex is much faster. See the
text for details.

See also Figure S6.

Xpo1p-Yrb2p-Gsp1p-GTP complex also
serve as binding sites for FG-nups (Fig-
ures 7A and 7B). We used GLFG-repeat
domain of S. cerevisiae Nup116p (resi-
dues 164-715) and FG/FxFG-repeat
domain of S. cerevisiae Nsp1p (residues
1-601) for the binding assays. These two
types of FG-nups are localized in the cen-
tral channel of yeast NPCs (Rout et al.,
2000) and are likely important to maintain
the permeability barrier of NPCs and at
the same time allow selective passage
of NTRs through interactions between
NTRs and the FG-repeat motifs (HUls-
mann et al., 2012). Mutations of aromatic

for WT proteins but was not detected when 6FD mutations were
introduced to CFP-Yrb2p (Figure 6D). As a negative control, co-
expression of NLS-CFP and YFP-Xpo1p did not yield detectable
CFP-YFP FRET signal in the nucleus (Figure 6D). Thus, the FRET
imaging provided direct evidence that FG repeats of Yrb2p binds
to Xpo1p in the nucleus in living yeast cells.

Yrb2p and FG Nucleoporins Compete for the Same Sites
on Xpo1ip

The structure-based mutants also provided evidence that the
FG-repeat binding sites observed in the crystal structure of
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residues of Xpo1p in the FG1 and FG2 binding sites (F93A and
WB891A), particularly when combined, dramatically reduced the
binding of Xpo1p to Nup116p and Nsp1p in the presence of
Gsp1p-GTP and PKI in pull-down assays, suggesting that these
sites are the major binding sites for both types of FG-nups (Fig-
ures 7A and 7B).

However, the above results do not necessarily preclude the
possibility that there are residual binding sites (other than the
FG1 and FG2 binding sites) for FG-nups on Xpo1p. In general, im-
portin-B-like NTRs have many binding sites for FG repeats on
their outer surface, and the interactions between the NTRs and



FG repeats are rather weak and have high off-rates (Stewart et al.,
2001; Stewart, 2007). These weak interactions are hard to detect
by pull-down assays using immobilized GST-nups because the
beads have to be washed for analysis. Even when Yrb2p is bound
to Xpo1p, most of the outer surface of Xpo1p is still exposed to
solvent and may contain a number of weak and high-off-rate
binding sites for FG-nups. To test this possibility, we used
phenyl-sepharose resin, which is a rather strong mimic of FG
domains and is suitable to detect weak binding of NTRs to FG
repeats (Ribbeck and Gorlich, 2002). Although the double muta-
tions (F93A/W891A) of Xpo1p at the FG1 and FG2 binding sites
weakened the binding of Xpo1p alone or Xpo1p-PKI-Gsp1p-
GTP complex to phenyl-sepharose, a substantial amount of the
double mutant bound to phenyl-sepharose, particularly in the
presence of PKI and Gsp1p-GTP (Figures 7C and 7D). Thus,
the binding sites for the FG repeats of Yrb2p may not be the
only binding sites for FG-nups. Similar consideration may also
hold true for RanBP3 because previous studies using digitonin-
permeabilized cells showed that RanBP3 inhibits the binding of
CRM1 to NPCs to some extent and that RanBP3 binds to NPCs
in a CRM1- and Ran-dependent manner (Lindsay et al., 2001).

The above mutational analyses indicate that Yrb2p and FG-
nups compete for the same sites (FG1 and FG2 binding sites)
on Xpo1p, although there may be additional low-affinity binding
sites for FG repeats of nups. Consistently, although the binding
of Xpo1p-PKI-Gsp1p-GTP complex to Nup116p and Nspip
was readily detectable by a pull-down assay, the binding of
Xpo1p to these FG-nups was weak (but still detectable) when
Yrb2p was added together with Gsp1p-GTP to Xpo1p (Figures
7E and 7F). Remarkably, the addition of PKI to Xpo1p, Yrb2p,
and Gsp1p-GTP restored the binding of Xpo1p (together with
Gsp1p-GTP and PKI, but not together with Yrb2p) to Nup116p
and Nsp1p to some extent (lane 2 of Figures 7E and 7F). Similar
results were obtained when human RanBP3, CRM1, and
Ran were used instead of yeast Yrb2p, Xpol1p, and Gsp1p,
respectively (Figures S6A and S6B). These data suggest that
the binding of the NES-cargo to the assembly intermediate
(Xpo1p-Yrb2p-Gsp1p-GTP complex or CRM1-RanBP3-Ran-
GTP complex) promotes dissociation of Yrb2p (RanBP3) and in
turn promotes association of FG-nups to Xpo1p (CRM1).

In principle, the competition between Yrb2p and FG-nups for
the same sites on Xpo1p could be either passive or active, and
these two possibilities can be distinguished by investigating
the effect of FG-nups on the off-rate of Yrb2p. In the passive
competition mechanism, FG-nups can bind to the FG1 and
FG2 binding sites only after Yrb2p has spontaneously dissoci-
ated from Xpo1p. In this case, FG-nups do not increase the off-
rate of Yrb2p. In the active competition mechanism, FG-nups
induce dissociation of Yrb2p and thereby increase the off-rate
of Yrb2p. We therefore measured the off-rate of Yrb2p using a
FRET-based stopped-flow assay (Figures 7G and 7H). We used
the CFP-FG-RanBD construct of Yrb2p in this assay because
this is suitable for FRET-based detection of dissociation of
Yrb2p FG-repeats. Importantly, Nsp1p did not increase the off-
rate of Yrb2p both in the presence and absence of PKI (S35L)
(Figures 7G and 7H). These results suggest that the competition
between Yrb2p and FG-nups for the binding to the same sites
on Xpoip is passive. This is not in conflict with the results of

pull-down assays (lane 1 of Figures 7E and 7F) because the im-
mobilized FG-nups were incubated with Yrb2p, Xpoip, and
Gsp1p-GTP in the pull-down assays for as long as 1 hour, which
would be long enough for replacement of FG-nups with Yrb2p
even if the competition to bind the same sites on Xpo1p is passive
and thus is slow and is not evident in the time scale (on the order of
seconds) of the stopped-flow experiments (Figures 7G and 7H).

An Assisted-Assembly Model of the Xpo1p Nuclear
Export Complex

On the basis of all of the structural and functional evidence
described above, we propose a mechanism of action of Yrb2p
in Xpo1p-mediated nuclear export (Figure 71).

The FG repeats and RanBD of Yrb2p would first recruit Gsp1p-
GTP to Xpo1p to form a ternary Xpo1p-Yrb2p-Gsp1p-GTP com-
plex. Because of the high specificity in Yrb2p binding to Xpo1p,
Yrb2p is involved in the Xpo1p export pathway but leaves other
nuclear export pathways unaffected. The overall structure of the
assembly intermediate (Xpo1p-Yrb2p-Gsp1p-GTP complex) re-
ported here is similar to the previously determined structure of
the disassembly intermediate in the cytoplasm (Xpo1p-Yrb1p-
Gsp1p-GTP complex; Koyama and Matsuura, 2010) and the
NES-binding cleft is closed in both complexes. However, unlike
Yrb1p, the weak binding nature of Yrb2p RanBD enables NES to
displace RanBD easily. Thus, Yrb2p accelerates the association
of both Gsp1p-GTP and cargo to Xpo1p. Yrb2p does not bind
directly to cargo but instead exploits allostery in Xpolp to
mediate rapid loading of cargo.

In our model, the NES binding causes at least partial dissoci-
ation of Yrb2p (i.e., dissociation of RanBD) but does not require
complete dissociation of Yrb2p, and Yrb2p FG repeats can stay
bound on Xpo1p after cargo loading. The dissociation of Yrb2p
FG-repeats from Xpolp relies on spontaneous dissociation
and is rather slow. The complete dissociation of Yrb2p from
the export complex could occur in the nucleus. In this case,
the dissociated Yrb2p would immediately participate in another
round of rapid assembly of the Xpo1p nuclear export complex in
the nucleus. However, our data indicate that it is also possible
that Yrb2p accompanies the Xpo1p-cargo-Gsp1p-GTP complex
to translocate across the NPC, as suggested previously for
RanBP3 (Lindsay et al., 2001). There are three reasons why
this may occur. First, the FG1 and FG2 binding sites observed
in the crystal structure of Xpo1p-Yrb2p-Gsp1p-GTP complex
may not be the only binding sites for FG-repeat motifs, and the
residual binding sites could be sufficient to mediate NPC pas-
sage. Second, it appears that FG-nups do not accelerate disso-
ciation of Yrb2p and compete with Yrb2p only passively to bind
to the same FG-binding sites on Xpo1p, and so Yrb2p can prob-
ably stay bound to Xpo1p even in the central channel of the NPC
(where the local concentration of FG repeats is extremely high)
until Yrb2p dissociates spontaneously. Finally, the rate of spon-
taneous dissociation of Yrb2p from Xpo1p and Gsp1p-GTP even
in the presence of the NES-cargo is not very high (ko = 2.1 57 ";
t1,2=0.33s; Figure 7H). It is therefore conceivable that Yrb2p can
remain bound to Xpo1p during the time scale of NPC passage of
the nuclear export complex, provided that the NPC passage time
of nuclear export is similar to that of nuclear import, which can be
as short as 10 ms for cargoes containing classical NLSs, as
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reported by a single molecule study (Yang et al., 2004). Thus, we
propose that dissociation of Yrb2p may occur before, during, or
after the NPC passage of the Xpo1p nuclear export complex.
These possibilities are not mutually exclusive to each other.

In summary, we discovered the function of Yrb2p (RanBP3) to
increase the rate of assembly of the Xpo1p (CRM1) nuclear
export complex. The crystal structure of Xpo1p-Yrb2p-Gsp1p-
GTP complex provided a structural rationale to understand
how FG repeats and RanBD of Yrb2p mediate rapid association
of Gsp1p-GTP and the NES-cargo to Xpo1p. The model we pro-
pose is fully supported by mutational analyses, which also pro-
vided insights into how FG-nups interact with Xpo1p. This study
also extends our previous study (Koyama and Matsuura, 2010)
by providing a general implication that the same framework of
active displacement mechanism (i.e., RanBD and NES displace
each other through allosteric conformational changes of Xpo1p)
underlies both Yrb1p-mediated rapid disassembly of export
complex in the cytoplasm and also Yrb2p-mediated rapid as-
sembly of export complex in the nucleus.

EXPERIMENTAL PROCEDURES

A detailed description of the methods employed in this study is provided in the
Supplemental Experimental Procedures.

Protein Preparation
Recombinant proteins were expressed in E. coli and purified for biochemical
assays and crystallization.

Crystallography

Crystals of Xpo1p-Yrb2p-Gsp1p-GTP complex and crystals of Xpo1p-PKI-
Gsp1p-GTP complex were grown at 20°C by hanging drop vapor diffusion.
Diffraction data were collected from cryoprotected crystals at SPring-8. The
structures were determined by molecular replacement using Xpo1p-Yrb1p-
Gsp1p-GTP complex (PDB code, 3M1l; Koyama and Matsuura, 2010) as a
search model. A comment on unexplained density (Figure S7) is provided in
the Supplemental Experimental Procedures.

Biochemistry

Association and dissociation kinetics were measured at 20°C using a Hi-Tech
Scientific SF-61DX2 stopped-flow spectrophotometer, except that slow
kinetics was measured by manual mixing using a JASCO FP-6500 spectroflu-
orometer. Time-dependent increase or decrease of CFP-YFP FRET signal was
analyzed by nonlinear regression using GraphPad Prism to determine the
association and dissociation rates. Pull-down assays were performed as
described (Matsuura and Stewart, 2004). Circular dichroism spectra were
recorded at 20°C with a JASCO J-720WN spectrophotometer.

Cell Biology

To analyze nuclear transport, NLS-NES-GFP, was expressed in yeast cells,
and GFP signals were monitored. For FRET imaging in vivo, yeast cells ex-
pressing YFP-Xpol1p and CFP-Yrb2p were examined using an Olympus
FV1000 confocal microscope, and CFP-YFP FRET signals were analyzed by
acceptor photobleaching technique (Karpova et al., 2003). The area to be
bleached was defined by drawing a region of interest (ROI) that was set to
contain the entire nucleus of the cell. FRET energy transfer efficiencies of
the bleached ROls (Ef) and control nonbleached ROls (C;) were calculated
using the formula

E(Cr)=(la — Iy) X 100/,

where I, and I, are the CFP intensities just before and after the bleach,
respectively.
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