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In eukaryotes, the nucleocytoplasmic transport of macromolecules
is mainly mediated by soluble nuclear transport receptors of the
karyopherin-f superfamily termed importins and exportins. The
highly versatile exportin chromosome region maintenance 1
(CRM1) is essential for nuclear depletion of numerous structurally
and functionally unrelated protein and ribonucleoprotein cargoes.
CRM1 has been shown to adopt a toroidal structure in several func-
tional transport complexes and was thought to maintain this con-
formation throughout the entire nucleocytoplasmic transport cycle.
We solved crystal structures of free CRM1 from the thermophilic
eukaryote Chaetomium thermophilum. Surprisingly, unbound
CRM1 exhibits an overall extended and pitched superhelical confor-
mation. The two regulatory regions, namely the acidic loop and the
C-terminal a-helix, are dramatically repositioned in free CRM1 in
comparison with the ternary CRM1-Ran-Snurportin1 export com-
plex. Single-particle EM analysis demonstrates that, in a noncrystal-
line environment, free CRM1 exists in equilibrium between extended,
superhelical and compact, ring-like conformations. Molecular dy-
namics simulations show that the C-terminal helix plays an impor-
tant role in regulating the transition from an extended to a compact
conformation and reveal how the binding site for nuclear export
signals of cargoes is modulated by different CRM1 conformations.
Combining these results, we propose a model for the cooperativity
of CRM1 export complex assembly involving the long-range allo-
steric communication between the distant binding sites of GTP-
bound Ran and cargo.

Eukaryotic cells are separated into compartments, such as the
endoplasmic reticulum, mitochondria, or the nucleus. The nu-
cleus is encompassed by a double-layered membrane, the nuclear
envelope, whereas aqueous connections to the cytoplasm are
maintained by large macromolecular assemblies, the nuclear pore
complexes. However, aside from the regulatory advantages of
compartmentalization, the spatial separation also poses a logistic
challenge, namely to ensure the efficient exchange of proteins,
RNA, and metabolites between these compartments. An elaborate
transport system has evolved to achieve the bidirectional transport
of proteins and RNAs. Nuclear transport of macromolecules in
eukaryotic cells is mainly mediated by soluble transport receptors of
the karyopherin-§ superfamily termed importins and exportins (1,
2). They share a common structural arrangement of approxi-
mately 20 repetitive elements, so-called HEAT repeats. Among
them, the prototypical exportin chromosome region mainte-
nance 1 (CRM1) is essential for nuclear depletion of numerous
structurally and functionally unrelated protein and ribonucleo-
protein cargoes (3-7). Commonly, CRM1-cargo binding depends
on a 10- to 15-residue-long, leucine-rich nuclear export signal
(NES) within the transport target (8-10), which binds to a hy-
drophobic cleft (NES binding cleft) on the outer convex surface of
CRM1. Efficient cargo binding requires the presence of the small
GTPase Ran in its GTP-bound nuclear form (RanGTP). The
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binding of RanGTP and cargo to CRM1 has been shown to be
cooperative, as the affinity for either of the binding partners is
increased in the presence of the other protein (11-13). However,
the structural basis for this cooperativity has so far been unclear.
Subsequent to formation of the stable CRM1-RanGTP-cargo
complex, the assembly translocates through the nuclear pore
complex into the cytoplasm. GTP hydrolysis by Ran in the cyto-
plasm is stimulated by the Ran GTPase activating protein (i.e.,
RanGAP) and further increased by Ran binding proteins
(RanBPs), resulting in a release of the cargo. CRM1 in the free
form shuttles back into the nucleus for the next round of export.
In recent years, the crystal structures of three different CRM1
export complexes have been solved. They are CRM1 with bound
cargo Snurportinl [CRM1-SPN1; Protein Data Bank (PDB) ID
code 3GBS§] (10), CRM1 with RanGTP (CRM1-RanGTP; PDB
ID code 3NC1) (8)—both representing assembly intermediates—
as well as the functional ternary export complex CRM1-RanGTP-
SPN1 (PDB ID code 3GJX) (9). Moreover, the structure of one
disassembly complex containing CRM1, RanGTP, and RanBP1
(CRM1-RanGTP-RanBP1; PDB ID code 3M1I) (14) has been
determined. All these structures have in common that CRM1
adopts a compact ring-like shape of a toroid with the N- and C-
terminal regions forming numerous interactions. Alterations be-
tween these CRM1 structures are found in the first three HEAT
repeats, a highly conserved region involved in RanGTP binding,
but the N- and C-terminal HEAT repeats are always in close
contact. This led to the proposal that cargo-free CRM1 may retain
a ring-like shape (9), which was further supported by single-par-
ticle EM and small-angle X-ray scattering analyses (12, 15).
Surprisingly, and in contrast to all other known export com-
plexes, no obvious explanation for the observed cooperative
effects were seen; in particular, no direct interactions between
cargo and RanGTP in the CRMI1-RanGTP-SPN1 complex
could be detected. Therefore, two significant differences be-
tween these ring-shaped CRM1 structures might be of particular
relevance. The first one concerns the so-called acidic loop,
a stretch of acidic amino acids forming a more or less extended
loop of variable length in many members of the importin-§
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superfamily, which has been shown to be involved in cargo
binding and release (9, 16-18). In the RanGTP-bound CRM1
complex structures, this acidic loop traverses the central opening
of the CRM1 toroid and affixes RanGTP to CRM1, in a seatbelt-
like fashion, to N- and C-terminal regions that form numerous
interactions (8, 9). In the CRM1-RanGTP-RanBP1 complex,
this loop is reoriented in a “flipped back” position that brings the
loop into proximity of the HEAT repeats, forming the NES
binding cleft (14). The binding of the acidic loop to the inward-
oriented HEAT repeat helices 11B and 12B may stabilize the
NES cleft in a contracted, closed state. The other feature in
CRMI1 relates to the last HEAT repeat helix 21B, which is lo-
cated in a parallel orientation to the HEAT repeat helix 21A in
the Ran-bound complexes (9, 14). In the cargo-only bound state
(i.e., CRM1-SPN1), these two helices are considerably reposi-
tioned, and the relative position of the N-terminal HEAT
repeats with respect to the C-terminal region and thus the in-
teraction pattern of these two regions is altered (10). The B-helix
is now bridging the central opening and interacts with the HEAT
repeats that form the NES cleft. The acidic residues located C-
terminally of the B-helix (i.e., C-terminal acidic tail) are thought
to form close contacts to basic patches at the back side of the
NES binding cleft, thereby regulating the NES binding cleft state
(19). However, the question of how CRM1 achieves these con-
formational changes and how binding cooperativity is mediated
from the RanGTP binding site to the cargo binding site remains
elusive, mainly because no crystal structure of free CRM1 has yet
been solved.

Here, we present crystal structures of free CRM1 exhibiting an
extended and pitched superhelical conformation. Single-particle
EM studies reveal that, in a noncrystalline environment, free
CRMI1 exists in equilibrium between extended and more compact
conformations. Moreover, molecular dynamics (MD) simulations
unravel the contributions of two regulatory regions to the confor-
mational state of CRM1. Combining these results, we propose
a model for the cooperativity of CRM1 export complex assembly,
which shows how long-range allosteric communication between
distant binding sites in proteins orchestrates the tuning of affinities.

Results

Crystal Structure Analysis. To gain insight into the structure of free
CRM1, and to understand the structural requirements for the
cooperativity of cargo and Ran binding, we aimed to crystallize
it. As all attempts to crystallize full-length mammalian CRM1
have failed so far, we sought to structurally characterize the
CRM1 orthologue from the thermophilic fungus Chaetomium
thermophilum (ctCRM1) which exhibits a sequence identity of
50% to human CRM1 (Fig. S1). Two different crystal forms of
ctCRM1 were obtained belonging to space groups P3; and
P2,2,2,, respectively. As a result of better crystal quality and
higher resolution of the diffraction data, as well as the fact that
the trigonal crystals were twinned, the orthorhombic crystals
were initially used. The structure was solved by molecular re-
placement using mouse CRM1 derived from the CRMI-
RanGTP-SPN1 complex structure (9) as search model, and
refined at 2.94 A resolution to R and Ry values of 22.0% and
24.3%, respectively (Table S1).

Like mammalian and yeast CRM1, full-length ctCRM1 con-
sists of 21 HEAT repeats (H1-H21; Fig. S1). It adopts an overall
extended and pitched superhelical structure (Fig. 1), clearly
differing from the known complex structures, in which CRM1 is
bent into a distorted toroid and shows less superhelical pitch (9,
10, 14) (Fig. 2 B-D). In all these complexes, N- and C-terminal
HEAT repeats of CRM1 interact with each other, involving
residues of H2 to H5 on the one side and residues from H21 on
the other side. These interactions are completely absent from the
cargo-free form of CRM1 (Figs. 1 and 24). In contrast to the
complex structures, the C-terminal half of free CRM1 is shifted
from the N-terminal HEAT repeats by approximately 20 A, in-
creasing the pitch and elongating the superhelix by 12 A (Fig. 2).
As a consequence, the helices 11A and 12A move toward each
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other, thereby rendering the NES binding cleft between these
helices inaccessible for cargo (Fig. 3 and Fig. S2).

The extended conformation of free CRM1, and, consequently,
the closed state of the NES binding cleft, seems to be stabilized
by the rearranged C-terminal helix of CRM1 (HEAT repeat
helix 21B), which diagonally crosses the superhelix. The C-ter-
minal helix is found in a similar position as in the CRM1-SPN1
binary complex (10) (Fig. 1 and Fig. S3). Several residues be-
tween Argl059 and Glul073 belonging to the C-terminal helix
and the adjacent C-terminal tail contact the B-helices of HS to
H12 on the opposite side of CRM1 (Fig. 1). Only one salt bridge
each has been observed for the C-terminal tail in interaction with
the acidic loop (Lys1068 with Glu426) and the back side of the
NES cleft (Glu1073 and GIn591; Fig. 1). In contrast, the B-helix
of H21 is located at the outer surface of the CRMI1 toroid
in parallel orientation to helix 21A in the Ran-containing com-
plexes (Fig. S3).

Another important structural difference between free CRM1
and its export complexes concerns the acidic loop, which is
inserted between the A- and B-helix of H9 (Figs. S1 and S4). In
free ctCRMI, this region contacts the HEAT repeat helices
forming the back side of the NES cleft (Fig. S54). The observed
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Fig. 1.
C-terminal helix (red) and the NES cleft (blue) are highlighted. The HEAT
repeats are numbered, and termini are labeled. (Lower) Rotated detail view
of the interactions of residues from the C-terminal helix with the acidic loop
and a patch of CRM1 formed by helices of H8 to H12. Hydrogen bonds
and salt bridges are represented by dashed lines, and interacting residues
are labeled.

Crystal structure of free ctCRM1 (gray). The acidic loop (green), the
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Fig. 2. Comparison of CRM1 conformations in different crystal structures.
Free ctCRM1 (A), CRM1-RanGTP-SPN1 (B), CRM1-SPN1 (C), and CRM1-
RanGTP-RanBP1 (D) are shown. CRM1 is depicted as rainbow colored surface
from N (blue) to C terminus (red), whereas the interacting proteins are
shown as tube models (SPN1, purple; RanGTP, beige; RanBP1, red). The po-
sition of the NES cleft in structures lacking cargo is marked by a black ar-
rowhead. The bars at the side of the individual structures indicate the
dimension of the protein in the shown orientation.

conformation of the acidic loop is clearly different from that in
the CRM1-RanGTP and CRM1-RanGTP-SPN1 complexes (in
the seatbelt conformation) and instead closely resembles the ori-
entation of the respective part in the CRM1-RanGTP-RanBP1
structure, with the acidic loop in a flipped-back conformation (Fig.
S3). Specifically, hydrophobic residues of the acidic loop (Val427,
Leu428, I1le429, and Ile437) pack against the surface of helices
10B, 11B, and 12B at the back side of the NES cleft. This results in
a major rearrangement of the side chains located in the hydro-
phobic core of H10, H11, and H12 (Fig. S5 B-D). Met580 is
shifted toward the hydrophobic residues of the acidic loop, and the
resulting empty space is filled by Met542, the position of which in
turn is replaced by Phe569. As a consequence, this rearrange-
ment facilitates a significant rotation and rearrangement of the
highly conserved Lys531 and Lys534. The latter enables the
helix 11A to move toward helix 12A. This ultimately leads to
a closure of the NES cleft, which prevents binding of an NES-
bearing cargo (Fig. S2). Mutations of the respective hydro-
phobic residues within the acidic loop of yeast CRM1 have
been shown to cause a reduction of NES-cargo release rate in
CRM1-RanGTP-RanBP1 complexes, indicating a direct in-
fluence on NES cleft accessibility (14).

However, analysis of the crystal packing of the orthorhombic
crystal form revealed that this conformation of the acidic loop
might also be stabilized by the interaction of Glu434, located in
the acidic loop, with Gly642, of a symmetry-related molecule. To
exclude the possibility that the flipped-back conformation of the
acidic loop as well as the overall open conformation of CRM1
are at least in part products of crystal packing, the trigonal
ctCRMI crystal form was investigated as well. The 3.1-A crystal
structure of P3; ctCRM1 was solved by molecular replacement,
revealing a different crystal packing of the CRMI1 molecules
(Table S1). There are two molecules in the asymmetric unit, both
showing the extended superhelical structure with the C-terminal
helix crossing the CRM1 arch and the acidic loop in the flipped-
back position even though the acidic loop is not involved in any
crystal contacts (Figs. S4B and S64). However, there are also two
remarkable differences between the structures. First, in the tri-
gonal crystal form, CRM1 adopts a slightly less extended con-
formation with a reduced superhelical pitch, which also differs
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between the two molecules in the asymmetric unit, with an rmsd
of 1.03 A (Fig. S64). Second, H1 to H3, as well as several loops
and the C-terminal five residues corresponding to the C-terminal
acidic tail, are not clearly defined in the electron density map and
thus were not modeled. Overall, these differences reflect the
intrinsic high plasticity of free CRM1, which is also known for
other transport factors in their free state (20, 21).

EM Structure Analysis. We next asked whether the extended con-
formation of free CRM1 could also exist in a noncrystalline
environment. For this purpose, c¢cCRM1 was subjected to the
GraFix approach (22) and subsequent single-particle EM anal-
ysis (Figs. S7 and S8). Strikingly, free c¢cCRM1 was detected in at
least two different and clearly distinct conformations. Two thirds
of the classified particles clearly adopt an extended and pitched
superhelical shape similar to that seen in the crystal structures of
free ctCRM1 when fitted in the EM model (Fig. 4). Interestingly,
the EM model supports a free CRM1 conformation, which
adopts an even more extended state than seen in the ortho-
rhombic crystal structure. The other conformer, represented by
the remaining third, resembles the shape of a more compact
closed ring or distorted toroid, reminiscent of the CRM1 con-
formation observed in various binary and ternary complexes.
These data suggest that free CRM1, also in solution, is able to
switch between an extended and a compact conformation.

MD Simulations. We next addressed the question whether CRM1
in the extended form represents a strained conformation, and, if
so, which structural features prevent closure. We applied MD
simulations, which have previously provided insight into the high
conformational flexibility of HEAT repeat proteins (23-25). We
first compared simulations of WT CRM1 with a deletion mutant
lacking the C-terminal helix 21B and the acidic tail. To monitor
transitions from the extended toward the compact crystal struc-
ture, the progress of the trajectory along the difference vector
between those two structures was recorded and used as a re-
action coordinate. In five unperturbed simulations of WT, all
structures remain in the extended conformation or elongate even
further (Fig. 54). By contrast, 6 of 10 simulations of the helix
deletion mutant spontaneously progress toward the compact
state within as little as 100 ns (Fig. 5B). Simulations, in which
closing and subsequent contact formation between the N- and C-

CRM1+Ran*SPN1
Xroe

free CRM1
ADdY

SPN1 NES (3GJX)

Fig. 3. Comparison of NES cleft conformations between free ctCRM1 (PDB
ID code 4FGV; green) and CRM1 bound to SPN1 and RanGTP (PDB ID code
3GJX; red). The NES cleft is shown in cartoon mode (Left) with the centers of
mass of the helices 11A and 12A represented by blue spheres and their
distances indicated. A surface model (Center) illustrates the differences of
the NES clefts between both structures. A superposition of the SPN1 NES
from the ternary CRM1-RanGTP-SPN1 complex (Right) highlights the struc-
tural changes in the NES cleft, which are incompatible with NES binding in
free CRM1.
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Fig. 4. Single-particle EM analysis of free ctCRM1. EM models of the com-
pact (orange) as well as the extended conformation (blue) of free ctCRM1
are shown. The crystal structures of free ctCRM1 and CRM1 in complex with
SPN1 and RanGTP are fitted to the envelope models of the EM structures.
The position of the NES cleft is marked by a black arrowhead.

terminal regions of CRM1 are observed, display lower flexibility
after closing than those that remain open. These results show
that the C-terminal helix is a major determinant restricting the
conformational flexibility and thus shifting the population more
toward the extended conformation.

We next examined the contribution of the acidic loop. In all
but one simulation of the acidic loop deletion mutant, the
structure remains in the extended conformation, closely re-
sembling the behavior of WT (Fig. S94). In contrast, the double
deletion mutant lacking both the C-terminal helix and the acidic
loop shows conformational changes similar to the deletion mu-
tant lacking the C-terminal helix only (Fig. S9B). This result
indicates that the acidic loop plays only a minor role in de-
termining the conformation of CRMI1. To characterize the
closing motion leading from the extended to compact confor-
mation in more detail, all trajectories were projected onto the
subspace defined by the three available crystal structures of free
CRM1, the CRM1-SPN1 complex, and the ternary CRMI1-
RanGTP-SPN1 complex (Fig. 5C). Starting from the extended
state, CRM1 does not seem to target the compact conformation
seen in the ternary CRM1-RanGTP-SPN1 complex, but rather
approaches an almost compact conformation resembling the one
seen in the CRM1-SPN1 complex (Fig. 2C). Indeed, the rmsd to
the almost compact crystal structure decreases from an initial
value of 5.1 A to a minimum of 2 A, whereas that to the compact
conformation remains at a minimum of 3.9

Because the plane defined by the three aforementioned crystal
structures may not contain all relevant dynamics, and to identify
the dominant structural changes, we performed a principal
component analysis of the combined ensemble of all trajectories

of the C-terminal deletion mutant. Fig. SOC shows projections
onto the first two eigenvectors of all trajectories, including all
variants. As indicated by the inserted ribbon structures, motions
along the first principal component analysis eigenvector pre-
dominantly describe a change in the diameter of the ring,
whereas dynamics along the second eigenvector represent
a change in the pitch of the superhelical structure (Movies S1
and S2). Whereas the first eigenvector is similar to the vector
connecting the extended and compact crystal structures, signifi-
cant dynamics are also seen along the second eigenvector, i.e.,
changes in the pitch without changes in the ring diameter. This
motion is not contained in the differences among the three
crystal structures.

Next we asked whether the conformational transition from the
almost compact to the extended state of CRM1 may affect the
cargo affinity of the CRM1 NES binding cleft. To this end, we
examined structural changes of the binding cleft and investigated
if these depend on the CRM1 conformation. Accordingly, each
of the trajectories was subdivided into four states—extended/
open, extended/closed, compact/open, and compact/closed—
corresponding to the respective state of the overall CRM1 con-
formation and that of the NES binding cleft, respectively. We
then determined from the simulations the conditional probabil-
ities that the binding cleft is open (i.e., high-affinity state), given
that the overall conformation is extended or, respectively, com-
pact. Indeed, the probability of observing an NES binding con-
figuration of the NES cleft is larger by a factor of approximately
three for the compact CRM1 conformation than for the ex-
tended, low-affinity one, with significances lower than 1% and
3% for the double deletion and helix deletion mutant, re-
spectively (Table S2). This population shift corresponds to a
marked increase of the free energy difference between the closed
and open NES cleft conformations of AAG of 2.7 + 1.2 kJ/mol
for the C-terminal helix deletion mutant and of AAG of 3.5 + 1.3
kJ/mol for the double deletion mutant.

Discussion

The structural basis for the cooperative binding of cargo and
RanGTP to the exportin CRM1 has so far remained an open
question. All crystal structures of CRM1 in various complexes
with RanGTP and/or SPN1 or RanGTP and RanBP1 showed
a toroid, a distorted ring-shaped molecule, in which N- and
C-terminal HEAT repeats interact (Fig. 2 B-D and Fig. S3).
Here we demonstrate that CRM1 in the free state can adopt
a compact, ring-like structure, and an extended, superhelical
structure. The structures of free CRM1 obtained from different
crystal forms, as well as single-particle EM and MD simulations,
indicate a high intrinsic flexibility. The MD simulations show that
the C-terminal helix contributes to stabilizing the extended
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conformation like a ratchet, whereas the acidic loop is of less
importance for the overall structure. Moreover, the extended
conformation exhibits a high degree of flexibility that is lost in
the closing process as a result of interactions between the ter-
minal HEAT repeats that increase the rigidity of CRM1.

The cooperative binding of RanGTP and cargo by CRM1 was
previously suggested to be achieved mainly by local subtle
structural changes in the CRM1 toroid (9, 19). Binding of either
of the two interaction partners leads to rearrangements in CRM1
altering the binding properties of the second binding site.
However, in light of the results presented here, the cooperativity
of cargo and RanGTP binding can occur in both pathways for
export complex assembly that can be envisioned. As suggested by
our EM data, free CRMI1 is predominantly in an extended
conformation, most likely with the acidic loop flipped back, in-
tricately interacting with the HEAT repeats involved in NES
binding, and stabilized by the C-terminal helix 21B (Fig. 6). For
binding of RanGTP first, helix 21B has to be released and move
into a parallel orientation to helix 21A, as the crossing C-ter-
minal helix is partially occupying the volume required for
RanGTP binding (Fig. S3). The release and reorientation of
helix 21B seems to be an unfavorable process, which could be
causative for the low micromolar affinity of RanGTP to CRM1
(11, 12). During RanGTP binding, the extended structure con-
denses by interaction of N- and C-terminal regions, both con-
tacting RanGTP. Additionally, the acidic loop is released from
the flipped-back position and moves toward the seatbelt position.
As a consequence, the NES cleft retains its flexibility and
becomes more accessible to cargo by changing the conformation,
thereby enhancing the affinities for cargo by a factor of ap-
proximately 500 from a low micromolar to a low nanomolar
range (11). These large structural rearrangements of the acidic
loop and the C-terminal helix of H21 lead to a compact structure
with only little superhelical pitch.

In the vice-versa assembly procedure, SPN1 binds first to
CRM1 (Fig. 6). In general, NES binding is weak (i.e., micro-
molar Ky) in the absence of RanGTP, but might be increased as
other domains of the cargo bind to CRMI1 in addition (10, 11).
The association of CRM1 and cargo requires CRM1 in a more
toroid-like shape to open the NES binding cleft. The MD sim-
ulations suggest a pronounced population shift of the NES cleft
toward its open, high-affinity conformation upon CRM1 com-
paction, which points to a conformational selection mechanism
rather than a clear-cut induced fit. In this toroid conformation,
the helix 21B might still span the CRM1 interior as observed in
the CRM1-SPN1 binary complex structure (10), but is in-
compatible with the arrangement of the molecules as present in
the ternary export complex of CRMI1-RanGTP-SPN1 (Fig.
S6B). The structure of CRMI1 in this binary CRM1-SPN1
complex reveals a high flexibility of the terminal regions as well
as the acidic loop, suggesting its release from the flipped-back
position upon cargo binding. This conformation with the helix
21B in a kinked and presumably more strained conformation
would increase the affinity for RanGTP ~500-fold (11, 12) by
facilitating the release and rearrangement of helix 21B (Fig.
S6B). Upon RanGTP binding, CRM1 has to arrest properly in
the ring-like shape for a stable ternary complex formation.

Taken together, in both scenarios, upon binding of one pro-
tein, CRM1 is transformed from a more or less extended con-
formation to an almost compact one. This intermediate state with
reoriented helix 21B and acidic loop changes the structural
properties of the binding site for the missing partner and leads to
an increase of affinity. In any case, the C-terminal helix plays
a critical role as its deletion causes a dramatic decrease of
cooperativity in complex formation and thus leads to high-affinity
cargo binding even in the absence of RanGTP (26). Detailed
biochemical analysis revealed that deletion of the last 9 aa of
CRM1 (C-terminal acidic tail) or mutation of the acidic residues
therein to alanine ('"**EIPEEMCD'"”! to '“*AIPAAMCA'"")
leads to an approximately 10-fold increase of CRM1-cargo af-
finity (15.6 pM to 1.7 pM), independent of the presence of
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Fig. 6. Model for cooperative CRM1 export complex assembly and disas-
sembly showing its conformational variability and the important structural
features in different states of the transport cycle. CRM1 is shown in the re-
spective conformations and colored in gray with the acidic loop highlighted
in green. The C-terminal helix of CRM1 is shown in red, and the NES binding
cleft is represented by blue ovals. The PDB ID codes of the individual crystal
structures used are indicated.

RanGTP (19). Furthermore, this effect is dramatically increased
when deletion of the C-terminal acidic tail is combined with
mutations in the acidic loop (*°VLV*? to “*°AAA*?). In this
double mutant, cargo affinity of free CRM1 is more than 600-fold
higher with respect to WT (15.6 pM to 0.0025 uM), and thus
comparable to the affinity of CRM1 for cargo in the presence of
RanGTP (0.0015 pM for SPN1). However, of the acidic tail
residues analyzed in this study, only Glu1073 of free c«CRM1 is in
direct contact with the side chain of GIn591, which is the coun-
terpart of Lys594 in human CRM1 (Fig. 1). This suggests a more
global electrostatic attraction effect of positive and negative
charged patches in the two regions of CRM1 rather than direct
ionic interactions.

In summary, CRM1 exhibits large overall structural dynamics,
in line with other transport receptors such as importin-f,
exportin-t, and Csel (27). The cooperativity of cargo and
RanGTP binding is achieved by the conformational switch of two
distant regions, the acidic loop and the extensive motion of the
C-terminal helix. This helix is a unique feature of CRM1 and
represents an additional regulatory mechanism not observed in
any other nuclear transport receptor. CRM1 dynamics reveal
how the interplay between the distant and not-overlapping
binding sites of RanGTP and cargo on CRM1 can be mediated
and fine-tuned. It remains an open question whether the
observed structural flexibility of CRM1 is also important for its
function in cell cycle control during mitotic progression.

Materials and Methods
Detailed experimental procedures are described in S/ Materials and Methods.
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Protein Expression and Purification. GST-ctCRM1 was expressed from pET24d in
Escherichia coli BL21(DE3) (Merck) at 20 °C. The protein was purified on
a GSTrap column (GE Healthcare) followed by tobacco etch virus protease-me-
diated GST cleavage and a final gel filtration with a Superdex 200 column (GE
Healthcare). Pure ctCRM1 was concentrated to 20 mg/mL and stored at —80 °C.

Crystallization and Crystal Structure Determination. ctCRM1 was crystallized
by vapor diffusion. Orthorhombic crystals were flash-cooled in liquid nitro-
gen after soaking in reservoir solution containing, additionally, 14% (vol/vol)
glycerol. A data set was collected at BL14.1 operated by the Helmholtz-
Zentrum Berlin at the BESSY Il electron storage ring (Berlin-Adlershof, Ger-
many) (28). Data were processed with iMOSFLM (29) and SCALA (30). The
structure was solved with PHASER (31) by using the crystal structure of
mouse CRM1 as search model (PDB ID code 3GJX) (9). The model was refined
with PHENIX (32) at 2.94 A resolution to R and Rjee values of 22.0% and
24.2%, respectively (Table S1). Data of the trigonal crystals were collected at
beamline P14 (PETRA Ill, European Molecular Biology Laboratory, Hamburg,
Germany) and processed by using XDS (33) and XSCALE. The structure was
solved by means of molecular replacement with PHASER by using the pre-
viously solved orthorhombic ctCRM1 structure.

EM Preparation and Image Processing. ctCRM1 was subjected to the GraFix
protocol (22). Negatively stained particles were imaged by using a CM200FEG
(Philips) at a magnification of 155,000x (1.85 A/pixel). Particles were picked,
contrast transfer function correction was performed per Sander et al. (34),
and further image processing was done in Imagic (35). A starting model was
generated by using angular reconstitution facilitated by a voting algorithm
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MD Simulations and Analysis. Simulations were performed by using Gromacs 4.5
(37) together with the Amber99sb force field (38) and the extended simple
point charge water model (39) in a constant particle number/pressure/tem-
perature ensemble. Electrostatic interactions were calculated by using particle-
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extended state (PDB ID code 4FGV), a C-terminal deletion mutant, an acidic
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