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Protein Expression and Purification. The cDNA of Chaetomium
thermophilum chromosome region maintenance 1 (CRM1;
ctCRM1; exportin1, XPO1) encoding the full-length protein
(amino acids 1–1077) was cloned by using EcoRI and NotI re-
striction sites into a modified pET24d vector. The constructed
GST-CRM1 fusion protein contains an interjacent tobacco etch
virus (TEV) protease cleavable site and was expressed in Es-
cherichia coli BL21(DE3) (Merck). Transformed cells were grown
in kanamycin containing 2YT medium supplemented with 2%
(wt/vol) α-D-glucose at 37 °C to an OD600 of 0.6. Temperature was
set to 20 °C and protein expression was induced at an OD600 of 0.9
by adding IPTG to a final concentration of 0.6 mM. Cells were
harvested after 20 h of induction (5,000 × g, 20 min, 4 °C) and
resuspended in lysis buffer (500 mM NaCl, 50 mM Hepes/NaOH,
pH 7.5, 2 mM MgCl2, and 4 mM DTT). Cells were disrupted
using a Microfluidizer 110S (Microfluidics), and the clarified ly-
sate (30,000 × g, 30 min, 4 °C) was subsequently loaded onto
a GSTrap column (GE Healthcare) equilibrated with lysis buffer.
Unbound proteins were removed by washing with two column
volumes of lysis buffer, and the bound fusion protein was eluted
with a buffer containing additionally 30 mM reduced glutathione.
For cleavage, the GST–[TEV]–CRM1 fusion protein was in-
cubated with TEV protease (Invitrogen) at 4 °C overnight in
a 1:100 molar ratio of protease:fusion protein. To remove re-
maining contamination with DNA and/or RNA, 5 μL Benzonase
(Merck) was added to the solution. The TEV-cleaved protein was
further purified by using a Superdex S200 (26/60) gel filtration
column (GE Healthcare) in a buffer containing 150 mM NaCl,
20 mM Hepes/NaOH, pH 7.5, 2 mM MgCl2, and 4 mM DTT.
Fractions containing CRM1 were pooled and finally passed over
another GSTrap to remove remaining traces of GST and un-
cleaved fusion protein. Highly pure ctCRM1 was concentrated to
20 mg/mL by using Millipore concentrators with a molecular
weight cutoff of 30,000 Da (Merck), and 80-μL aliquots were
frozen in liquid nitrogen and stored at −80 °C.

Crystallization and Crystal Structure Determination. Purified full-
length ctCRM1 (amino acids 1–1077) was crystallized in a con-
dition containing 22% (wt/vol) polyacrylic acid sodium salt
5100, 20 mM MgCl2, 100 mM CHES/NaOH, pH 9.0, and 4%
(vol/vol) 2,5 hexanediol. Rod-shaped orthorhombic crystals
(typically 60 × 60 × 300 μm) grew at 20 °C after 15 d when mixing
1 μL of the reservoir and 1 μL of the protein solution (19 mg/
mL). Crystals belong to space group P212121 with cell di-
mensions as follows: a, 85.1 Å; b, 139.1 Å; and c, 174.9 Å. The
crystals were flash-cooled in liquid nitrogen after soaking in
reservoir solution containing, additionally, 14% (vol/vol) glyc-
erol as cryoprotectant.
A diffraction data set has been collected at a wavelength of

0.9184 Å and a temperature of 100 K on BL14.1 operated by the
Helmholtz-Zentrum Berlin at the BESSY II electron storage
ring (Berlin-Adlershof, Germany) (1). The dataset was in-
tegrated and scaled by using iMOSFLM (2) and SCALA (3),
respectively.
The structure was solved by means of molecular replacement

with PHASER (4) by using the crystal structure of Mus musculus
CRM1 as search model, which had been extracted from the
CRM1–RanGTP–SPN1 complex [Protein Data Bank (PDB) ID
code 3GJX] (5). The search was performed with two separate
parts of mouse CRM1 (amino acids Ile130-Arg594 and Ala633-
Ala1059), which were placed successively by the program. Mouse

and C. thermophilum CRM1 share a sequence identity and
similarity of 50% and 62%, respectively. The sequence was ad-
justed to ctCRM1 and the structure refined by iterative cycles of
CNS (6) and manual model building in Coot (7) using a series of
mFo-DFc simulated annealing electron density omit maps as
implemented in CNS. The final round of refinement was per-
formed with PHENIX (8). The model contains 1,067 of 1,077
residues and was refined at a resolution of 2.94 Å to R and Rfree
values of 22.03% and 24.28%, respectively (Table S1). The first
two HEAT repeats were poorly defined in the initial 2mFo-DFc
map and therefore have been entirely modeled based on simu-
lated annealing omit maps. Model analysis by using MolProbity
(9) revealed that there are 94.52% of the residues in the favored,
4.91% in the allowed, and 0.57% in the disallowed regions.
Trigonal crystals of ctCRM1 (amino acids 1–1077) grew in

a condition containing 22% (wt/vol) polyacrylic acid sodium salt
5100, 20 mM MgCl2, and 100 mM CHES/NaOH, pH 9.0, with
a protein concentration of 13 mg/mL. Hexagonal-shaped crystals
(typically 100 × 100 × 30 μm) grew at 20 °C after 5 d. Crystals
belong to space group P31 with cell dimensions as follows: a,
89.8 Å; b, 89.8 Å; and c, 316.2 Å. Crystals were flash-cooled
according to the protocol for orthorhombic ctCRM1, and a dif-
fraction dataset has been collected on beam line P14 at the
PETRA III electron storage ring (European Molecular Biology
Laboratory, Hamburg, Germany) at a wavelength of 1.2395 Å
and a temperature of 100 K. The dataset was integrated and
scaled using XDS (10) and XSCALE, and the structure was
solved by means of MR (PHASER) using two separate parts of
the previously solved orthorhombic ctCRM1 structure (amino
acids Pro2-Gln641 and Asn643-Lys1068). After careful in-
spection of the data, merohedral twinning was detected (twin law
h,-h-k,-l; twin fraction, 0.46) and implemented in the PHENIX
refinement. A gradient map as implemented in CNS for a model
missing the acidic loop residues is shown in Fig. S4B. There are
two CRM1 molecules in the asymmetric unit, and the structure
was refined to R and Rfree values of 21.61% and 23.56%, re-
spectively. A total of 96.64% of the residues are located in the
favored, 2.87% in the allowed, and 0.49% in the disallowed re-
gions. All structure figures were generated using PyMOL (2002;
DeLano Scientific).

EM Preparation and Image Processing. Purified ctCRM1 was sta-
bilized using the GraFix protocol (11). The sample was loaded
on a 5% to 20% (wt/vol) sucrose gradient in standard buffer
containing 0% to 0.1% (vol/vol) glutaraldehyde and was centri-
fuged in a TH660 rotor (Sorvall) for 20 h at 40,000 rpm at 4 °C.
Gradients were fractionated from the bottom, and fixing reaction
was quenched by adding 25 mM glycine, pH 7.4. Complexes were
then bound to a thin carbon film and transferred to an EM grid
covered with a perforated carbon film. The bound molecules
were stained with 2% (wt/vol) uranyl formate and air-dried.
Images were recorded at a magnification of 155,000× on a 4k × 4k
CCD camera (TVIPS) using twofold pixel binning (1.85 Å/pixel)
in a CM200 FEG electron microscope (Philips/FEI) operated at
160 kV acceleration voltage (Fig. S8B).
A total of 34,000 particle images (144 × 144 pixels) were se-

lected with the custom-written software johnhenry (manuscript
in preparation). All valid particles were used to obtain the final
result. None of the selected particles was excluded. A total of
13,017 particles were assigned to the compact conformation, and
20,952 particles were assigned to the extended conformation.
Contrast transfer function correction was performed on the particle
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images based on their classified power spectra (12). Further image
processing was done in Imagic (13).
Contrast transfer function-corrected images were coarsened by

a factor of two to a pixel size of 3.7 Å/pixel, and reference free-
alignment was performed. After several rounds of exhaustive
multireference alignment based on resampling in polar coor-
dinates (14) and multivariate statistical analysis (15), stable class
averages were obtained (Fig. S7 A and B). Starting models were
generated by using angular reconstitution facilitated by a voting
algorithm (16). The handedness was determined from the solved
crystal structures. Two distinct conformations could be detected
in the dataset, and it was split based in the cross correlation
toward both models. To crosscheck those two models, angles for
class averages from one model were determined using the other
model (Fig. S8A). By iterating this procedure, models relaxed to
their initial state. Models were further refined to yield a resolu-
tion of ∼20 Å by projection matching. Resolution was judged by
Fourier shell correlation using a cutoff of 0.5 (Fig. S7 C and D).

Molecular Dynamics Simulations. All simulations were carried out
using Gromacs 4.5 (17, 18). The Amber99sb force field (19) was
used together with the extended simple point charge water
model (20). Electrostatic interactions were calculated using
particle-mesh Ewald (21), with a real space cutoff of 1 nm, a grid
spacing of 0.13 nm, and cubic interpolation. van der Waals in-
teractions were cut off at a distance of 1.6 nm. Nonbonded in-
teractions were calculated by using neighbor lists, which were
updated every five time steps. All simulations were performed in
the constant particle number, pressure, and temperature en-
semble, using the velocity rescaling method for temperature
coupling (22) with a heat bath temperature T of 300 K, a cou-
pling time constant of 0.1 ps, and Berendsen pressure coupling
(23), with a reference pressure of 1,000 hPa and a respective
coupling time constant of 1 ps. All systems were simulated in
dodecahedron-shaped simulation boxes using periodic boundary
conditions. All bond lengths were constrained using the LINCS
algorithm (24), meaning that harmonic pair bond interactions
were removed from the force field potential and replaced by
constraints. Additionally degrees of freedom representing fast
fluctuations of angles defined by at least one hydrogen atom
were removed by changing the respective hydrogen atoms into
virtual sites and fixing the angle (25). The equations of motion
were integrated using the Verlet algorithm (26) with a time step
of 4 fs. Sodium chloride ions were added to ensure neutrality of
the simulation box.

System Setup. Four simulation systems based on the extended
conformation crystal structure of CRM1 (PDB ID code 4FGV)
were constructed: a WT system, a system with a deleted C-ter-
minal helix and the adjacent tail, a system with a deleted acidic
loop, and a system containing both deletions. For the C-terminal
deletion mutant, all residues starting at Glu1039 were removed.
For the acidic loop deletion mutant, residues Glu419 to Asp446
were removed and replaced by a “GGSGGSG” motif, similar to
that reported by Lee et al. (27), using Modeler 9v8 software (28).
Five and ten 100-ns unbiased simulations were performed for

the WT and double deletion mutant, respectively. For the

C-terminal deletion mutant, ten 200-ns simulations were carried
out, and, for the acidic loop deletion mutant, five 100-ns simu-
lations were performed.
Before all simulations, an energy minimization of the force field

potential was performed by steepest descent, until the step size
reached single point precision.

Data Analysis. To compare trajectories from the three different
CRM1 structures [the CRM1–RanGTP–SPN1 complex (com-
pact structure, PDB ID code 3GJX), the CRM1–SPN1 complex
(almost compact structure, PDB ID code 3GB8), and free
CRM1 (extended structure, PDB ID code 4FGV)], a common
subset of Cα atoms was selected from residues that are identical
in these three proteins. They were determined from a sequence
alignment and restricted to the α-helical regions of the open
conformation. This set of joint Cα atoms was used to define the
linear vectors that connect the three crystal structures and the
subsequent construction of the 2D plane in the configurational
space that is defined by the three crystal structures. Furthermore,
it was used as the subset for a principal component analysis
(PCA) of the collected simulations of the mutant with the de-
leted C-terminal helix, as well as for the projections of the crystal
structures and the simulated trajectories onto those vectors.

Nuclear Export Signal Cleft Analysis. For analysis of the behavior of
the nuclear export signal (NES) cleft, it was defined to consist of
the residues Glu507 to Met527 and Trp556 to Met570 of the
extended structure. The Cα atoms of this subset, together with
their corresponding counterparts in the compact and almost
compact structure, were used to calculate the plane in configu-
rational space defined by the NES cleft atoms of the three crystal
structures. For each point in time in every trajectory, the NES
cleft was defined to be closed if the Gaussian filtered projection
onto the plane defined by the NES configurations in the three
crystal structures was closer to the 4FGV structure than to the
other structures. Similarly, for each time step, the overall con-
formation was assigned to an extended or compact ensemble.
For this four-state model, the individual probabilities and condi-
tional probabilities of the NES cleft being in the open confor-
mation with the overall structure being extended or compact were
calculated. The obtained probability pi is assumed to be normally
distributed with an SD of σi being equal to pi (1 − pi) / n, being the
effective number of independent samples estimated from the
autocorrelation time. A hypothesis test against the null hypothesis,
i.e., P (NESopen j CRM1compact) = P (NESopen j CRM1extended)
yields significances for these results of 2.3 and 2.6 SDs for the
helix deletion and the double deletion mutant, respectively. To
crosscheck the obtained probabilities and significances, the tran-
sition rates among the four states were estimated from the tra-
jectories. Using these rates, artificial random trajectories were
generated in a bootstrap-like approach. Mean and SD of the
bootstrap distribution were then used to estimate the conditional
probabilities and the corresponding errors. The approach yielded
very similar although slightly different values and significances of
1.8 and 3.4 SDs.
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M.musculus_CRM1         1                            LD  V   Y G G QQ  AQ  L      PDAW   D IL        K   L  L   I                         L INL  NV N     E A  R   EV T  KE       V T  E SQ  NT Y   QI  NV  TRMPAIMTMLADHAARQLLDFSQK D         CL H       M      HL  H    TR      F  NM    YG    E   K  
H.sapiens_CRM1          1                            LD  V   Y G G QQ  AQ  L      PDAW   D IL        K   L  L   I                         L INL  NV N     E A  R   EV T  KE       V T  E SQ  NT Y   QI  NV  TRMPAIMTMLADHAARQLLDFSQK D         CL H       M      HL  H    TR      F  NM    YG    E   K  
S.cerevisiae_CRM1       1                            LD  V   Y G G QQ  AQ  L      PDAW   D IL        K   L  L   I                         L IAL  QV S     S V  K   EI T  QD       A Q  Q ST  QS F   SI  KL  RK............MEGILDFSND D         TF Q       Q      KF  N    QK      F  NP    IA    D   T  
C.thermophilum_CRM1     1                            LD  V   Y G G QQ  AQ  L      PDAW   D IL        K   L  L   I                         V VEE  AT R     R E  K   AA N  KE       V E  S AT  QT F   QV  NV  TR....................MP S         AF E       A      QF  D    LM      R  YE    LA    D   M  

M.musculus_CRM1        91 WK LP     GI   VV  I                  K    LV  LKQEWP  WP FI         S   C NNM  L LLSEEVFD  I  R   E  K Y     IK  S  T  E  K  I  L MI  QI          T    IV A  T  SL Q   VI K              NQC    K   GL   TS DP CV KE VY G  N            KH     SD  G SR  E                   
H.sapiens_CRM1         91 WK LP     GI   VV  I                  K    LV  LKQEWP  WP FI         S   C NNM  L LLSEEVFD  I  R   E  K Y     IK  S  T  E  K  I  L MI  QI          T    IV A  T  SL Q   VI K              NQC    K   GL   TS DP CV KE VY G  N            KH     SD  G SR  E                   
S.cerevisiae_CRM1      79 WK LP     GI   VV  I                  K    LV  LKQEWP  WP FI         S   C NNM  L LLSEEVFD  L  N   I  R F     IS  Q  E  K  K  I  S LT  QI          E    LI S  S  NV E   IV K              DHR    N   GM   MC DD VF TQ NL N  D            QN     PE  G SS  V                   
C.thermophilum_CRM1    71 WK LP     GI   VV  I                  K    LV  LKQEWP  WP FI         S   C NNM  L LLSEEVFD  V  R   Q  R F     LQ  S  E  R  R  L  L LV  SV          T    IV A  S  SV E   II R              EQC    N   QY   CS SE SL TH TL N  N            HN     NE  S CH  L                   

M.musculus_CRM1       181  S  Q T  K   LK  M  EF  IF LC           L  ATLE LLR   WIP  YI ET     L   F   P  R   L CLTEF S    QV A     S     SQ  Q    VMEN QN   V     T   F         F   LI T I K L V    NVS K       G I     KH  D  CN         QF    S  AP  H         LN   LG     K  S   Y   N  MF          
H.sapiens_CRM1        181  S  Q T  K   LK  M  EF  IF LC           L  ATLE LLR   WIP  YI ET     L   F   P  R   L CLTEF S    QV S     S     SQ  Q    VMEN QN   V     T   F         F   LI T I K L V    NVS K       G I     KH  D  CN         QF    S  AP  H         LN   LG     K  S   Y   N  MF          
S.cerevisiae_CRM1     169  S  Q T  K   LK  M  EF  IF LC           L  ATLE LLR   WIP  YI ET     L   F   P  R   L CLTEF A    QA A     S     EQ  K    VLEQ SS   I     S   Y         Y   IL L S K M S    AIT K       E M     LH  N  SK         FQ    G  SS  V         LH   YR     N  E   T   T  DT          
C.thermophilum_CRM1   161  S  Q T  K   LK  M  EF  IF LC           L  ATLE LLR   WIP  YI ET     L   F   P  R   L CLTEY A    ST T     T     SM  Q    ILNS TQ   I     T   F         F   LI T R R L V    NVT Q       D M     RN  S  CA         QE    A  PS  K         CN   LG     P  D   T   E  EF          

       ......                   .                                                         

M.musculus_CRM1       271                  Q    F            P        Y N     Q F Q L  FL         L E     R  L     YI  VSV          E  E   T TM QLKQ  L LN  IRLA         N I   SL   TFLK     L   L   E         AG   S......QYE  F TL  L  M    .M    TN     S GKDDE     N     C    EHGQ   KR NL  A MEALH 
H.sapiens_CRM1        271                  Q    F            P        Y N     Q F Q L  FL         L E     R  L     YI  VSV          E  V   T TM QLKQ  L LN  IRLA         N I   SL   TFLK     I   L   E         AG   S......QYE  F TL  L  M    .M    TN     S GKDDE     N     C    EHDQ   KR NL  T MEALH 
S.cerevisiae_CRM1     259                  Q    F            P        Y N     Q F Q L  FL         L E     R  L     YV  LKI          R  V   Q TL QIAT  M VT  LKAT         S L   AM   TYLA     L   E   E         SN   ..PQDNDLIK  T LF  N  Q    SV    AD     A ANGND     D     T    RNRA   SD SL  L LNAHQ 
C.thermophilum_CRM1   251                  Q    F            P        Y N     Q F Q L  FL         L E     R  L     YI  LQT          E  I   T VL TISN  I LQ  LKAT         E I   AL   SFFT     I   L   D         GG   GGPGQPHTYD  L KM  E  T    .I    MD     P SNSRD     N     T    MHLP   N. PN  F THGHF 

                                .                                                         

M.musculus_CRM1       354     S     E FK  L YW  L   L  E               S        G            P     Y       R      M ML V EVEET I  I        AAE Y                     S L S               RR         V LLMVSR A  L            C E  NH      R SP............F TSA P L  SQHFD......I P  QL LTVLSK          
H.sapiens_CRM1        354     S     E FK  L YW  L   L  E               S        G            P     Y       R      M ML V EVEET I  I        AAE Y                     S L S               RR         V LLMVSR A  L            C E  NH      R SP............F TSA P L  SQHFD......V P  QL LPMLFK          
S.cerevisiae_CRM1     347     S     E FK  L YW  L   L  E               S        G            P     Y       R      M LI L KIEER L  T        VAD F                     Q I T               KK         L LVIIEN V  Q            T D  HN      Y VQRLPATEMSPLIQL VGS A S  SGALNPEYMKRF L  HI EEICSQ          
C.thermophilum_CRM1   339     S     E FK  L YW  L   L  E               S        G            P     Y       R      M LI I QIDDR I  I        VQE Y                     L M S               RK         L VVMIEK V  R            C D  LK      E MQSLPLNDMS..... MG. G M  GGAPNPALLEHY L  HK KEVLSN          

                                        .....                                             

M.musculus_CRM1       426  PEEVL VEND GE VREF K  D   LYK  RE LVYLTHL   D E IM  KL  Q  G EWSW N N L WAIGSIS  M E  EKRK     V    Q  V      DT SIN   N             V   I  TK     V  T        T          A   E                       M           M  T       DY  T        QN  N      K L   C       G  H  D   
H.sapiens_CRM1        426  PEEVL VEND GE VREF K  D   LYK  RE LVYLTHL   D E IM  KL  Q  G EWSW N N L WAIGSIS  M E  EKRK     V    Q  V      DT SIN   N             V   R  TE     V  T        T          A   E                       M           M  T       DY  T        HN  N      K L   C       G  H  D   
S.cerevisiae_CRM1     437  PEEVL VEND GE VREF K  D   LYK  RE LVYLTHL   D E IM  KL  Q  G EWSW N N L WAIGSIS  M E  EKRR     V    E  I      ES TIQ   S             I   E  IS     I  S        T          T   D                       V           E  V       NV  T        AR  D      H I   S       G  S  T   
C.thermophilum_CRM1   423  PEEVL VEND GE VREF K  D   LYK  RE LVYLTHL   D E IM  KL  Q  G EWSW N N L WAIGSIS  M E  EKRR     I    E  I      DT SVQ   T             V   Q  TE     V  S        V          A   E                       V           I  C       DV  M        AR  D      H C   C       M  N  T   

M.musculus_CRM1       516 F VTVIKDLL L   KRGKDNKA  AS IMY VGQYPRFL AHW FL TV  KLFEFMHE H GVQDMACDTFIKI   C  HFV  Q   L           E         II      I        R   K  K  V         T               AQK R    QV             G C Q            N                       N          D                  R      VG
H.sapiens_CRM1        516 F VTVIKDLL L   KRGKDNKA  AS IMY VGQYPRFL AHW FL TV  KLFEFMHE H GVQDMACDTFIKI   C  HFV  Q   L           E         II      I        R   K  K  V         T               AQK R    QV             G C Q            N                       N          D                  R      VG
S.cerevisiae_CRM1     527 F VTVIKDLL L   KRGKDNKA  AS IMY VGQYPRFL AHW FL TV  KLFEFMHE H GVQDMACDTFIKI   C  HFV  Q   V           V         VV      V        K   N  R  I         T               VQK K    IQ             D T K            D                       L          E                  Y      PR
C.thermophilum_CRM1   513 F VTVIKDLL L   KRGKDNKA  AS IMY VGQYPRFL AHW FL TV  KLFEFMHE H GVQDMACDTFIKI   C  HFV  Q   L           E         VV      I        K   K  K  V         S               AKQ R    AL             G T M            N                       N          E                  R      PS

M.musculus_CRM1       606 E  PFI  I   I     DL PQQVHTFY A G              L    M  PN  WD I    T N   L    T K    I KTN V     E L     II   Q        E    MI AQ  QTVQE  IE    L   V  S IQQA     I  D E V QL S L     M   D   NN NT  C             V Y  G  TD     H   KY L   Q          K VD  K P      G      
H.sapiens_CRM1        606 E  PFI  I   I     DL PQQVHTFY A G              L    M  PN  WD I    T N   L    T K    I KTN V     E L     II   Q        E    MI AQ  QTVQE  IE    L   V  S IQQA     I  D E V QL S L     M   D   NN NT  C             V Y  G  TD     H   KY L   Q          K VD  K P      G      
S.cerevisiae_CRM1     617 E  PFI  I   I     DL PQQVHTFY A G              L    M  PN  WD I    T N   L    T K    I KTN S     T I     TT   Q        K    II EE  VAERN  LS    L   A  T VEQS     L  D E V II N I     E   Q   RD QK  A             C I  S  RS     R   DL Q   M          A PT  L S      A      
C.thermophilum_CRM1   603 E  PFI  I   I     DL PQQVHTFY A G              L    M  PN  WD I    T N   L    T K    I KTN N     E I     IT   T        E    MV AQ  RNQQE  LA    I   A  E IKAA     I  E D I II N M     E   E   RN GK  C             C Y  S  GN     R   EL A   A          M PG  H P      G      

M.musculus_CRM1       696 V  C   G  F  Q G  Y  ML  Y   S  IS      G   TK P  R  RT K E LKL             V       LL  VL RA KA        L  I     NV K L E   AAIQA  E V     I  M  V R T   IS  VSRSN     AE  V     A        V HP VI   R  LD      C   N       N  M   Q L  S             GW     DPQM   NF PP  D   
H.sapiens_CRM1        696 V  C   G  F  Q G  Y  ML  Y   S  IS      G   TK P  R  RT K E LKL             V       LL  VL RA KA        L  I     NV K L E   AAIQA  E V     I  M  V R T   IS  VSRSN     AE  V     A        V HP VI   R  LD      C   N       N  M   Q L  S             GW     DPQM   NF PP  D   
S.cerevisiae_CRM1     707 V  C   G  F  Q G  Y  ML  Y   S  IS      G   TK P  R  RT K E LKL             V       LL  VL AV TS        L  I     QL R V S   AQVAA  L A     V  L  I K I   VE  ISKAR     VK  V     A        M AD YP   H  YN      A   M       E  I   T K  G             TY     NLDD   VL EP  N   
C.thermophilum_CRM1   693 V  C   G  F  Q G  Y  ML  Y   S  IS      G   TK P  R  RT K E LKL             V       LL  VL SA SS        I  L     QM A T Q   EAVAR  E A     V  L  I K I   VE  VEKAE     RS  I     S        I PY FP   R  ND      A   L       D  I   M K  G             TF     DLQA   QM PG  D   

M.musculus_CRM1       786  DY  NVP AR  EVL  M                 I   VFECTL MINKDF EYPEHR  F  LL   N   F A L      FK   I   R           S  AIIV KL   I   I Q   A             E      TN F   QAV S     F AI  AQ  L L   Q    A  EP    T     N  GGH TAE P  FD       N                 L       HC P     PP     V 
H.sapiens_CRM1        786  DY  NVP AR  EVL  M                 I   VFECTL MINKDF EYPEHR  F  LL   N   F A L      FK   I   R           S  AIIV KL   I   I Q   A             E      TN F   QAV S     F AI  TQ  L L   Q    A  EP    T     N  GGH TAE P  FD       N                 L       HC P     PP     V 
S.cerevisiae_CRM1     797  DY  NVP AR  EVL  M                 I   VFECTL MINKDF EYPEHR  F  LL   N   F A L      FK   E   N           N  TTVV KV   I   V L   S             T      VE Y   KVI E     F EL  AA  L V   M    D  DA    C     E  GHM PQG I  LQ       D                 K       KS A     PP     F 
C.thermophilum_CRM1   783  DY  NVP AR  EVL  M                 I   VFECTL MINKDF EYPEHR  F  LL   N   F A L      FK   V   R           K  TVII RL   M   V A   N             A      VE F   RAI L     L KL  RQ  F I   N    G  DA    A     T  QGL EDQ P  ME       D                 N       YC P     DN     V 

                                      ..                                                  

M.musculus_CRM1       876 D   WA KH  R V   GL     L  N            F    F       F V TD  H  G       L      V        KI S            A T  QI    LQ VAQ   A       QTY   ILQ I   V  T   A  T  A I   MF L             II  F  TM N  D     LFT       EEA AQS.. Y    CD   H  S     S T  L MH S  AY  N  EEG.....  
H.sapiens_CRM1        876 D   WA KH  R V   GL     L  N            F    F       F V TD  H  G       L      V        KI S            A T  QI    LQ VAQ   A       QTY   ILQ I   V  T   A  T  A I   MF L             II  F  TM N  D     LFT       EEA AQS.. Y    CD   H  S     S T  L MH S  AY  N  EEG.....  
S.cerevisiae_CRM1     887 D   WA KH  R V   GL     L  N            F    F       F V TD  H  G       L      V        KI A            E N  QI    VK IER   V       KNY   FVS T   L  S   S  S  A L   LI L             IC  F  NN D  V     ALD       MGN PFANE H    FI   E  F     D K  F KQ L  MK  S  YDN.....  
C.thermophilum_CRM1   873 D   WA KH  R V   GL     L  N            F    F       F V TD  H  G       L      V        KI S            E A  NM    IN IAE   V       NQF   ILQ V   L  T   A  K  S L   LF F             CM  S  DN D  T     CLE       KTD QTCNA F    IR   D  F     D K  F TQ M  MR  Y  HPADGSAP  

M.musculus_CRM1       959                N           L  AF  L   Q   F             F   LRDFL    E  G     L     E     S  L     V      Q FIQ YV NL KS     Q   VKL VT   SL Q   A K       VQIK      T   F EER  ALRQ TP NPGNP N....  M   D  A       PH  DA       GLF  N DIP   EH          FA ED SD  L    T    
H.sapiens_CRM1        959                N           L  AF  L   Q   F             F   LRDFL    E  G     L     E     S  L     V      Q FLQ YV NL KS     Q   VKL VT   SL Q   A K       VQIK      T   F EER  ALRQ TS NPGNP N....  I   E  A       PH  DA       GLF  N DIP   EH          FA ED SD  L    I    
S.cerevisiae_CRM1     972                N           L  AF  L   Q   F             F   LRDFL    E  G     L     E     S  L     V      Q YLS YL NM SN     T   IAS LS   KQ K   V K       VQIK      T   F EDK  ALME VP YQEAE PQGTS  V   Q  A       PH  SE       ALT  Y DLV   GT          VG DP DY  A    N    
C.thermophilum_CRM1   963                N           L  AF  L   Q   F             F   LRDFL    E  G     L     E     Q  I     A      R FLA FV TL QN     T   ITT VK   EL T   K R       ISLR      N   Y VEK  QERE GP YQPDQ QPGTG  E   N  G       AN  PL       DCF  N QYD   VV          FA D. AE  Q    Q    

M.musculus_CRM1      1045              G   P E                                                                      A E   KLQ SV  IL    I                                                                      Q EKH   M  P   N H  PEEMCD                                                               
H.sapiens_CRM1       1045              G   P E                                                                      A E   KRQ SV  IF    I                                                                      D EKH   M  P   N H  PEEMCD                                                               
S.cerevisiae_CRM1    1062              G   P E                                                                      Q R   EKA KI  LL    L                                                                      N LER   A  G   K S  DD....                                                               
C.thermophilum_CRM1  1052              G   P E                                                                      A A   ERR KV  LL    L                                                                      R ADL   S  G   K S  EDEEL.                                                               

1A 1B 2A 2B

3A 3B 4A 4B

5A 5B 6A 6B

       

     

 ......                   .                       
7A

                 .         .           

                                                    
7B

                                                      

                      
8A

              

          

8B

                                               

9A

                                   

acidic loop 9B 10A 10B

11A 11B 12A 12B

13A 13B 14A 14B

15A 15B 16A

16B 17A 17B 18A

                                                   
18B

      ..                                         
19A

                                      
19B

20A 20B 21A 21B

A

B

Fig. S1. Sequence alignment and schematic representation of ctCRM1. (A) Sequence alignment of mouse (Mus musculus), human (Homo sapiens), yeast
(Saccharomyces cerevisiae) and C. thermophilum CRM1. Secondary structure elements are shown on top of the alignment for mouse CRM1 (PDB ID code 3GJX)
and on the bottom for ctCRM1 (PDB ID code 4FGV). A-helices (blue) and B-helices (green) of the respective HEAT repeats align quite well and are labeled above
the upper secondary structure assignment. ctCRM1 encompasses 1,077 aa and shows 62% sequence similarity (50% identity) to the human and 65% similarity
(52% identity) to the yeast orthologue. (B) Schematic organization of HEAT repeats within ctCRM1. The HEAT repeats are numbered and colored from the N
terminus (blue) to the C terminus (red). The acidic loop and the C-terminal helix are labeled.
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Fig. S2. Detail views of the NES cleft in different CRM1 crystal structures. A front view of the NES cleft is shown as a cartoon image (Left) with the centers of
mass of the helices 11A and 12A represented by blue spheres. The distances between the centers of mass are denoted below. A surface model (Middle) il-
lustrates the differences of the NES clefts between structures of CRM1 bound to SPN1 and RanGTP (PDB ID code 3GJX; red), CRM1 bound to SPN1 (PDB ID code
3GB8; gray), CRM1 bound to RanGTP (PDB ID code 3NC1; deep teal), CRM1 bound to RanGTP and RanBP1 (PDB ID code 3M1I; yellow) and free CRM1 in the
orthorhombic (PDB ID code 4FGV; green) and the trigonal form (PDB ID code 4HZK; orange). A superposition of the individual models with the SPN1 NES from
the ternary CRM1–RanGTP–SPN1 complex (Right) highlights the structural changes in the NES cleft, which are incompatible with NES binding in the free and
RanBP1-bound CRM1 structures.
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free CRM1 (4FGV)

crossing

CRM1 Ran SPN1 (3GJX)

CRM1 Ran RanBP1 (3M1I)
not modeled

CRM1 SPN1 (3GB8)

acidic loop
NES cleft

C-terminal helix 21B
helix 21A

Fig. S3. Conformation and position of the acidic loop (green), the NES cleft (blue), helix 21A (yellow), and the C-terminal helix 21B (red) in different CRM1
crystal structures. For clarity reasons, only CRM1 is depicted in cartoon mode (light gray). Free CRM1 (Upper Left; PDB ID code 4FGV), CRM1–RanGTP–SPN1
(Upper Right; PDB ID code 3GJX), CRM1–RanGTP–RanBP1 (Lower Left; PDB ID code 3M1I), and CRM1–SPN1 (Lower Right; PDB ID code 3GB8) are shown. The
acidic loop conformations are “flipped back” when bound to the back side of the NES cleft (black arrowhead), like in 4FGV and 3M1I; and in a “seatbelt”
conformation when fixed by Ran and contacting the opposite side of CRM1 (like that of PDB ID code 3GJX). The conformation of the C-terminal helix is named
“crossing” when it diagonally crosses the CRM1 arch and contacts a basic patch on the opposite side of CRM1 (like in PDB ID codes 3GB8 and 4FGV) and
“parallel” when helix 21B is aligned in parallel to helix 21A (like in PDB ID codes 3GJX and 3M1I).
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Fig. S4. Conformations and electron density omit maps of the acidic loop in free ctCRM1 crystal structures. (A) Stereo image of a representative mFo-DFc
simulated annealing electron density omit map (residues 428–440 omitted) of the acidic loop from the orthorhombic crystal form (PDB ID code 4FGV). (B) For
the trigonal crystal form, a stereo image of a representative electron density gradient map for a model lacking the acidic loop residues 428 to 440 was cal-
culated as implemented in PHENIX (PDB ID code 4HZK). Stick models of the acidic loop residues are shown, and both electron density maps are contoured at
a σ-level of 3.0.
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Fig. S5. Interactions of the acidic loop with the back side of the NES cleft stabilize its closed conformation. (A) Stabilization of the NES cleft in the closed
conformation is achieved by hydrophobic interactions between residues of the acidic loop (green) and the area formed by the B-helices of HEAT repeats 11 and 12.
HEAT repeats and residues of the acidic loop are labeled. Below the rearrangement of residues within the hydrophobic core of the helix bundle forming the NES
cleft is shown for the extended conformation (PDB ID code 4FGV) (B) and the compact conformation (PDB ID code 3GJX) (C). The corresponding residues of the
two structures are numbered and labeled in identical colors. (D) Superposition of only the prominent residues from B and Cwith the respective residues in identical
colors. The rearrangements from the extended form (asterisk; PDB ID code 4FGV) to the compact conformation (transparent; PDB ID code 3GJX) are shown.
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CRM1 SPN1 (3GB8)
P212121 free CRM1 (4FGV)

P31 free CRM1, chain A (4HZK)
P31 free CRM1, chain B (4HZK)

CRM1 SPN1 (3GB8)
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Fig. S6. Superposition of the two structures of free ctCRM1 (P212121 and P31) and CRM1 bound to SPN1 (yellow) (A). For clarity reasons, only CRM1 is shown as
Cα trace. Orthorhombic free CRM1 is shown in red, and the two molecules of the trigonal crystal form of free CRM1 are depicted in green and blue, re-
spectively. Note the high degree of superposition of the free CRM1 structures in the N-terminal half of the molecule, restricting main structural changes to the
C-terminal arch. (B) Superposition of free ctCRM1 (extended conformation, red), CRM1 bound to SPN1 (almost compact conformation, yellow), and CRM1
bound to RanGTP and SPN1 (compact conformation, gray).

Monecke et al. www.pnas.org/cgi/content/short/1215214110 9 of 14

www.pnas.org/cgi/content/short/1215214110


compact
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Fig. S7. EM data analysis. Reconstruction of the compact (A) and extended (B) conformation of ctCRM1. The particle classes 1 to 178 for each reconstruction
are shown. Each orange framed row contains the particle sum (upper line) as well as the respective back projection (lower line) of a given particle class. Fourier
shell correlation (FSC) curves for the compact (C) and extended (D) EM density maps were used to approximate the resolution of the respective models.
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Fig. S8. Scheme for the EM data validation procedure used (A) and a representative EM raw image (B).
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Fig. S9. Projections of the acidic loop deletion mutant (A, green) and the double deletion mutant (B, acidic loop and C-terminal helix deleted, gray) onto the
difference vector between the extended (blue) and compact (orange) CRM1 structure. Note that deletion of the acidic loop alone does not change the
structure significantly in molecular dynamics simulations. Additional deletion of the C-terminal helix increases the structural flexibility of the molecule and
leads to a more compact conformation of CRM1. (C) Projections of WT and all mutant simulations onto the first two eigenvectors of a PCA of the helix deletion
mutant simulation. The projections show dynamic movements during simulations along the second eigenvector that are not contained by the three crystal
structures.
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Table S1. X-ray data collection, refinement, and validation statistics for both crystal forms of
full-length C. thermophilum CRM1

Variable CRM1; BL14.1, BESSY II CRM1; P14, PETRA III

Data collection
Space group P212121 P31
Number of molecules/a.u. 1 2
Wavelength, Å 0.9184 1.2395
Cell dimensions

a, b, c; Å 85.12, 139.07, 174.87 89.82, 89.82, 316.20
α, β, γ; ° 90.00, 90.00, 90.00 90.00, 90.00, 120.00

Resolution, Å 51.44–2.94 (3.10–2.94) 50.00–3.10 (3.20–3.10)
Rmerge 0.087 (0.545) 0.042 (0.562)
I/σ(I) 9.6 (2.1) 17.23 (2.18)
Completeness, % 96.4 (84.5) 96.9 (98.5)
Multiplicity 3.6 (3.3) 3.2 (3.2)

Refinement
Resolution, Å 45.85–2.94 49.07–3.10
No. reflections 43,007 50,204
Rwork 0.220 0.216
Rfree 0.243 0.236
No. atoms 8,595 16,642
B-factors, Å2 93.06 110.93/113.28 (chain A/B)
rmsd

Bond lengths, Å 0.004 0.004
Bond angles, ° 0.884 0.867

PDB ID code 4FGV 4HZK

All values in parentheses are for the respective highest resolution shell.

Table S2. Conditional probabilities of observing the NES cleft in the open conformation

Variable Deleted helix 21B Deleted acidic loop + helix 21B

P value
NESopen vs. CRM1extended 0.044 ± 0.021 0.070 ± 0.036
NESopen vs. CRM1compact 0.121 ± 0.033 0.235 ± 0.060
Increase 0.023 0.010

Corresponding ΔΔG, kJ/mol 2.7 ± 1.4 3.5 ± 1.6

The probability of finding the NES cleft in an open conformation is increased by a factor of approximately
three if CRM1 adopts the almost compact conformation compared with CRM1 in the extended conformation.
This constitutes a significant shift in the free energy difference between the open and closed NES cleft conformation.
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Movie S1. Main dynamics along eigenvector 1. Movements of ctCRM1 during the simulations along the first eigenvector of the PCA (Fig. S9C) constitutes
solely a change in the diameter of the ring. The spheres represent a common subset of Cα atoms selected from residues that are identical in human, mouse, and
C. thermophilum CRM1. Methodological details are provided in SI Materials and Methods.

Movie S1

Movie S2. Main dynamics along eigenvector 2. Movements of ctCRM1 during the simulations along the second eigenvector of the PCA (Fig. S9C) constitutes
solely a change in the pitch of the superhelix. The spheres represent a common subset of Cα atoms selected from residues that are identical in human, mouse,
and C. thermophilum CRM1. Methodological details are provided in SI Materials and Methods.

Movie S2
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