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ABSTRACT The nuclear pore complex mediates nucleocytoplasmic transport of macromolecules in eukaryotic cells. Trans-
port through the pore is restricted by a hydrophobic selectivity filter comprising disordered phenylalanine-glycine-rich repeats
of nuclear pore proteins. Exchange through the pore requires specialized transport receptors, called exportins and importins,
that interact with cargo proteins in a RanGTP-dependent manner. These receptors are highly flexible superhelical structures
composed of HEAT-repeat motifs that adopt various degrees of extension in crystal structures. Here, we performed molecu-
lar-dynamics simulations using crystal structures of Importin-g in its free form or in complex with nuclear localization signal
peptides as the starting conformation. Our simulations predicted that initially compact structures would adopt extended confor-
mations in hydrophilic buffers, while contracted conformations would dominate in more hydrophobic solutions, mimicking the
environment of the nuclear pore. We confirmed this experimentally by Férster resonance energy transfer experiments using
dual-fluorophore-labeled Importin-3. These observations explain seemingly contradictory crystal structures and suggest a
possible mechanism for cargo protection during passage of the nuclear pore. Such hydrophobic switching may be a general

principle for environmental control of protein function.

INTRODUCTION

Fundamental processes, such as transcription and transla-
tion, depend on molecules crossing the nuclear envelope
in both directions. The sites of transition are the nuclear
pore complexes (NPCs) (1), which permit the passive
passage of metabolites and small proteins (2,3). The central
channel of the NPC is a hydrophobic meshwork formed by
nucleoporins (4), which contain intrinsically disordered
regions of phenylalanine-glycine (FG)-rich repeats (5).
Macromolecules larger than ~40 kDa require specialized re-
ceptors as transport mediators to traverse the permeability
barrier of the nuclear envelope efficiently (6-8), although
exceptions are known for larger proteins with unusual sur-
face hydrophobicity (9,10).

Most of the proteins that mediate nuclear transport belong
to the homologous Importin-8/Karyopherin superfamily
(11,12). Importin-8 is a highly versatile molecule that is
able to transport a variety of cargoes by binding them
directly or through an adaptor protein (13-15). Importin-
B:cargo complexes form in the cytosol and then cross the
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nuclear pore and enter the nucleus, where the complexes
dissociate upon binding of the small GTPase Ran, in its
GTP-bound form (16-18). The Importin-G:RanGTP com-
plex shuttles back to the cytoplasm, where GTP hydrolysis
is triggered and RanGDP is released, closing the cycle
(19,20). Its unusual structural characteristics give Impor-
tin-@ great flexibility, enabling it to undergo the rapid struc-
tural transitions involved in transport (21-26). Importin-G
is an o«-solenoid protein composed of 19 structurally
conserved HEAT (Huntingtin, elongation factor 3, a subunit
of protein phosphatase 2A, TOR (target of rapamycin 1))
repeats (27). Each HEAT repeat comprises two antiparallel
a-helices connected by a loop (Fig. 1 A). The N-terminal
A-helix is exposed at the outside, whereas the B-helix is
located at the inner surface. This consecutive arrangement
results in the overall superhelical shape of Importin-g
(22,25,28-30). Solenoid proteins exhibit only very few
contacts between residues distant in primary sequence,
conveying a remarkable flexibility (25,31,32). The central
HEAT repeats of Importin-3 are more flexible compared
with the remaining HEATS, resulting in an N-terminal and
a C-terminal arch connected by hinge regions (16).

Both cargoes and RanGTP bind to the concave inner sur-
face of Importin-@, although in different regions (24). The
binding site for cargoes is located in the central HEAT re-
peats (28). The adaptor proteins Importin-a and Snurpor-
tinl, which bridge the interaction between Importin-8 and
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Conformations of Importin-3. (A) Structure of Importin-@, shown in cartoon representation with a-helices represented by cylinders, colored

by HEAT repeats from the N-terminus (blue) to the C-terminus (red). (B) Conformational variety of crystal structures of Importin-3 (PDB IDs are given in
the legend). The centers of mass of the HEAT repeats are shown. Importin-@ from different organisms (yImp@: yeast; mImpgG: mouse; hImpS: human).
(C) Importin-3 bound to the sIBB domain (magenta). To see this figure in color, go online.

cargoes, contain an «-helical Importin-3 binding (IBB)
domain that is enclosed by the C-terminal HEAT repeats
(13,22,30,33-36). RanGTP attaches to the N-terminally
located CRIME (for Crml, Importin-3, etc.) domain
(16,37,38), which is the most conserved sequence motif
among nuclear transport receptors (11).

To mediate transport across the nuclear envelope, Impor-
tin-@ has to interact with hydrophobic patches on FG nucle-
oporins of the NPC (5,39). The phenylalanine side chains
can interact with the outer convex surface of Importin-3,
where they insert into hydrophobic clefts between adjacent
HEAT repeats (40—42), allowing the complexes to cross the
nuclear envelope efficiently. The key factor for successful
nuclear transport is the high hydrophobicity of the outer sur-
face of nuclear transport receptors (9).

Structural studies on Importin-G have produced a disparate
image of its conformational flexibility. Small-angle x-ray
scattering (SAXS) studies and molecular-dynamics (MD)
simulations suggested a rather extended conformation of
free Importin-g in solution (31,32,43), whereas most crystal
structures, with some conflicting exceptions, displayed more
compact conformations (Fig. 1 B). No clear correlation has
been observed between the binding mode of the interacting
proteins and the conformation of the superhelix, and MD
simulations uniformly predicted large differences in the flex-
ibility of the different Importin-@ complexes (32).

As a possible explanation for these discrepancies,
we speculated that Importin-@ displays environmentally
induced plasticity. To test the possible impact of solvent
polarity on the conformation of Importin-g, we carried out
extended MD simulations of free Importin-G and of Impor-
tin-8 in complex with the IBB domains of Importin-«
(aIBB) or Snurportinl (sIBB) in solvents of different polar-
ity. In the simulations, free Importin-3 and both IBB domain
complexes adopted a significantly more compact structure
in methanol than in aqueous solution. We subsequently
confirmed this prediction by biophysical experiments,
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which showed an increased energy transfer between two flu-
orophores installed on Importin-@ in more hydrophobic sol-
vents. These conformational changes may play a role in the
nuclear import cycle.

MATERIALS AND METHODS
MD simulations

For the MD simulations, the crystal structures of the molecular complexes of
Importin-8 bound to the IBB domains of Importin-a (PDB ID: 1QGK) (20)
and Snurportinl (32) (PDB ID: 2P8Q) were used. The protonation states of
titratable groups were determined using WHAT IF (44). For the simulations
of free Importin-@, the IBB domain was removed from the crystal structures.
The structures were placed in cubic boxes of sufficient size, such that the
minimal distance between the protein and the box edges was at least 2 nm.
Subsequently, the structures were solvated with either water or methanol, re-
sulting in an average number of ~76,800 water and 32,500 methanol mole-
cules, respectively. Na* and C1™ ions were added at a 0.15 M concentration.
All MD simulations were carried out with the GROMACS program
package (45) (CVS version from 2007-07-20 and version 4.0) using the
OPLS-AA force field (46) and the SPC water model (47) with 0.15 M
Na™ and Cl™ ions. These parameters were previously used for simulations
of a-solenoid proteins and were shown to give reliable results (31,32,48,49).
For the simulations in methanol, a box with 1728 methanol molecules,
preequilibrated with the OPLS force field at 298 K and 1 bar, was used
(50). Radii of gyration were calculated with the GROMACS tool g_gyrate.
SAXS curves were simulated using the FOXS program (51,52). All struc-
tural figures were created with Pymol (53). For details regarding the simu-
lation parameters and the calculation of the statistical uncertainty, see
Supporting Materials and Methods in the Supporting Material.

Protein expression and labeling

The construct ~sImpg-sfGFP-Hisg (human Importin-g fused to superfolder
green fluorescent protein (sfGFP) with a C-terminal hexa-histidine tag)
was cloned into pCDFDuet-1 (Merck Millipore), and amber codons
introduced by site-directed mutagenesis to create hslmpg<*2°TAS_sfGFP-
Hise and hsImpﬁstSTAG—stFP—His(,. Proteins were expressed in E. coli
BL21(DE3) transformed with plasmids to encode target proteins and
MjCNPheRS/tRNAcya, and purified according to standard protocols (Sup-
porting Materials and Methods). Purified proteins were labeled with
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dibenzocyclooctyne-conjugated (DBCO) dyes in ~20-fold molar excess for
2 h in the dark, followed by native PAGE purification and electroelution.
Native PAGE purification was necessary to remove remaining free fluoro-
phore and a truncated form of hsImpS-sfGFP (see Fig. 4 B, lower band
in lane 2). The extent of labeling of AsImpB-sfGFP Q220AzF-FI-545 and
hsImpB-stGFP Y255AzF-F1-545 was qualitatively assessed by in-gel fluo-
rescence, which showed a single dual-fluorophore-labeled band after the
final purification step (Fig. S7). Samples were supplemented with glycerol
(5-10%) as a cryoprotectant and snap-frozen in liquid nitrogen.

Forster resonance energy transfer measurements

Fluorescence scans were performed on a Fluoromax-4 (Horiba Scientific)
with a 10 x 2 mm fluorescence cuvette (104002F-10-40; Hellma Ana-
Iytics), with the following settings: temperature = 20°C, band width =
3/3 nm, resolution = 1 nm, and integration time = 0.1 s. The emission
spectra were normalized to maximum = 1 and minimum = 0. The relative
Forster resonance energy transfer (FRET) efficiency (see Fig. 5, B and C)
was calculated as Egger = Ia/(Ia + Ip), Where Iy and I are the fluores-
cence intensities at donor emission maximum (508 nm) and acceptor emis-
sion maximum (575 nm), respectively, from a single emission scan after
excitation of the donor (470 nm).

RESULTS

Previous structural studies have focused on the influence of
cargo binding on the conformation of Importin-3. However,
it is possible that the observed structural discrepancies are
the result of the different solvents used in crystallization.
These solvents differed substantially in polarity, mainly
due to the amount of polyethylene glycol (PEG) present in
the solution (Table S2) (22,30,33,36). This behavior may
be relevant in vivo since Importin-@ experiences a more hy-
drophobic environment in the channel of the NPC.

Structure and dynamics of Importin-g in aqueous
solution

To test this hypothesis, we chose to use x-ray crystal struc-
tures of Importin-G bound to the sIBB or «IBB domain and
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of free Importin-G, after in silico removal of the IBB
domain, as representative examples to carry out unbiased
all-atom MD simulations in explicit solvent (for an over-
view of the simulations, see Table S1).

In all simulations using Importin-G:sIBB (PDB ID:
2P8Q) as the starting point (Fig. 1 C), Importin-3 underwent
rapid structural changes (Fig. 2 A, blue lines). Within
100 ns, the complex opened noticeably, expanding the
radius of gyration (Ry) from 3.17 to 3.45 = 0.01 nm (calcu-
lated from the last 20 ns of the trajectories) (Table 1; for
the estimation of errors, see Supporting Materials and
Methods). Therefore, the closed conformation of the Impor-
tin-B:sIBB complex is not stable during MD simulations in
aqueous solution. Instead, Importin-3:sIBB exhibits a large
conformational plasticity, especially in the N-terminal arch.
However, all representative structures showed a larger open-
ing of the superhelix than the crystal structure (see Fig. S1).
Similar results were obtained with aIBB-bound Importin-3
(PDB ID: 2QGK) (22) (Fig. 2 A, red lines).

The conformational changes of Importin-3 in aqueous
solution are reflected in the backbone root mean-square de-
viation (RMSD) with respect to the closed crystal structure
(see Fig. S2). In each frame of the trajectory, all backbone
atoms of the complete scaffold of Importin-G were aligned
to the closed crystal structure. Subsequently, the RMSD
was calculated separately for each HEAT repeat of the
aligned structures. For the sIBB complex (Fig. S2 A), the in-
ner groove of Importin-3 (HEAT repeats H§—H12) was the
most rigid, and the N- and C-termini showed higher flexi-
bility. This pattern of flexibility is in agreement with previ-
ous studies that analyzed the flexibility of Importin-@ and
found that it was mainly determined by movements around
two major hinges at H4-5 and H14-15 (32). For the «IBB
complex, the pattern was slightly different (Fig. S2 B). In
three out of four simulations the pattern was similar to
that of the sIBB complex, whereas in one simulation the
N-terminus was drastically distorted.

Importin-B:alBB Free Importin-8

FIGURE 2 Importin-g in aqueous solution. (A) Running average of the R, of Importin-3 complexed with the sIBB domain (blue) or the «IBB domain (red)
compared with free Importin-g (black). (B—D) Snapshots after 100 ns of MD simulation of the sSIBB complex (B), «IBB complex (C), and free Importin-g (D)
compared with the corresponding closed crystal structures in gray. For clarity, the structures were aligned at the less variable HEAT repeats 11-19. To see this

figure in color, go online.
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TABLE 1 Radius of gyration of Importin-g

Importin-8 in R, (nm) Crystal R, (nm) Simulation R, (nm) Simulation

Complex with Structure in Water in Methanol
sIBB 3.17 3.45 (0.01) 3.32 (0.01)
«aIBB 3.16 3.48 (0.06) 3.37 (0.01)
— 3.17/3.16" 3.71 (0.08) 3.50 (0.03)

The R, of Importin-@ in water was averaged over all independent simula-
tions. Only the last 20 ns of each simulation were included in the calcula-
tion. The estimated statistical uncertainty is given in parentheses (see
Supporting Materials and Methods).

“The starting structure of four of the five simulations of free Importin-3 in
water was obtained from PDB 2P8Q after removal of sIBB, and one was
obtained from PDB 2QGK after removal of o«IBB.

The predominant flexibility of the N-terminus of Impor-
tin-6 also becomes evident from a comparison of snapshots
from the trajectories with the closed crystal structure
(Fig. 2, B and C). In all simulations, the IBB domain re-
mained bound to Importin-3. Whereas the conformation
of the a-helical part of the IBB domain was largely un-
changed (with RMSD values of 0.1-0.3 nm, compared
with the crystal structure), the N-terminal loop stretched
slightly to adapt to the more open conformation of
Importin-@, reaching RMSD values of up to 0.5 nm.

These MD simulations indicate that in water, at physio-
logical salt concentration, the Importin-G:IBB domain
complexes adopt markedly more extended conformations
compared with the crystal structures. In the simulations,
the C-terminal arch was closed and tightly wrapped around
the cargo, whereas the N-terminus was quite flexible.
Experimental evidence for such an open conformation of
Importin-@ in solution comes from SAXS studies on the
ligand-free state (25). On the basis of these data, it was pro-
posed that free yeast Importin-g in solution has an extended
R, of 3.9 nm.

To check our MD simulations against the SAXS experi-
ments, and to understand the influence of cargo binding
on the conformation and flexibility of Importin-G, we car-
ried out simulations of human Importin-8 from which the
bound IBB domain had been removed (Fig. 2 A, black lines).
In our simulations, free Importin-§ clearly showed a more
pronounced opening and a larger flexibility than the IBB
domain complexes (Fig. 2 D): during 100 ns of simulation,
R, values of up to 4.2 nm were reached, with an average R,
of 3.71 = 0.08 nm (Fig. 2 D; Table 1). These conforma-
tional changes occurred along the entire superhelix of
Importin-@, with the largest fluctuations being observed
within the N- and C-terminal HEAT repeats (Fig. S2 C).
We calculated theoretical SAXS curves from snapshots
from the last 50 ns of all simulations. The resulting averaged
scattering profile correctly reproduced the features observed
in SAXS studies of yeast Importin-8 (KAP9S5), including the
characteristic shoulder at q = 1 nm ! (Fig. S3) (25,43).

To summarize, in all of the MD simulations in aqueous
solution with a physiological ion concentration, all closed
crystal conformations of Importin-g3 turned out to be unsta-
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ble and quickly adopted a more relaxed and open conforma-
tion. Even though the IBB domain complexes were found to
be more compact than free Importin-3, a noticeable opening
of the Importin-@ superhelix was also seen in both of the
Importin-G:IBB domain complexes under study.

Sensitivity of Importin-g to solvent polarity

The observation that the closed conformations of free
Importin-@ and the Importin-G:IBB domain complexes
opened up during MD simulations in water led us to ask
whether the abundance of compact crystal structures may
be due to the crystallization conditions. The good agreement
between the simulations and SAXS experiments supports
this idea. In fact, most crystals of Importin-@ were obtained
using PEG, which facilitates protein crystallization by
lowering the polarity of the medium, as a precipitant
(Table S2). The crystals of the open conformation of the
Importin-G:sIBB complex, in contrast, were obtained in
the absence of PEG (30).

To test whether less polar solvents can indeed induce
closed structures of Importin-g3, we carried out MD simula-
tions of cargo-free and cargo-bound Importin-@ in methanol
as a hydrophobic mimic of both the PEG solution and the
interior of the nuclear pore. The simulations were started
from three different conformations of the sIBB complex
(Fig. S4, A and B) or the «IBB complex (Fig. S4, C
and D) using crystal structures or, as controls, open confor-
mations extracted from previous simulations in water. Sim-
ulations of free Importin-@ were started from the closed
structure and from an open conformation with an R, of
3.9 nm (Fig. S4 E). Contrary to what was observed in
aqueous solution, the closed crystal structure of the
Importin-G:sIBB complex opened only slightly in methanol
(Fig. 3 A, black line). Strikingly, all simulations of open con-
formations showed a marked decrease of the R, of the com-
plex, reaching average values between 3.32 += 0.01 nm
(Importin-B:sIBB) and 3.50 = 0.03 nm (free Importin-g),
thus indicating a pronounced shift in the conformational
equilibrium (Table 1). In all simulations starting from an
open conformation with little distortion of individual
HEAT repeats, the N-terminus closed spontaneously within
10-20 ns (Fig. 3 A, cyan lines). This conformational change
brought the termini of Importin-g into contact, forming a
closed ring, which then remained stable during the rest of
the simulation (Fig. 3 B). The final conformation was even
more compact than in the crystal structure (Fig. S4 F).

In cases where the starting structure displayed more local
distortions of individual HEAT repeats, the conformational
rearrangement was slower (Fig. 3 A, blue lines). Within
100 ns, a noticeable decrease in R, was observed, but a
conformation with stable contacts between the N- and C-ter-
minal regions was not reached (Fig. 3 C). However, an over-
all compaction and a transient ring closure of Importin-3
were also seen in these cases.
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The Importin-G:alBB and sIBB complexes exhibited
similar R, values in methanol, with final values reaching
3.25-3.5 nm (Fig. 3 D). However, the corresponding struc-
tures showed a larger conformational variety (Fig. 3, E
and F). The contacts between the N- and C-terminal
HEAT repeats were less stable, as reflected by the larger
RMSD (0.5-0.8 nm) compared with the crystal structure
(Fig. S4 G).

For uncomplexed Importin-3, the less polar solvent meth-
anol also stabilized a compact structure of the superhelix.
Even after removal of the IBB domain, the structure re-
mained rather stable (Fig. 3 G, black lines, and H). Two
of the three simulations of Importin-@ that started from a
completely open conformation, with no sequence distal con-
tacts between HEAT repeats, completed closure within 40
and 70 ns (Fig. 3 D, blue lines). Although contacts between
the N- and C-termini were formed, a certain conformational
heterogeneity within the ensemble of closed structures re-
mained (Figs. 3, H and /, and S4 H). The deviations from
the crystal structure are due to a lack of stabilization of
the C-terminus and the central arch of Importin-8 by the
IBB domain.

The simulations show that despite their conformational
differences, free Importin-38 and both of the IBB domain
complexes adopt a markedly more compact structure in
methanol than in aqueous solution. This reaction to the
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FIGURE 3 Importin-@ in methanol. (A) Running
average of the R, of the Importin-3:sIBB complex.
Simulations started from the closed conformation
(black) and from open conformations with little
deformation of individual HEAT repeats (cyan)
and stronger deformation (blue). (B and C) Snap-
shots after 100 ns of simulations compared with
the crystal structures (in gray). (D) R, of the Impor-
tin-B:«IBB complex. (E and F) Snapshots after
100 ns of simulation. (G) Running average of the
R, of free Importin-8. (H and I) Snapshots after
100 ns of simulation time. Red circles indicate
where the displayed snapshots were taken. To see
this figure in color, go online.

polarity of the environment is therefore an intrinsic property
of Importin-B. The large rearrangements, which lead to
closure of the Importin-8 superhelix, take place very
rapidly, on a timescale of ~100 ns.

A major conformational change of a large and highly flex-
ible system such as Importin-G is a stochastic process that
requires the crossing of numerous energetic barriers. The
observed differences between the trajectories corresponding
to independent simulations of the same system are thus not
surprising. Nevertheless, from the simulations alone we
cannot exclude the possibility, however remote, that the
observed trends could be artifacts stemming from
insufficient convergence of the simulations. We therefore
addressed the significance of the results from the simula-
tions by conducting experiments.

Increased energy transfer in dual-fluorophore-
labeled Importin-g in hydrophobic solvents

We aimed to test the above theoretical observations bio-
chemically by assessing the conformational plasticity of
Importin-@ in response to differences in the hydrophobicity
of the environment. To this end, we produced dual-fluoro-
phore-labeled Importin-8 to observe shape changes by
measuring the FRET efficiencies. Site-specific coupling of
fluorophores to Importin-g is impeded by the presence of

Biophysical Journal 109(2) 277—286
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more than 20 cysteine residues in the natural sequence, pre-
cluding the use of thiol chemistry. Therefore, we genetically
fused sfGFP (54) as the donor fluorophore to the C-terminal
end of AsImportin-B (hsImp@-stGFP). The fluorescence
properties of sfGFP are unaffected in the fusion construct
(Fig. S5). To introduce the acceptor fluorophore, we used
genetic-code expansion to install amino acids with side
chains containing bioorthogonal reactive functional groups
at structurally permissive sites. These amino acids are acti-
vated by evolved aminoacyl-tRNA synthetases and incorpo-
rated in response to amber (UAG) codons by corresponding
cognate tRNAs. We chose the surface-exposed residues
GlIn-220 and Tyr-255 for incorporation of p-azido-L-phenyl-
alanine (AzF) using the evolved MjCNPheRS/tRNAcya
pair (55) (Fig. 4 A). Full-length protein was produced
only when AzF was supplied with the growth medium
(Fig. S6), confirming the successful incorporation of the
amino acid in response to the amber codon. We used the
azide group to site-specifically conjugate the fluorophore
DBCO-FI-545 in a bioorthogonal strain promoted azide-
alkyne coupling (SPAAC) (Figs. 4 B and S7). In fluores-
cence emission scans (A.x. = 470 nm) of AsImpB-sfGFP
Q220AzF-FI-545, we observed an additional intensity
around 575 nm, which depended on the presence of the
acceptor fluorophore and therefore may indicate the pres-
ence of intramolecular FRET (Fig. S8). Treating the labeled
protein with Proteinase K removed this additional intensity
at ~575 nm (Fig. S9 A). When the unlabeled AsImpS-sfGFP
was supplemented with free DBCO-FI-545 dye and treated
with Proteinase K, no such change at ~575 nm was observed
(Fig. S9 B). Hence, we conclude that a small amount of
FRET occurs between sfGFP and FI-545 in hsImp(-sfGFP
Q220AzF-FI-545, which may be used to report on changes
in the protein’s conformation in response to the surrounding
medium. As a functional test for correct folding, we incu-
bated permeabilized HeLa cells with labeled ZsImp@-stGFP
proteins. As shown in Fig. S10, the protein was detected in
the nucleus and also at the nuclear envelope, indicating
physiological interactions with components of the nuclear
transport machinery.

First, we investigated the FRET efficiency in the presence
of increasing concentrations of methanol, similar to the con-
ditions used in the simulation experiments (Fig. SI11).
Indeed, we observed an increase in FRET with increasing
methanol concentration, indicating that AsImportin-3 con-
tracts in hydrophobic environments. Next, we tested the
impact of the addition of PEG of various molecular weights
on the FRET efficiency in AsImpB-sfGFP Q220AzF-F1-545
(Fig. 5 A). PEG creates a more crowded and hydrophobic
environment, an effect that escalates with increasing chain
length. At 50% (w/v) PEG 200 the fluorescence intensity
at 575 nm of hsImpB-sfGFP Q220AzF-FI1-545 rose slightly,
whereas higher-molecular-weight PEG at the same concen-
tration showed increasingly stronger effects. Titrating the
concentration of PEG 200, PEG 1500, and PEG 4000 over
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FIGURE 4 Dual-fluorophore labeling of hAsImportin-G. (A) Cartoon
model of AsImportin-8 showing the positions of AzF incorporation and
their approximate distances to the sfGFP fluorophore. The figure was
created using Pymol v0.99 and PDB entries 1QGK and 1KYS. (B) Importin
proteins with or without genetically fused sfGFP-tag were purified from
E. coli and labeled with DBCO-FL.-545 where indicated. Fluorescence
was analyzed using a Typhoon phosphoimager. To see this figure in color,
go online.

the range of 0-50% (w/v) revealed that relative FRET effi-
ciency increased with PEG molecular weight and concentra-
tion (Figs. 5, B and C, and S12). The increase in acceptor
fluorescence is indeed a result of enhanced energy transfer
because a mixture of AsImp@-sfGFP and DBCO-FI-545
did not react to the addition of PEG in this manner
(Fig. S13). This effect was not a simple result of molecular
crowding, since Ficoll-70 (molecular weight 70,000), which
induces crowding but is not hydrophobic, did not show a
similar effect on the fluorescence properties of AsImpg-
sftGFP Q220AzF-F1-545 (Fig. S14). This compaction was
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FIGURE 5 hsImp@-sfGFP Q220AzF-F1-545 shows increased FRET in
the presence of PEG. (A) Addition of 50% (w/v) PEG of various molecular
weights leads to an increase in fluorescence emission at 575 nm. (B) The
relative FRET efficiency of AsImpB-stGFP Q220AzF-F1-545 calculated
from the emission spectra in (A). (C) Relative FRET efficiency increases
with PEG concentration. To see this figure in color, go online.

reversible, as expected for Importin-G exiting the NPC,
as demonstrated by stepwise dilution of AsImpgB-sfGFP
Q220AzF-FlI-545 from 50% PEG solutions (Fig. S15). We
obtained similar results using an alternative spectroscopic
method when we measured the interaction of the fluoro-
phores by donor fluorescence lifetime instead of energy
transfer. Again, increasing concentrations and molecular
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weights of PEG reduced the donor fluorophore lifetime to
a similar degree as observed by FRET (Fig. S16).

These experiments confirm our simulation results showing
that Importin-g indeed adopts a more compact conformation
in hydrophobic environments.

DISCUSSION

The high intrinsic flexibility of Importin-3 has received
considerable attention, and it is generally accepted that it
is of paramount importance for the fast binding and release
of a wide variety of cargoes (21-26). However, previous
studies have been centered on the function of conforma-
tional changes in cargo binding, and little attention has
been paid to their possible role in crossing of the nuclear
pore. Recent findings, as well as our simulations, suggest
that due to its unique and complex hydrophobic core,
Importin-@ in solution fluctuates in equilibrium between
different conformational states, comprising completely
open as well as quite compact conformations of the superhe-
lix (25,31,33). Cargo binding shifts the equilibrium toward
more closed conformations by selecting rather strained con-
formers of Importin-g from this large pool of different con-
formations, with the corresponding entropy changes being
crucial for the overall thermodynamics of the system.
Similar observations were made for the exportin Crml,
which cooperatively adopts more compact conformations
upon binding RanGTP and cargo (56). However, available
structural models of Importin-G do not fully support this
perception. Whereas models built from SAXS experiments
show free Importin-8 in rather open conformations, x-ray
crystallography has yielded predominantly closed, compact
structures of both free and cargo-bound Importin-g.

In our MD simulations, we observed that binding of the
IBB domain of the adaptor proteins Importin-o and
Snurportinl to the inner surface of Importin-G indeed stabi-
lized more compact conformations of the superhelix, in line
with the current model. However, in our simulations, the
IBB domain stabilized only the C-terminal arch of Impor-
tin-3 (HEAT repeats 12-19), which is in direct contact
with the helical part of the IBB domain. Other domains
of the molecule underwent large conformational changes,
adopting an open conformation. This flexibility may have
functional implications, e.g., for RanGTP binding and
unbinding.

Strikingly, in all simulations with a more hydrophobic
solvent, such as methanol, the structure of Importin-g
favored closed conformations. Rapid closure was seen in
all simulations of Importin-8, whether or not it was bound
to an IBB domain. Further, the superhelix adopted a confor-
mation that largely resembled the closed conformations
seen in most Importin-@3 crystal structures. This unusually
strong influence of environment polarity on Importin-G
structure is corroborated by a clear correlation between
the crystallization conditions and the observed Importin-3

Biophysical Journal 109(2) 277—286
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conformation. In fact, most crystals containing closed con-
formations were obtained in solutions of high PEG concen-
trations with a markedly decreased polarity, whereas the
crystal structure obtained from a PEG-free solution showed
a much more open conformation (Table S2). Similar confor-
mational plasticity of Importin-@ in response to changes in
the polarity of the solvent (by addition of different types
of alcohols) was observed in a recent study (57).

Overall, our biochemical and theoretical studies suggest
that the closed structures of cargo-bound Importin-G do
not represent the predominant conformation in the cyto-
plasm, but rather conformations of Importin-3 in a less polar
environment.

This finding suggests an unexpected functional role of the
environment during nucleo-cytoplasmic transport, where
Importin-g is subject to changes in the surrounding medium.
In the cytoplasm or nucleoplasm, it is exposed to aqueous
solvent, whereas inside the central channel of the NPC,
the high concentration of hydrophobic FG repeat peptides
reduces the polarity of the solvent (4) in a manner similar
to that observed for PEG. We therefore assume that
Importin-@ also adopts a more compact conformation
upon entering the nuclear pore. It is tempting to speculate
that the transitions between open and closed conformations
correspond to the varying requirements for the stability
of Importin-8 complexes with cargo molecules during
different stages of the transport process (Fig. 6). In the cyto-
plasm, Importin-@ binds cargoes at its concave inner sur-
face. An open conformation of the superhelix would make
the binding sites more accessible and facilitate cargo recog-

cargo  importin
x NPC
cytoplasm . .

nucleus

FIGURE 6 Proposed model for Importin-G-dependent transport. In the
aqueous solution of the cytoplasm, Importin-3 adopts predominantly
open conformations, rendering its inner surface more accessible to ligand
binding (upper part). When cargo-bound Importin-G enters the NPC, con-
tact with the hydrophobic permeability barrier leads to closure of the
Importin-3 superhelix, thus preventing complex dissociation during pas-
sage (central part). After the complex exits from the pore, the N-terminus
opens up again, rendering Importin-g8 accessible to RanGTP binding (lower
part). To see this figure in color, go online.
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nition. During the passage through the nuclear pore, the
inside of the superhelix needs to be protected against inter-
actions with other molecules present in the channel to
prevent dissociation of the cargo-transporter complex.
Closed conformations would prevent the complex from
dissociating during passage. After it is imported into the
nucleus, the IBB domain is displaced from Importin-8 by
RanGTP, which would be facilitated by an opening of the
complex in the polar environment of the nucleoplasm.
Such environment-sensitive conformational plasticity may
in fact be quite a general mechanism to modulate or control
protein function in response to environmental changes. Such
changes may be due to molecular crowding, solute concen-
tration changes, or molecular transitions between different
intracellular compartments.
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