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SUMMARY

Proteins carrying nuclear export signals coopera-
tively assemble with the export factor CRM1 and
the effector protein RanGTP. In lower eukaryotes,
this cooperativity is coupled to CRM1 conforma-
tional changes; however, it is unknown if mammalian
CRM1 maintains its compact conformation or shows
similar structural flexibility. Here, combinations of
small-angle X-ray solution scattering and electron
microscopy experiments with molecular dynamics
simulations reveal pronounced conformational flexi-
bility in mammalian CRM1 and demonstrate that
RanGTP binding induces association of its N- and
C-terminal regions to form a toroid structure. The
CRM1 toroid is stabilized mainly by local interactions
between the terminal regions, rather than by global
strain. The CRM1 acidic loop is key in transmitting
the effect of this RanGTP-induced global conforma-
tional change to the NES-binding cleft by shifting
its population to the open state, which displays
enhanced cargo affinity. Cooperative CRM1 export
complex assembly thus constitutes a highly dynamic
process, encompassing an intricate interplay of
global and local structural changes.

INTRODUCTION

In contrast to prokaryotic cells, eukaryotic cells reveal a high
degree of spatial compartmentalization into membrane-engulfed
entities. This, for instance, enables a strict spatiotemporal sepa-
ration of cellular processes such as transcription, occurring in

1350 Structure 21, 1350-1360, August 6, 2013 ©2013 Elsevier Ltd All rights reserved

the nucleus, and translation in the cytoplasm. Transport between
the nucleus and the cytoplasm proceeds through nuclear pore
complexes (NPC) and depends on specialized transport sys-
tems. Macromolecules exceeding 30-40 kDa require the aid of
karyopherins (KAPs) as mediators to pass the NPC efficiently
(Chook and Stel, 2011; Cook and Conti, 2010).

The majority of KAPs are members of a superfamily named
after Importin-B (Impp), the first receptor identified (Gorlich
et al., 1997; Radu et al., 1995). They are divided into importins
and exportins according to the direction of cargo transport. Their
common biochemical properties are the capability to interact
with the NPC and bind to the small GTPase Ran (Ras-related
nuclear antigen). The asymmetric distribution of the Ran-regu-
lating factors with the Ran guanine-nucleotide exchange factor
(RanGEF) residing in the nucleus and the Ran GTPase activating
protein (RanGAP) located in the cytoplasmic compartment en-
sures that nuclear Ran predominantly occurs in its GTP-bound
form. In contrast to the cytoplasmic, GDP-bound form of Ran,
RanGTP can bind to KAPs. RanGTP binding modulates the
affinity of KAPs for cargo and thereby enforces directionality of
transport.

On a structural level, all members of the Impp superfamily
share a common arrangement of about 20 building blocks, so-
called HEAT repeats (Kobe et al., 1999), each consisting of two
antiparallel o helices connected by a loop. Their consecutive
arrangement results in an overall superhelical shape resembling
a solenoid (Fontes et al., 2000). In exportins, RanGTP promotes
cargo binding predominantly by interacting simultaneously with
receptor and cargo, as for instance seen in Exportin-t, Exportin5,
or Cse1p/CAS (Cook et al., 2005, 2009; Matsuura and Stewart,
2004; Okada et al., 2009). In contrast, the export receptor
CRM1 (chromosome region maintenance 1), which recognizes
the majority of proteins destined for export (Hutten and Kehlen-
bach, 2007), displays no direct interaction of Ran and cargo.
CRM1 in the cargo-bound state exhibits a toroidal, compact,
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Figure 1. Changes of the Overall Structure of CRM1 during MD Sim-
ulations

(A) Crystal structures showing the three most prominent conformations of
CRM1. Left: Extended conformation as in free CRM1 (4FGV) with no interac-
tion between N- (green) and C-terminal regions (HEAT helix 21A, yellow); the
AL (blue) in the flipped back position and the HEAT helix 21B (red) in the
bridging position. The NES binding cleft is shown in orange. In the almost
compact conformation as in the CRM1-SPN1 complex (3GB8), few in-
teractions between N- and C-terminal regions are seen, the AL is not resolved,
and helix 21B is in the bridging position, but exhibits a kink. In the compact
conformation as in the CRM1-RanGTP-SPN1 complex (3GJX), close contacts
between N- and C-terminal regions are seen, the AL is in the seatbelt
conformation, and helix 21B is in the parallel position on the outside of the
CRM1 molecule.

(B) Structural changes of CRM1 in the ternary complex during MD equilibra-
tion, monitored by the RMSD to the crystal structure (3GJX; blue curves).
Changes in the rmsd of CRM1 in complex with either RanGTP or SPN1 are
shown in orange or green, respectively; the red curves represent changes for
CRM1 alone.

(C) CRM1 maintains a toroidal structure during MD simulations as shown by a
snapshot of CRM1 in the free form after a 100-ns simulation (bottom right).
See also Figures S1 and S2 and Tables S1 and S2 for additional information.

shape with the N- and C-terminal HEAT repeats in close contact
(Koyama and Matsuura, 2010; Monecke et al., 2009). A coexist-
ing less compact but still toroidal shape has been described
during some states of its transport cycle (Dong et al., 2009b; Fig-
ure 1A). Recent structural analysis of free CRM1 from Chaeto-
mium thermophilum (ctCRM1) and Saccharomyces cerevisiae
(scCRM1) revealed that, in these organisms, CRM1 also adopts
a more or less extended superhelical shape without close inter-

action of the N- and C-terminal regions (Monecke et al., 2013;
Saito and Matsuura, 2013).

Crystal structures of various CRM1 complexes have provided
insight into molecular details of the interactions between CRM1
and its interaction partners during the transport cycle. CRM1
cooperatively binds RanGTP and cargo in the nucleus (Para-
skeva et al., 1999). In this ternary complex, RanGTP is localized
within the ring of CRM1 and bound by N- and C-terminal HEAT
repeats as well as the acidic loop (AL). The AL is inserted
between the helices of HEAT repeat 9 (H9) and affixes the
GTPase to the terminal HEAT repeats like a seatbelt (Monecke
et al., 2009). Remarkably, the cargo binds on the opposite side
of CRM1 without direct contacts to RanGTP. It predominantly in-
teracts with acidic patches on the outer surface of CRM1 and a
groove formed between the o helices of H11 and H12 (Dong
et al., 2009a, 2009b; Monecke et al., 2009). A common motif
required for binding of cargo within this groove is the leucine-
rich nuclear export signal (NES) consisting of a short peptide
stretch of 10-15 residues (Guttler et al., 2010). The CRM1-
RanGTP-cargo complex traverses the NPC and enters the
cytosol, where it dissociates upon binding of disassembly fac-
tors such as RanBP1, which function as cargo release factors
and increase the hydrolysis rate of Ran-bound GTP when bind-
ing to RanGAP (Askjaer et al., 1999; Koyama and Matsuura,
2010; Maurer et al., 2001; Paraskeva et al., 1999). Free CRM1
shuttles back to the nucleus for another round of export. The
reported crystal structures reveal snapshots of various states
during the transport process and show the interaction surfaces
of CRM1 with cargo and/or Ran. Due to the growing medical
interest in CRM1 and its role in cancer (Turner et al., 2012), it
is important to understand the dynamics of human CRM1 with
a focus on the NES-binding cleft where many therapeutics
bind. Purely static structure characterization alone is insufficient
for a complete description of structural changes during the
transport cycles. Recent findings from MD simulations on the
free—extended—form of CRM1 from the lower eukaryote
C. thermophilum, have shown that the o helix of H21, but not
the AL, contribute significantly to the ratio between the extended
and the compact form of CRM1 (Monecke et al., 2013). In the
ternary complex of CRM1-RanGTP-SPN1, the altered arrange-
ment of the AL, bridging the central opening and linking two
distant regions of CRM1, suggests a structural role for deter-
mining both the overall conformation of CRM1 and that of the
NES-binding cleft. Moreover, the role of RanGTP in restricting
the conformational flexibility of CRM1, especially regarding the
NES-binding cleft, and the opening mechanism of the toroidal
form of CRM1 toward the extended conformation are still open
questions. Here, small-angle X-ray scattering (SAXS), electron
microscopy (EM), and molecular dynamics (MD) simulations
were combined with the available information from crystal struc-
tures to elucidate the structural transitions and forces required
for the cooperative binding and release of RanGTP and/or the
cargo Snurportin1 (SPN1) to mammalian CRM1. We find that
mammalian CRM1 in the free form reveals a high degree of
conformational flexibility. Binding of RanGTP decreases this
flexibility and shifts the conformation toward a more rigid,
compact form of CRM1. Our results also show that the AL has
a strong influence over the state of the NES-binding cleft. We
conclude that RanGTP binding in the presence of the AL ensures
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Table 1. Characteristics Determined by SAXS Measurements

Estimated Molecular Expected Molecular

Rg (nm) Drmax (nm) Porod (nm°) Mass (Porod) Weight
mmCRM1 3.8+0.1 11 +1 190 + 20 120 + 10 121
hsCRM1 3.9+0.1 11 £1 180 + 20 110+ 10 121
hsCRM1 + SPN1 41+04 14 +1 260 + 20 160 + 15 162
mmCRM1 + RanGTP (+NES) 3.6 +0.1 10 £ 1 230 + 20 140 + 15 141
mmCRM1 + RanGTP + SPN1 41+0.1 14 +1 300 + 30 190 = 20 183

All data were calculated using the programs indicated in the Supplemental Experimental Procedures.

See also Tables S1 and S2.

that the NES-binding cleft for export cargo remains in an open
conformation prone for NES binding, and thus enhances the
affinity for cargo.

RESULTS AND DISCUSSION

Free MD Simulations of Mammalian CRM1

To gain insight into the atomic rearrangements in mammalian
CRM1 during disassembly, we performed multiple unrestrained
100-ns MD simulations of the mouse (mm)CRM1-RanGTP-
SPN1 ternary complex (Protein Data Bank [PDB] ID: 3GJX) and
on the same assembly structure after removing either SPN1 or/
and RanGTP. Global conformational changes were monitored
by calculation of the Ca root-mean-square deviation (rmsd)
values relative to the crystal structure (Figure 1B). The ternary
complex in solution shows a significant increase in the backbone
rmsd of CRM1 only in the first 2-5 ns (Figure 1B). This probably
reflects a fast adaptation or relaxation from a polyethylene glycol
(PEG)-containing condition, in which the crystals were grown, to
a PEG-free solution in the MD simulation. Moreover, we consid-
ered individual complexes in the simulations, relieving possible
strain from crystal contacts. After this initial phase, only a mod-
erate increase of the rmsd is seen during the rest of the simula-
tion. When SPN1 was removed, CRM1 underwent only little
additional overall change (Figure 1B), as indicated by the small
rmsd increase. The conformational stability of the CRM1-
RanGTP-SPN1 and CRM1-RanGTP complexes is also reflected
by the radius of gyration of CRM1 (Rg), which remains stable dur-
ing the simulations (Figure S1 available online).

The overall rmsd of free CRM1 is increased over the ternary
complex and stronger fluctuations in Ry are observed (Figures
1B and S1A). The CRM1-SPN1 complex exhibited an intermedi-
ate rmsd behavior, increasing more markedly than that of the
CRM1-RanGTP-SPN1 complex and reaching the values of free
CRM1 at the end (Figure 1B). Overall, the shape of CRM1 stayed
ring-like in all simulations (Figure 1C), and the AL remained near
the seatbelt conformation observed in the crystal structure (Fig-
ures S1B and S2). In all cases, after 100 ns of simulation, the
overall rmsd had still not fully converged, indicating that the
simulations had not yet reached equilibrium and that further
structural rearrangements may take place on a larger timescale.

In contrast to the simulations, the structures of free CRM1
from C. thermophilum (4FGV and 4HZK; Monecke et al., 2013)
and S. cerevisiae (3VYC; Saito and Matsuura, 2013) show
CRM1 to adopt a more or less extended superhelical shape,
respectively. Because these conformations are not observed in

the MD simulations, the question arises whether the extended
conformations are specific to CRM1 from lower eukaryotes or
if such a conformational change is inaccessible on the time scale
of MD simulations. To clarify this question, we performed EM and
SAXS experiments to elucidate the global shape and the extent
of rearrangement of the AL in mammalian CRM1.

SAXS Measurement, Ab Initio Modeling and Subtractive
Modeling of Mammalian CRM1 and Complexes

Human (hs)RanGTP, hsSPN1, hsCRM1, and mmCRM1 (differing
only in a few residues; Figure S3) were purified, and the individual
complexes were assembled and then analyzed. CRM1 in com-
plex with only RanGTP could not be analyzed due to instability
of the complex (Dong et al., 2009b). Thus the complex of
CRM1 and RanGTP was stabilized by a short peptide resembling
a leucine-rich NES. The SAXS of CRMH1, the ternary complexes
of CRM1-RanGTP-SPN1 or CRM1-RanGTP-NES as well as
CRM1 in complex with SPN1 were measured, and the data
were processed, merged, and analyzed (Figure S4A). The Porod
volumes and corresponding molecular masses for all samples
are consistent with monomeric assemblies in solution (Table 1).
The maximum sizes Drax and the Rq values (Table 1) were calcu-
lated from the distance distribution functions. With use of the
range of scattering vectors up to s = 0.2 Aq, low resolution ab
initio models of CRM1 alone and of the complexes were con-
structed (Figures 2 and S4). The ab initio reconstruction from
the free CRM1 data yielded a toroidal structure (discrepancy
x = 1.7; Figure 2A). Theoretical scattering patterns of free
CRM1 in the extended form (4FGV) and in the compact form, ex-
tracted from the ternary complex (3GJX), were computed (see
Experimental Procedures). The calculated curves differ signifi-
cantly from the experimental SAXS results (Figure S5A) so that
neither the extended nor the compact form (y = 3.2 and % =
3.4, respectively) fit well. Better fits were obtained using free
ctCRM1 (4HZK) and scCRM1 (3VYC), which are less extended
than CRM1 in PDB ID 4FGV, and with hsCRM1 extracted from
PDB ID 3GB8. The better fit for the latter is in agreement with
recent results (Fox et al., 2011), but one should note that in all
these structures, up to 12% of atoms present in full CRM1 are
not resolved (see legend of Table S2).

The CRM1-SPN1 complex reveals a toroidal shape of CRM1
with SPN1 attached on the outside (Figure 2C). The theoretical
scattering curve computed from the binary complex extracted
from 3GJX shows a significant misfit to the experimental data
(% = 2.8). The conformation in solution revealed by SAXS appears
therefore noticeably more extended than the structure observed
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Figure 2. Localization of the Individual Components of the CRM1
Complexes by Comparative Structure Determination Using the Set
of SAXS Data Curves

Processed solution scattering patterns from mmCRM1, mmCRM1-
hsRanGTP, hsCRM1-hsSPN1, and mmCRM1-hsRanGTP-hsSPN1 (Figures
S3-S5) were used to calculate the ab initio models.

(A and B) CRM1 depicted in red (top) reveals a toroidal shape in solution (A) and
maintains this shape upon RanGTP binding (B, orange model). Modeling of the
individual molecules localizes RanGTP (yellow) in the hollow of CRM1 (red).
(C) SPN1 bound to CRM1 (green model).

(D) SPN1 (blue) clearly localizes to the outer surface of CRM1 (CRM1 and
RanGTP in orange).

See also Tables S1 and S2.

in the ternary complex and, given that the domains of SPN1 itself
are expected to be rather rigid (Table S1), this points to an
extended structure of CRM1 itself. The extended conformation
more likely resembles the one observed in the CRM1-SPN1
structure (3GB8).

For CRM1 in complex with RanGTP and NES (Figure 2B) or,
RanGTP and SPN1 (Figure 2D), the ab initio models show Ran
positioned in the central opening seen for free CRM1. Interest-
ingly, both Ry and Dmax of CRM1 alone are larger than those
for CRM1 in complex with RanGTP, again indicating that
CRM1 changes its structure and adopts a more compact confor-
mation upon binding RanGTP. The average Ry values obtained
by SAXS are in good agreement with the Ry values for snapshots
from the individual MD simulations and the X-ray structures
(Table S2).

The overall shape of CRM1 is still recognizable in the ab initio
reconstruction derived from the curve of the CRM1-RanGTP-
NES complex, but the complex seems to adopt a more compact
form. An additional part is observed located close to one side of

the ring and to the central opening (discrepancy y = 2.0; Fig-
ure S4C). By simultaneously fitting the experimental curves of
the different samples, multiphase ab initio models were built
(see Supplemental Experimental Procedures) to gather informa-
tion of the relative orientation and position of the individual pro-
teins within the complexes. The models fit the experimental data
quite well, with a discrepancy of % = 1.2 for the curve of CRM1
alone and = 1.2 for CRM1-RanGTP-NES. The result for the
CRM1-RanGTP-NES complex clearly shows CRM1 as a torus
with RanGTP in the central opening (Figure 2B). This result is in
good agreement with the crystal structure of the CRM1-RanGTP
complex (3NC1).

The ab initio structure reconstructed from the SAXS pattern of
CRM1-RanGTP-SPN1 clearly adds volume to the outer surface
of the CRM1 ring thus localizing SPN1 exactly at this position
(discrepancy v = 1.8; Figures 2D). Due to the fact that the curves
obtained for CRM1 alone and in complex with RanGTP differ in
Rg and Dy, the position of SPN1 in the ternary complex can
be determined only with regard to the CRM1-RanGTP complex.
In the resulting model (fitting the data with ¢ = 1.3), SPN1
appears as an appendix attached to the outside of the CRM1-
RanGTP-NES shape (Figure 2C).

Taken together, the SAXS data strongly indicate that unbound
mammalian CRM1 exists in a more extended structure in the
measured ensemble of molecules and that binding of RanGTP
and NES peptide and/or SPN1 reduces the shape to a more
compact conformation.

Single Particle EM Structures of Human CRM1 in the
Free Form

We next addressed the question whether the different conforma-
tions of free hsCRM1 can also be seen on a single molecule level
in a noncrystalline environment. For this purpose, hsCRM1 was
subjected to the GraFix approach—a method allowing the stabi-
lization of different structural populations that exist in solution—
and subsequent single-particle EM analysis (Figures S6 and S7).
As expected, the human sample showed much higher flexibility
when fixed at 4°C compared to our previous study on the
C. thermophilum CRM1 (Monecke et al., 2013). Thus, to reduce
the number of conformations, this stabilization was performed
at —10°C. As also seen for ctCRM1, free hsCRM1 occurs in
two different and clearly distinct conformations. However, while
approximately two thirds of ctCRM1 adopt an extended and
pitched superhelical conformation, about half of the human par-
ticles (19,254 of 42,108) classified to this shape (Figure 3), similar
to that seen in the crystal structure of free ctCRM1. The other
conformer, represented by the remaining half of the particles,
resembles the shape of a distorted toroid, reminiscent of the
CRM1 conformation observed in various binary and ternary
complexes. Interestingly, in contrast to the C. thermophilum
homolog, resampling methods allowed us to predict a large
number of subpopulations for the compact conformer, which
could not be separated further (Figure S7).

The observation of the high conformational flexibility of free
hsCRM1 in the EM prompted us to reinvestigate the results of
free CRM1 obtained by SAXS. As mentioned previously, neither
the extended nor the compact form of CRM1 fit the SAXS data
well. Moreover, the Ry determined experimentally lies within
the range between the calculated Ry of the extended and
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Figure 3. Electron Microscopy Analysis of Free Homo sapiens CRM1
EM models of the compact (green) and the extended conformation (yellow) of
free hsCRM1 (see also Figures S6 and S7). The crystal structures of free
ctCRM1 (4FGV) and CRM1 derived from the complex structures with SPN1
(3GBS8) or the ternary complex with RanGTP and SPN1 (3GJX) are fitted to the
envelope models of the EM structures as indicated.

See also Table S3.

compact conformations of CRM1, suggesting a mixture of these
two conformations. The best fit for the experimental data of free
CRM1 from human and mouse could therefore be obtained with
a mixed population using a ratio of roughly 40:60 between
extended and compact structures of CRM1 (4FGV/3GJX; Table
S3). Please note that only these crystal structures were used
because they include 98% of all atoms.

Taken together, the EM results show that free CRM1 in solu-
tion exists in open extended, superhelical conformations along-
side the compact circular conformations. Whether the observed
compact conformations are fully compact as in the ternary com-
plex structure or represent the almost compact conformations
as seen for the CRM1-SPN1 complex, cannot be answered
unambiguously. The fact that no extended structure was
observed in the 100-ns MD simulations indicates that the
different conformations are separated by considerable energy
barriers.

MD Simulation: Toward an Open CRM1 Structure

To better understand the nature of the forces that oppose the
opening of the compact CRM1 and the increase of the superhe-
lical pitch, we focused on two sites of interest both residing
within CRM1, i.e., the AL and the contact site between the N-
and C-terminal regions, including the C-terminal helix 21B
(Dong et al., 2009b; Koyama and Matsuura, 2010; Monecke
et al., 2009). The crystal structures suggest, that, on one hand,
the AL tends to stabilize a compact CRM1 conformation when
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engulfing Ran (Figure 1A). This conformation is rearranged
when RanBP1 is bound (as in 3M1l) toward a “flipped back”
conformation, and remains in this state in the more extended
conformations (as in 4FGV, 4HZK, and 3VYC). Helix 21B, on
the other hand, adopts two different conformations in the avail-
able crystal structures. In the compact form, it is arranged in
the HEAT repeat-like “parallel” fashion and located at the outside
of CRM1 (3GJX). In contrast, in the other conformations it spans
the central opening of CRM1 (“bridging”), contacting residues in
the region forming the NES-binding cleft (3GB8, 4FGV, 4HZK,
and 3VYC; Figure 1A). The major differences between the
extended form and an observed intermediate, the almost
compact conformation, are the number of contacts between
the N- and C-terminal regions and the fact that the C-terminal
acidic patch is in contact with the HEAT repeats that line the
NES-binding cleft only in the extended conformation.

As a first step, the role of the N- and C-terminal interactions in
maintaining a toroidal conformation was investigated in the pres-
ence and absence of the AL. In force-probe MD simulations,
both the N- and C-terminal regions of CRM1 were subjected
to pulling potentials acting in opposite directions. The forces
were applied close to the interface where the N- and C-terminal
regions contact each other to form a toroid or closed solenoid
(Figure S8A). In most simulations, the force led to rupture of
the ring-closing contacts without severely perturbing the HEAT
repeats (Figure 4A). All simulations resulted in extended, super-
helical structures with a high flexibility and a varying degree of
pitch within less than 1 ns. These global conformations are quite
similar to the open conformations of superhelical KAPs, such as
the prototypic solenoid ImpB. Rupture of the toroid interface is
associated with a peak in the force curves (Figure 4A), seen
here at 0.4 ns simulation time. To test whether enforced opening
of CRM1 is reversible, we performed relaxation simulations,
allowing the extended conformational states of CRM1 to evolve
freely (Figure 4C). Indeed, within 10 ns, CRM1 recovered a ring
structure after release of the pulling force, as indicated by a
decrease of both Ry and the rmsd relative to the compact
conformation (Figure 4B). An overlay of the recovered con-
formation with the initial CRM1 ring shows their high structural
similarity (Figure 4C). A notable exception is the exact pattern
of close contacts at the interface between the N- and C-terminal
regions.

In summary, these simulations show that CRM1 can be
brought into an elongated, superhelical conformation similar to
ImpB when the contact between the N- and C-terminal regions
is ruptured by external mechanical strain. The extended confor-
mation of CRM1 shows the major hallmarks of an « solenoid, i.e.,
high overall flexibility under simultaneous stability of the second-
ary structure elements. The remarkably high transition rates
observed for returning to its original equilibrium conformation
are similar to those seen for the global conformational changes
of Impp (Kappel et al., 2010). They thus appear to be a general
feature of nuclear transport receptors.

To further characterize the driving forces for connecting the N-
and C-terminal regions and for stabilizing the connection, we
tested whether the mechanical properties of CRM1 after a cycle
of pulling and relaxation are similar to those of the initial struc-
ture. Stretching simulations were repeated on relaxed CRM1
structures with pulling potentials acting on the terminal sections.
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Figure 4. CRM1 Stretching and Relaxation

(A) Force profiles obtained from simulations with a probe velocity of v =5 m/s:
initial stretching (black), stretching after relaxation (blue), and stretching of a
structure containing only the terminal regions (magenta). The red circles
denote the times the snapshots shown below were taken. Colors are in
rainbow progressing from N terminus (blue) to C terminus (red).

(B) Backbone rmsd with respect to the initial structure (solid black lines) and Ry
(solid red line) of CRM1 during relaxation.

(C) The left panel shows an overlay of the initial CRM1 structure (gray) and a
structure after 50 ns of relaxation. The right panel shows a close-up of the
region connecting the termini. Structure and colors as in (B).

See Figure S8 for experimental setup and additional information.

In contrast to the initial simulations, repeated stretching did no
longer lead to pronounced force peaks, i.e., a much lower force
was now required to separate the terminal regions of relaxed
CRM1 (Figure 4A). This lack of interaction forces might either
be due to a perturbation of the global elastic properties of
CRM1 caused by the opening/closing cycle, i.e., a change in
the microscopic interaction pattern within and between all
HEAT repeats, or, alternatively, to the loss of important interac-
tions at the interface between the terminal regions.

To differentiate between these two possibilities, additional
force probe simulations with only N- and C-terminal fragments
of CRM1 were conducted (residues A12-V274 and 1815-
S1055, in the absence of in-lying HEAT repeats; Figure S8B).
The observed force peaks and required force for separating
the terminal fragments is nearly identical to that needed to
rupture these contacts in full CRM1 (Figure 4A). This suggests
that the main contribution to ring closure comes from the interfa-
cial contacts between the N- and C-terminal regions rather than
from strain within the body of CRM1. Indeed, because the forces
needed to rupture the terminal interface are larger than those
seen for stretching the protein, the terminal interactions might
even serve to maintain mechanical strain and, thereby, store
energy within the array of HEAT repeats. Overall, the force probe
simulations suggest that the arrangement of HEAT repeats is
compatible with both extended and compact conformations of
the free CRM1. The latter is stabilized by specific interactions
between the terminal regions. After stretching and release, these
contacts are not fully recovered during the simulations, probably
due to the presence of many local minima, separated by high
energy barriers.

In contrast to other KAPs, the AL in CRM1 is markedly longer
and forms a more rigid structural element consisting of a long
B-hairpin. It links the two o helices of H9 and affixes RanGTP
to CRM1 like a seatbelt, contacting H12-H15 opposite H9. The
observed local rigidity in that region is an intrinsic property of
CRM1. We next analyzed whether it directly arises from interac-
tions of the AL by performing simulations on a fragment of CRM1
comprising only the central HEAT repeats including the AL
(residues R344-1811; Figure S8B). The structure of this fragment
remained stable for 50 ns, as shown by its Ry and structural
snapshots (Figures 5A and 5D). Closer analysis revealed that
three residues within the AL (D436, E439, and R442) form
particularly strong electrostatic interactions to the o helices of
H12, H14, and H15. Their role in rigidifying the central CRM1
section was therefore examined further. In simulations of
CRM1 charge reversal mutants (triple mutation D436K/E439K/
R442E, Figure 5B), in which the interactions of the AL with the
opposing face of the CRM1 ring are abolished, the central region
showed a significant change in its curvature within 50 ns (Fig-
ure 5D). Further simulations, in which these residues were
each mutated to alanine, displayed a similar change in shape
(Figures 5C and 5D).

In summary, the conformation of CRM1 is regulated by a com-
plex pattern of interactions between successive HEAT repeats,
the interface between the terminal regions, the AL, and the C-ter-
minal helix 21B.

MD Analysis of Structural Changes in Ran and NES
Binding Sites

Two prominent mechanisms are conceivable to explain how the
AL mediates cooperative binding of RanGTP and SPN1. One
idea is that the AL in the seatbelt conformation may stabilize
the compact conformation, which then shifts the equilibrium at
the NES-binding cleft toward a conformation prone for cargo
binding. Alternatively, the conformation of the AL might directly
determine the conformational state of the NES-binding cleft,
thereby coupling the global conformation to the NES-binding
site. To test the first idea, we recorded the rupture force in MD
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Figure 5. Influence of the AL on CRM1 Conformation

(A-C) Snapshots at the start (gray) and after 50 ns (colored) of each simulation.
Key residues are shown in stick and sphere representation. The panels show
wt CRM1 (A, green), mutant D436K/E439K/R442E (B, magenta), and mutant
D436A/E439A/R442A (C, cyan).

(D) Rq of the WT and the two mutations for each single simulation. Raw data
(symbols) and Gaussian filtered data (lines) are shown. Colors as in (A)—(C).
(E) By applying a time-dependent harmonic biasing potential, CRM1 is brought
from the compact into the extended conformation. The average over the
maximally occurring forces during these force probe simulations, the rupture
force, is related to the energetic barrier separating compact and extended
conformation. Comparing these rupture forces for WT (left) and AL deletion
mutant (right) simulations reveals that the AL does not significantly influence
this energetic barrier (see also Table 2).

simulations with an external biasing potential that drives the
compact (3GJX) structure toward the extended (4FGV) confor-
mation, both for the wild-type (WT) and an AL deletion mutant
(Figure 5E). Remarkably, no significant difference was observed
between these variants, and this result was robust under varia-
tion of the pulling velocity (Table 2; Figure S8C). These findings
suggest that the energy required for the compact-to-extended
transition of CRM1 is dominated by the interactions between
the C- and N-terminal regions, whereas the AL seems to play a
rather minor role. Indeed, closer analysis of the simulations
showed that the AL maintains all interactions that stabilize the
seatbelt conformation even after this enforced conformational
change.

Next we investigated the influence of the AL on the configura-
tion of the NES-binding cleft by carrying out unbiased simula-
tions of WT CRM1 and the AL deletion mutant, both in the
presence and absence of RanGTP. Here, the progression of
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Table 2. Average Rupture Forces Calculated from Independent
Force Probe Simulations for CRM1 WT or AL Deletion Mutant

Frupture kJ/(mol*nm) 3GJIXWT 3GJX w/o AL
Initial 45.7 £ 2.6 48.5 + 2.7
Slower 42.6 +2.3 37.0+29

The average rupture forces for the force probe simulations in the pres-
ence or absence of the AL at two velocities are shown.

the conformational transition of the NES-binding cleft was char-
acterized by projecting its structure onto the difference vector
between the compact and extended conformations. In most
simulations with bound RanGTP and in the absence of the AL,
the NES-binding cleft closed within 10-60 ns (Figure 6B). By
contrast, in WT CRM1 the cleft remained open during all five
100-ns simulations (Figure 6A). This observation strongly sug-
gests that the AL mediates the cooperative binding of RanGTP
and a cargo protein by stabilizing the open configuration of the
NES-binding cleft.

In the absence of RanGTP, the NES-binding cleft of WT CRM1
in the compact conformation adopts an intermediate, semi-open
state (Figure 6C). For the AL deletion mutant in the compact
conformation without RanGTP, the ensemble of ten trajectories
is probably not fully converged, as inferred from the bimodal dis-
tribution (Figure 6D). Because several closing but no re-opening
events of the NES-binding cleft are seen during the 200-ns sim-
ulations, we assume that the kinetics are slowed down, with the
closed cleft conformation still favored energetically.

Taken together, these results support the hypothesis that the
AL directly determines the NES-binding cleft configuration. In
contrast, the AL is unlikely to play a major role in the stabilization
of the compact ring-like configuration of CRM1. Our finding that
the AL conformation is correlated to the arrangement of the
HEAT repeats lining the NES-binding cleft leads us to suggest
that RanGTP facilitates cargo uptake by fine-tuning the orienta-
tion of the central HEAT repeats and, in particular, the NES-
binding cleft between helices 11A and 12A. These results also
support a model in which RanBP1 disassembles the complex
by causing a rearrangement of the AL (Koyama and Matsuura,
2010), which leads to a shift in the relative free energy of the bind-
ing cleft conformations. This in turn decreases the affinity for
cargo, resulting in its release and subsequent closure of the
NES-binding cleft. Thereby the overall compact conformation
of CRM1 is destabilized, facilitating full disassembly of the
complex.

To test this idea further, we investigated structural changes
among the HEAT repeats upon cargo and Ran binding. These
structural units have been shown to be quite rigid, so major over-
all structural changes predominantly rely on alterations of inter-
HEAT repeat interactions (Forwood et al., 2010; Kappel et al.,
2010). We monitored the movements of HEAT repeats in unbi-
ased MD trajectories starting from the crystal structure of the
ternary complex (3GJX), either complete or after removal of
Ran and/or SPN1. Figure 7 shows the backbone rmsd of the
21 individual HEAT repeats. The center of mass (COM) distance
of neighboring HEAT repeats is plotted in Figure S9. In all cases,
the closed shape of CRM1 remained intact after a simulation
time of 100 ns, as reflected by the generally low rmsd with only
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the N-terminal HEAT repeats as exception. In light of the EM and
X-ray results, this finding implies that either opening of CRM1 is
intrinsically slower or that additional factors are required to pro-
mote this transition.

In contrast, the three N-terminal HEAT repeats revealed a high
degree of flexibility and underwent marked conformational
rearrangements during the 100-ns simulations (Figure 7). These
HEAT repeats form the main RanGTP binding site (CRIME
domain), which is the most highly conserved domain within the
ImpB superfamily (Fornerod et al., 1997; Gorlich et al., 1997;
Petosa et al., 2004). This domain is more flexible than the other
HEAT repeats, which suggests a weak binding of RanGTP as
shown in biochemical assays (Paraskeva et al., 1999; Petosa
et al., 2004). Even with RanGTP bound, the H1 helices show a
noticeable degree of conformational fluctuations (Figures 7A
and 7D). When RanGTP is removed from the complex, the flex-
ibility of H1 increases further (Figures 7B and 7C), consistent with
the CRM1-SPN1 crystal structure.

While changes in flexibility and conformation of the N-terminal
region of CRM1 upon RanGTP-binding are clearly reflected in
the rmsd, the regions involved in cargo binding seem unaffected
by the presence of the binding partners. In the case of SPN1, the
binding site is composed of three patches: the NES-binding cleft
formed by the outward-oriented o helices of H11 and H12, the
intra HEAT loop regions of H12-H14, involved in the interaction
with the cap-binding domain, and the binding site for the SPN1
C-terminal region, formed by the o helices of H14-H16. Because
the NES-binding cleft is the most important of these patches, the
putative changes in H11 and H12 were monitored by recording
their COM distance in the simulations (Figure 8A). When an
NES is bound in the cleft, the distance remains at 1.7 nm (Figures
8B and S10E), as expected from the X-ray structure (3GJX). This

CRM1 AAL

0 20 40 60 80 100120140160180200 O 05 1 1.5

The open NES-binding cleft configuration was
taken from the compact CRM1 structure (3GJX),
the closed one from the extended CRM1 structure
(4FGV). In (A)—(D), the vector coordinate values
(per atom) for the open and closed reference
structures are shown as horizontal lines. The his-
tograms on the right are constructed from the data
of all shown simulations.

(A) In WT simulations and under presence of
RanGTP, the NES-binding cleft remains open in all
100-ns simulations.

(B) In AL deletion mutant simulations, sponta-
neous closure of the NES cleft is seen.

(C) In the absence of RanGTP, the NES-binding
cleft adopts an intermediate conformation in WT
simulations.

(D) Several closing but no reopening events of
the NES-binding cleft are observed in AL deletion
mutant simulations in the absence of RanGTP,
indicating that the closed conformation is more

Probability (1/nm)
stable.

value agrees well with other cargo-bound CRM1 structures
(1.59-1.64 nm distance; 3GJX, 3NCO, 3NBY, 3NBZ, and 3GBS;
Figure S11). Removal of both RanGTP and SPN1 from the start-
ing model results in a fast decrease of the distance between H11
and H12, indicating a closure of the NES-binding cleft toward a
conformation incompatible with NES binding (Figures 8B and
S10A). In free CRM1, the distance decreases for all trajectories
from 1.7 nmtoless than 1.5 nm and as low as 1.3 nm. In all cases,
this conformation was attained within the first 50 ns and there-
after remained “closed” (Figure 8B). This finding is in agreement
with previous simulations of free ctCRM1 in the extended confor-
mation (Monecke et al., 2013), where the probability to observe
the NES-binding cleft in an open conformation was consistently
below 20%. When only the NES-bearing cargo, here SPN1, was
removed from the complex with RanGTP still bound, larger dis-
tance fluctuations were seen; however, in four of five trajectories,
the average distance remained within 0.1 nm of those obtained
for the ternary complex, and similar to the respective X-ray struc-
ture (1.64 nm; 3NC1). The fifth trajectory eventually approached
a more closed conformation (Figure S10B and S10C). In con-
trast, the AL remained in the original seatbelt conformation in
all simulations (Figure S1B). We conclude that, although RanGTP
is not in direct contact with H11 and H12, RanGTP binding mark-
edly shifts the equilibrium from a closed conformation of the
NES-binding cleft toward an open one, capable of binding cargo.

Interestingly, in the X-ray structures of CRM1-RanGTP-
RanBP1, the AL is found in a “flipped back” configuration, which
might prevent more pronounced changes in the conformation of
the NES-binding cleft. In one of the structures, the NES-binding
cleft is empty, which is probably why, previously, this AL
arrangement was assumed to displace the cargo from the
NES-binding cleft and prevent cargo rebinding (3M1l; Koyama
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Figure 7. Significant Structural Rearrange-
ments in CRM1 Related to the Respective

Binding Partners Are Predominantly Ob-
served within the N-Terminal HEAT Repeats
The spatial changes (C rmsd) of the 21 individual
HEAT repeats are plotted over time with CRM1
from the crystal structure 3GJX as reference. The
individual HEAT-repeats and relevant loops are
labeled according to the color code shown on the
right. The most prominent changes within the
simulations are observed in the three N-terminal
HEAT repeats (see also Figure S9). The respective
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structures are presented: CRM1-RanGTP-SPN1,
- CRM1, CRM1-SPN1, and CRM1-RanGTP.

Taken together, the MD simulations
show that even in the compact toroidal
conformation of CRM1, RanGTP binding
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and Matsuura, 2010). Recently, two additional crystal structures
of this complex with small inhibitors of nuclear export bound in
the NES-binding cleft have been determined (4GPT and 4GMX;
Etchin et al., 2013; Lapalombella et al., 2012). All three structures
display H11-H12 distances between 1.44 and 1.60 nm, similar to
those obtained from our MD simulations. This finding indicates,
that despite the binding of RanGTP and RanBP1 and the result-
ing rearrangements in the HEAT repeats around the NES-binding
cleft, the cleft is still flexible enough to accommodate “cargo”. In
contrast, the three recently published extended conformations
of CRM1 exhibit H11A-H12A COM distances between 1.31
and 1.39 nm (4FGV, 4HZK, and 3VYC). Strikingly, the width of
the NES-binding cleft increases from the most extended confor-
mation of CRM1 (4FGV) to the least extended one (3VYC). This is
in good agreement with the finding that the populations of the
NES-binding cleft conformations are closely coupled to the
extension of the overall CRM1 structure (Monecke et al., 2013)
and could resemble states more or less prone for cargo binding.

without interactions between N- and
C-terminal regions to almost compact
ones. In ternary complexes, CRM1 is in a
compact toroidal conformation, corre-
sponding to that in the known crystal
structures of export complexes. Our ex-
perimental data extend earlier studies on
ctCRM1 and scCRM1 to higher eukary-
otes, and show that structural rearrange-
ments are a general property of CRM1.

Our MD simulations confirm the high flexibility of CRM1 and
show that CRM1 can reversibly switch from compact to
extended conformations without disrupting the array of HEAT re-
peats. The toroidal shape of CRM1 is mainly stabilized by strong
interactions between the N- and C-terminal regions. The exact
compact state conformation of CRM1 is determined by an unex-
pectedly complex interplay of several structural features and
their mutual interactions, such as the arrangement of the HEAT
repeats, conformation of the AL, and positions of the C-terminal
helix 21B and C-terminal acidic patch.

Our simulations strongly suggest that RanGTP binding
favors the compact conformation of CRM1. The AL is the internal
CRM1 key mediator transmitting the effect of this global con-
formational change to the NES-binding cleft. These changes
shift the equilibrium of the NES-binding cleft from a closed
conformation, which is incapable of substrate binding, toward
open binding-competent states, thus enabling cooperative
binding of both, RanGTP and cargo. These changes also seem
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Figure 8. The NES-Binding Cleft Is Stabilized in an Open Conforma-
tion by RanGTP

(A) The COM of the «. helices of the individual HEAT (colored spheres) repeats
were calculated and their distances to neighboring HEATs monitored. Helices
referred to in the text are labeled and indicated by arrows.

(B) Time evolution of the COM distance between helices 11A and 12A for the
simulations of the ternary complex (blue), CRM1-RanGTP (orange), CRM1-
SPN1 (green), and CRM1 alone (red; for snapshots, see Figure S10 and for
correlation to known X-ray structures, see Figure S11).

to reduce the free energy barriers that separate the open from
the closed state. In this way, binding of RanGTP and cargo
protein at two binding sites, separated by a remarkable dis-
tance, is coupled both in terms of binding free energies and
kinetics, which rationalizes the observed cooperativity in struc-
tural terms.

EXPERIMENTAL PROCEDURES

Expression and Purification

CRM1 from Mus musculus, RanQ69LGTP 1-180 (referred to as RanGTP in the
text) as well as Snurportin1 both from Homo sapiens were expressed and
purified as described (Monecke et al., 2009). The CRM1-RanGTP-SPN1 com-
plex as well as the CRM1-RanGTP-PKI-NES complex were assembled and
purified as described (Giittler et al., 2010; Monecke et al., 2009). Human
Hiss-CRM1 was expressed in Escherichia coli TG1 as described previously
(Guan et al., 2000) and purified as described in detail in the Supplemental
Experimental Procedures.

Molecular Dynamics Simulations

MD simulations comparing WT and an AL deletion mutant were carried out
using GROMACS 4.5 (Hess et al., 2008; Van Der Spoel et al., 2005) with the
Amber99sb force field (Hornak et al., 2006) and the SPC/E water model
(Berendsen et al., 1987). All other MD simulations were carried out with the
GROMACS 4 program package (Van Der Spoel et al., 2005), using the
OPLS-AA force field (Friesner et al., 2001; Jorgensen et al., 1996) and
the TIP4P water model (Jorgensen et al., 1983). All simulation systems were
based on CRM1 as observed in the ternary complex (3GJX).

Small-Angle X-Ray Scattering

The scattering data from solutions of CRM1 alone and in complex were
collected on the X33 beamline (EMBL, DORIS lll, Hamburg; Blanchet et al.,
2012). The data were processed by standard procedures using PRIMUS and
Gnom (Svergun, 1992). The low-resolution ab initio shapes were generated
using multiple runs of DAMMIF (Franke and Svergun, 2009) averaged by
DAMAVER (Volkov and Svergun, 2003) and SUPCOMB (Svergun and Kozin,
2001). A multiphase shape modeling program MONSA (Svergun, 1999) was
used for the low-resolution shape analysis of CRM1 in complex. The scattering
from the high-resolution models was calculated with CRYSOL (Svergun et al.,
1995).

Electron Microscopy Preparation and Image Processing

Purified human CRM1 was prepared and analyzed as described in (Monecke
et al., 2013) with the difference that GraFix was run at —10°C. Final three-
dimensional models were obtained at a resolution of approximately 20 A
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