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ABSTRACT: Nuclear import of the pentameric histone chaperone nucleoplasmin (NP) is mediated by importin
a, which recognizes its nuclear localization sequence (NLS), and importin /3, which interacts with o and is in
charge of the translocation of the NP/a/ complex through the nuclear pore. Herein, we characterize the
assembly of a functional transport complex formed by full-length NP with importin a/f. Isothermal titration
calorimetry (ITC) was used to analyze the thermodynamics of the interactions of importin o with f, o with
NP, and the a/f heterodimer with NP. Our data show that binding of both importin a and o/ to NP is
governed by a favorable enthalpic contribution and that NP can accommodate up to five importin molecules
per NP pentamer. Phosphomimicking mutations of NP, which render the protein active in histone
chaperoning, do not modulate the interaction with importin. Using small-angle X-ray scattering, we model
the a/f heterodimer, NP/a, and NP/o/f solution structures, which reveal a glimpse of a complete nuclear
import complex with an oligomeric cargo protein. The set of alternative models, equally well fitting the
scattering data, yields asymmetric elongated particles that might represent consecutive geometries the

complex can adopt when stepping through the nuclear pore.

Eukaryotic cells need a continuous transit of macromolecules
between the cytoplasm and the nucleus, which takes place through
the nuclear pore complexes (NPCs) of the nuclear envelope (1, 2).
Different carrier proteins are in charge of this transport of cargos,
either into (import) or out of (export) the nucleus (2). The best
understood system for targeting proteins to the nucleus is
mediated by the heterodimer formed by importin a (also
called karyopherin ) and importin § (or karyopherin 8) (3, 4).
Importin a recognizes a so-called “classical” nuclear localiza-
tion sequence (NLS)' in the cargo protein, which contains one
(monopartite) or two (bipartite) clusters of basic amino acids (3, 6).
Importin /3 is responsible for the translocation of the ternary cargo/
a/f complex through the NPC, thanks to interactions with
certain nucleoporins (7). Once the complex reaches the nucleo-
plasmic side of the nuclear envelope, the interaction of importin 3
with the small GTPase Ran elicits its dissociation (8), releasing
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the cargo in the nucleus. The directionality of the transport is
given by a gradient of RanGTP, which is predominantly in the
GTP-bound form inside the nucleus and the GDP-bound form in
the cytoplasm (9).

Both importin o and importin 3 are modular proteins built of
a-helical repeat motifs (3). In the case of importin @, there are 10
such repeats called ARM (armadillo) (/0), formed by three
o-helices each, that adopt a superhelical twist generating an
elongated molecule (/7). They are preceded by an N-terminal
segment of 65 amino acids that constitutes the importin 5 binding
(IBB) domain (72, 13). The available three-dimensional (3D)
structures of a truncated importin a lacking the IBB domain
(AIBB—importin a) bound to NLS peptides (/4—21) have
revealed the molecular basis of the interaction and explained
why importin o recognizes both mono- and bipartite NLS
sequences. The NLS binds in an extended conformation, and
antiparallel fashion, to one (in the case of monopartite NLS) or two
sites (bipartite NLS) in a concave groove formed by ARM motifs
1—4 (major site) and 6—8 (minor site), establishing hydropho-
bic, polar, and ionic interactions (/4—21). Importin S is com-
posed of 19 tandem HEAT repeats, each made of two a-helices,
that like those of importin a fold in a superhelical fashion (22—24).
Their modular architecture confers upon importins a high degree
of flexibility (25—27); in particular, importin 5 adopts a differ-
ently twisted conformation depending on whether it is free in
solution (26, 27) or bound to its different ligands: IBB of importin
a (22), RanGTP (23, 28), or nucleoporin repeats (24). In the
complex with the IBB domain of importin a, importin 8 adopts a
closed, snail-like conformation wrapped around the IBB, which
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binds in an extended followed by a-helical conformation to
HEAT repeats 7—19 (22). In the absence of importin f3, it is known
that the IBB domain, which has resemblance with a NLS, occupies
the NLS binding site of importin o (/7). This intramolecular
interaction plays an autoinhibitory role and is thought to be
relevant in the dissociation of the cargo protein inside the
nucleus (/7).

A prototypic substrate of the “classical” importin a/f route is
nucleoplasmin (NP), a histone chaperone involved in chro-
matin remodeling processes, such as sperm decondensation at
fertilization (29—31). NP is pentameric, each monomer, 200 amino
acids in length, consisting of two domains, namely, core and tail.
The core domains form a compact, hyperstable, 5-structured,
pentameric ring (32), whereas the tails are conformationally
flexible (33). The NLS motifs of NP are located in the five tail
domains, spanning residues 155—170, and belong to the bipartite
class (34). NP is activated through progressive phosphorylation
of multiple residues (35, 36) during Xenopus egg maturation, so
that when the protein exhibits its maximal activity at the egg
stage, it is phosphorylated in both the core and tail domains,
some of the phospho residues being located proximal to the
NLS (36).

Several studies have characterized the binding of importins to
peptides corresponding to the NLS of NP (/5, 16, 37) and other
proteins (14, 17—21, 37—39). Similarly, association of importin 3
with the IBB domain of importin a has been structurally (22) and
biophysically (40) described. Much less information about im-
portin recognition of native, entire cargo proteins is available,
however. Recently, 3D structures of importin o bound to the
C-terminal domain of the influenza virus polymerase PB2 sub-
unit (4/) and to the CBC (cap-binding complex) along with a
structural model of the importin o/importin /CBC complex
have been published (42). A recent study (43) has addressed the
interaction between importin o and NLS cargos in living cells,
measuring an effective affinity in the cellular environment that is
lower than available in vitro data.

Whereas most structural and biophysical studies of importin
recognition have dealt with peptides or fragments from nuclear
proteins, this work provides information about functional and
oligomeric complexes made of full-length proteins. We have
thermodynamically and structurally characterized the binding of
full-length pentameric NP to importin o, AIBB—importin @, and
importin a/f, as well as the binding of full-length importin o to
importin . Given that nuclear localization of numerous proteins
is modulated through their phosphorylation, which either pro-
motes or inhibits import (44, 45), we have compared importin
binding to nonphosphorylated NP and a mutant with phosphor-
ylation mimicking mutations (36). Our results indicate that
formation of the import complex is mainly driven by recognition
of the canonical binding motifs (NLS and IBB). The multiplicity
of NLS binding sites within NP and the fact that all of them can
be occupied would favor its import, which might explain the
preferential nuclear localization of NP. Small-angle X-ray scat-
tering (SAXS) was used to structurally characterize the binary
and ternary complexes formed, yielding models that reveal the
spatial relationships among the three proteins pointing to asym-
metrically positioned a/f heterodimers on the tails of the NP
pentamer. The structure of the NP/importin complex shows how
the flexibility of NP tail domains allows this protein to accom-
modate five importin a/f heterodimers.
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EXPERIMENTAL PROCEDURES

Purification of the Proteins. Importin o (Xenopus laevis a1
sequence) and importin 5 (human) clones in pQE60 and pQE?70,
respectively, were kind gifts from Dr. Gorlich’s laboratory. Both
His-tagged proteins were overexpressed in Escherichia coli BL21-
(pREP4) at 18 °C overnight. Truncated importin o (residues
66—517, termed “AIBB—importin o throughout the text) was
subcloned in pET30a (Novagen) (BamHI/Xhol sites) with an
N-terminal His tag, using as a template the full-length importin o
clone, and overexpressed in E. coli BL21(DE3) cells overnight at
18 °C. Cells were disrupted by sonication in 20 mM Tris-HCI (pH
8.0), 500 mM NaCl, 20 mM imidazole (in the case of importin a),
20 mM Hepes (pH 7.5), 500 mM NaCl, and 5 mM imidazole
(AIBB—importin o) or 50 mM Tris-HCI (pH 7.5), 200 mM NaCl,
and 10 mM imidazole (importin f); in all cases, the buffers
contained additionally 5 mM MgCl,, 0.1 mM TCEP, 1 mg/mL
lysozyme, 10% (v/v) glycerol, and a protease inhibitor cocktail.
The proteins were purified from the clarified extract by means of
Ni-NTA affinity chromatography (HisTrap FF column, GE
Healthcare) followed by gel filtration with Superdex 200 (GE
Healthcare) in 50 mM Tris-HCI [pH 8.0 (importin o and
AIBB—importin a) or pH 7.5 (importin f)], 100 mM NacCl,
2 mM DTT, and 10% glycerol, concentrated, and frozen for
storage. Nucleoplasmin (X. /aevis NPM2 sequence), both the
wild type and mutant NP13D, was overexpressed in E. coli and
purified as previously described (33, 36). Protein concentrations
were determined with the BCA colorimetric assay (Pierce),
checked spectrophotometrically and occasionally by amino acid
analysis. NP concentration values through the text refer to the
pentamer. The NLS peptide (KRPAATKKAGQAKKKK) was
supplied by NeoMPS (Strasbourg, France).

Gel Filtration Chromatography. Mixtures of nucleoplas-
min (5 uM) and different amounts of AIBB—importin a to give
importin:NP molar ratios between 0 and 10 were prepared in
50 mM Tris-HCI (pH 7.5), 100 mM NaCl, 2 mM DTT, and 10%
glycerol and incubated at 20 °C for 1 h. In the case of ternary
complexes (5 uM NP, 40 uM importin a, and 60 uM importin),
the preformed o,/ complex was subsequently incubated with NP.
Samples (100 uL) were then centrifuged and loaded onto a
Superdex 200 10/30 column (GE Healthcare). Runs were performed
at 4 °C and a flow rate of 0.5 mL/min. The eluted fractions were
analyzed by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS—PAGE). Densitometry of the gel bands was
performed with a G-800 scanner and Quantity One (Bio-Rad).

Dynamic Light Scattering (DLS). DLS measurements
were taken with a Nano-S Zetaseizer (Malvern Instruments),
using a red laser (633 nm), at 20 °C, in 50 mM Tris-HCI (pH 7.5),
100 mM NaCl, 2 mM TCEP, and 10% glycerol. The protein
concentration was approximately 2 mg/mL [e.g., close to 5 uM
NP in the case of the NP/AIBB—importin o (1:5) complex].

Circular Dichroism (CD). CD spectra were recorded with a
Jasco 720 spectropolarimeter, using quartz cuvettes with a path
length of 0.02 cm, in 25 mM Tris-HCI (pH 7.5), 50 mM NacCl,
and 10% glycerol. Protein concentrations were 4.5 uM for NP
and 18 uM for importin o and importin 3. Temperature scans
were conducted at 60 °C/h.

Isothermal Titration Calorimetry (ITC). ITC measure-
ments were taken using a VIP-ITC MicroCalorimeter (MicroCal,
Inc., Northampton, MA). Proteins were dialyzed in a buffer
containing 50 mM Tris-HCI (pH 7.5), 100 mM NaCl, 2 mM
TCEP, and 10% glycerol [we have observed (not shown) that
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glycerol addition enhances importin o stability] and degassed
prior to the experiment. Measurements were performed at
20 °C, unless indicated. For analysis of importin a/f binding
energetics, either importin o or 3, at 15 uM, was titrated onto the
other importin at 1.2—3 uM; both measurements gave equiv-
alent results. Injections of either 6 or 8§ uL were performed
at 320 s intervals (the first injection always was of 1 uL and is
not considered in data analysis). Interaction of AIBB—importin
a with NP was analyzed via titration of 80—100 uM AIBB—
importin a onto approximately 2 uM NP. In the case of the
interaction of importin o/ with NP, 28—46 uM heterodimer,
with an excess of importin 3, was added to the calorimetric cell
containing the NP solution at 0.6—1 uM. Titrations were also
performed in the reverse mode via addition of NP (19 uM) to
importin o/ (3 uM), which gave equivalent parameters. Binding
of importin a/f3 to the NLS peptide was assessed via addition of
26—40 uM peptide to 2—3.2 uM importin a/f. For comparison,
the binding of importin a alone or importin f alone to NP was
also investigated, using the mentioned concentrations. The
corresponding heat of dilution of each protein titrated into buffer
was used to correct the data. No change in the oligomeric state of
any of the species under study was observed.

The heat of the reaction of each injection is related to the
calorimetric enthalpy of binding, AH®. The binding isotherms,
AH® versus molar ratio, were analyzed with an independent
binding sites model using MicroCal Origin. The fit of the bind-
ing curve yields the binding constant K, (Kyq = 1/K,) and the
enthalpy AH° of the binding reaction. The Gibbs free ener-
gy of binding (AG®) and the entropy (AS®) are determined from
the basic thermodynamic expression AG®° = —RTIn K, = AH®° —
TAS°, where R and T are the gas constant and the absolute
temperature, respectively.

Titration experiments were performed at several temperatures
in the range from 10 to 20 °C, the rather low thermal stability of
importin [and especially AIBB—importin o (see below)] preclud-
ing measurements at higher temperatures. The change in heat
capacity (Acp = 0AH/JT), estimated from the linear fit of AH°
versus temperature dependence, provides a measure of the
change in the solvation of the proteins and solvent release upon
complex formation (46). The heat capacity change of binding is
used to estimate the changes in the solvation entropy component
upon binding

ASy = Acp In(T/Tx)

where T* (385.15 K) is the temperature of entropy conver-
gence (47), and to dissect the observed entropy change of binding
into different contributions (48)

AS = AScont + ASoly + ASy

where the conformational entropy component AS,,,¢is related to
changes in the conformational degree of freedom for the side
chains and probably for the backbones, the solvation term AS,
reflects changes in hydration entropy upon formation of a
complex, and AS;, reflects changes in translational and rotational
degrees of freedom. The translational and rotational entropy
is assumed to be close to the cratic entropy [ASy; = OSeratic = R
In(1/55) = —7.98 cal mol ' K] (49).

Small-Angle X-ray Scattering (SAXS). Small-angle X-ray
scattering patterns of importin o/, AIBB—importin o/NP, and
importin a/f/NP complexes were recorded on beamline 1711 of
the Max-Lab on storage ring MaxLab-II (Lund, Sweden) (50)
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and on beamline X33 EMBL on storage ring DORIS-III
(Hamburg, Germany). Saturated complexes were either isolated
by gel filtration or prepared in situ by mixing adequate amounts
of the proteins. The samples were found to be homogeneous,
eluting as isolated peaks, in less than 2 mL from the Superdex 200
10/30 column. Furthermore, the polydispersity index of NP
complexes as measured by DLS was below 0.2. The total protein
concentration was between 0.25 and 10.0 mg/mL (for comparison
with concentrations used in other techniques, 2 mg/mL ternary
complex corresponds to 2.2 uM NP),and SmM DTT was added to
the samples before the measurements to prevent radiation damage.
The data were recorded at 15 °C, using a MAR345 two-dimen-
sional image plate detector (I711) or a pixel IM PILATUS detector
(DECTRIS) (x33) at a sample—detector distance of 2.2 or 2.7 m,
respectively, and a wavelength (1) of 0.15 nm, covering the range of
momentum transfer 0.12 nm ™" < 5 < 2.5(5.5) nm ™" (s =4 sin
0/A, where 20 is the scattering angle). No radiation damage was
observed. All data manipulations were performed by using PRI-
MUS (51). The forward scattering /(0) and the radius of gyration
R, were evaluated using the Guinier approximation (52) assuming
that at very small angles (s <1.3/R,) the intensity is represented as
I(s) = 1(0) exp[—(ng)2/3]. These parameters were also computed
from the entire scattering patterns using GNOM (53), which
provides maximum particle dimensions (D,,.x) and pair distance
distribution functions [ p(r)]. The molecular weights (MWey,) of
the solutes were estimated from the forward scattering by normal-
ization against reference solutions of bovine serum albumin. The
excluded (Porod) volumes of hydrated particles were computed as
described in ref 54:

v, = 2221(0)/ / " 21(s) ds
0

Prior to the calculation, an appropriate constant was subtracted
from each data point to force the s~ decay of the intensity at higher
angles following Porod’s law (54) for homogeneous particles. This
procedure yields a “shape scattering” curve corrected for the
unwanted scattering contribution from the internal structure.
DAMMIF (55), a fast version of DAMMIN (56), used to
reconstruct the low-resolution shape of importins a/f and their
complexes with NP, represents the particle as a collection of M >
1 densely packed beads inside a sphere with a diameter D,,,. In
DAMMIF, each bead is assigned either to the solvent or to the
particle and the latter is represented by a simple “phase”
(nonsolvent beads). Starting from a random string, simulated
annealing (SA) is employed in DAMMIF to search for a model
composed by interconnected compact phases, which fits to the
experimental curve to minimize the overall discrepancy:

2
_ 1 I(Sj) = cleale (Sj)
xz—N-@{ %) ]

where N is the number of experimental points, ¢ is a scaling
factor, and I..(s;) and o(s)) are the calculated intensity and the
experimental error at momentum transfer s;, respectively. The
results of multiple DAMMIF runs (20 runs) were averaged to
determine common structural features using DAMAVER (57)
and SUPCOMB (58).

Molecular modeling for the NP/importin complexes was
conducted using the atomic model of the NP core pentamer
[monomer residues 16—118; Protein Data Bank (PDB) entry
1K5J (32)] and the crystallographic models of importin o bound
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to the NLS peptide from NP [residues 68—489; PDB entry
1EES (15)] and importin f [residues 1—876 and 44 residues of
the IBB domain of importin a; PDB entry 1QGK (22)] with
SASREF (59). To model the structure of the importin a/5/NP
complex in solution, we used the restored C-terminal tails of the
NP pentamer (monomer residues 119—200) (60) as five indepen-
dent rigid bodies connected to the corresponding NP core
pentamer parts. The contact restraints between NP tails and
importin a (to have contact distances of ~7—10 A) were applied
to provide interactions between NLS segments of the NP tail
(residues 155—170) and the middle part of importin o (residues
180—380) according to Conti et al. (19).

An SA protocol implemented in SASREF (59) was employed
to find an interconnected assembly of subunits without steric
clashes fitting the scattering data. The scattering amplitudes of
the known high-resolution models were calculated from their
atomic coordinates with CRYSOL (61), and their positions and
orientations were established to fit simultaneously the scattering
from importin a//NP and AIBB—importin a/NP complexes by
5:5:1 and 5:1 assembly, respectively. The rigid body modeling of the
ternary and binary complexes was also performed using another
homologue structure of importin oo (PDB entry 1EJY) (16), and
similar results were obtained. All the calculations presented here
were performed without accounting for the His tags of importin
a and f; the modeling was also done with the His tags added as
dummy residue chains, and this addition yielded no noticeable
effect on the reconstructed models.

The flexibility of the ternary complex was assessed by an
ensemble optimization method (EOM) (62). Coexisting confor-
mers were selected using a genetic algorithm from a pool
containing a large number of randomly generated models. An
ensemble pool of 10° structures (with and without imposing P5
symmetry using the same domains and restraints as for the rigid
body modeling) was generated to find the subsets of the conformer
models, a mixture of which fitted the experimental data. Multiple
runs of EOM (20 independent runs; for each EOM run, the
genetic algorithm process was repeated 50 times using the default
parameters of the genetic algorithm, i.e., 1000 generations, 50
ensembles of theoretical curves, 20 curves per ensemble, 10
mutations per ensemble, and 20 crossings per generation) were
performed and the obtained subsets analyzed to yield the R,
distributions in the optimal ensembles.

OLIGOMER (5/) was used to calculate the ratio of mono-
meric and dimeric species present in AIBB—importin a solu-
tions at low concentrations (0.25—1 mg/mL). The experimental
intensity /.(s) was represented by linear combinations of the
curves computed from the putative dimeric model of AIBB—
importin o at high concentrations (5—10.0 mg/mL) obtained
using SASREF (59) and the monomeric part from this model.
Given the scattering curves of such components, OLIGOMER
finds the volume fractions of each component by solving a system
of linear equations to minimize the discrepancy between the
experimental and calculated scattering curves.

RESULTS

Nucleoplasmin Forms a Stable Complex with Importin
o/f. To establish the formation of the complex between full-
length NP and importin o or the heterodimer o/ as well as
between importin o and f, we used size exclusion chromatogra-
phy. First, we studied the interaction of NP with AIBB—importin
a, a truncated form of importin a lacking the autoinhibitory IBB
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FiGure 1: Formation of saturated AIBB—importin a/NP and o/
B/NP complexes. (a) Size exclusion chromatography profiles of
AIBB—importin o, NP, and importin/NP mixtures at molar ratios
of 2, 3, 5, 7, and 10. The mixtures were run in a Superdex 200
column. The inset shows the SDS—PAGE analysis of a fraction
corresponding to the saturated complex. (b) Elution volume of the
complex (@) and area of the band corresponding to excess importin
(O) as a function of importin:NP molar ratio in the initial chro-
matographic mixtures. (¢) Elution profiles of NP/o/f mixtures
with a 1:7:10 molar ratio, an o/ mixture with a 1:1.5 molar ratio,
and the isolated proteins (NP, importin 3, and importin o). The
inset shows the SDS—PAGE analysis of an elution fraction
corresponding to the saturated complex.

domain (the N-terminal 65 residues), that is able to stably bind
NLS-containing proteins. It has been shown (37) that the NLS
binding properties of AIBB—importin a are most similar to those
of the importin a/f heterodimer that functions in vivo.

When a mixture of NP and AIBB—importin a. is injected into
a gel filtration column, both proteins coelute at a volume smaller
than those of the corresponding isolated proteins (Figure la).
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The comparison of the elution profiles of mixtures with NP:AIBB—
importin o molar ratios of up to 1:10 (Figure la,b) indicates
that upon addition of increasing amounts of importin, the elution
volume of the complex decreases, reflecting its bigger size, up to a
molar ratio of approximately five importins per NP. The complex
size does not increase further at higher AIBB—importin o:NP
molar ratios, and an excess of free importin starts appearing
(Figure 1a,b). This indicates that in the saturated complex all five
NLS binding sites within NP are available for the binding of
importin, and NP can accommodate five importins simulta-
neously. Furthermore, the shape of the band corresponding to
the saturated complex reflects the fact that it behaves as a
homogeneous species. Densitometric analysis of the electro-
phoresis bands corresponding to these chromatographic frac-
tions (Figure la, inset) suggests a stoichiometry of five molecules
of AIBB—importin o per NP in the saturated complex. One
should take into account the fact that the AIBB—importin o
concentration used in these experiments (40 uM) is well above the
K4as determined by ITC (54 nM; see below), so when an excess of
importin is present, all the binding sites of NP can be occupied.
Therefore, the results obtained by gel filtration suggest that a
homogeneous, saturable complex with a defined composition of
five molecules of AIBB—importin a per NP pentamer forms.

To form the NP/o/f ternary complex (notice that full-length
importin a is used in this case), nucleoplasmin was incubated
with an excess of the heterodimer importin o/ (1:8 molar ratio).
Previously, and with the aim of avoiding the presence of free
importin o, which can also bind NP (see below) and that would
hinder the interpretation of the results, importins o and f were
mixed in a 1:1.5 molar ratio. The protein concentrations used
(40 uM importin o and 60 uM importin f3) are well above
the Ky of their binding (see below); therefore, virtually all of the
importin o should be forming part of the heterodimer. Figure 1c
shows the chromatographic elution profile of the NP/o/f3 ternary
mixture along with the profiles of a/f and the three isolated
proteins, for comparison. NP, importin a, and importin 5 coelute
in a single peak, as checked by electrophoresis (Figure Ic, inset),
at an elution volume that corresponds to a species clearly larger
than the NP pentamer and the o/f heterodimer, indicating that a
ternary complex is formed. Analysis by densitometry of the
relative intensity of the electrophoresis bands (inset) gives an
estimation of a molar ratio of approximately 5.5 a/f hetero-
dimers per NP pentamer. This complex seems to be saturated,
because an excess of heterodimer a/f and free importin /5 can be
observed (Figure 1c). Because the elution volume of the complex
falls close to the resolution range limit of this column, to rule out
the possibility of aggregation and/or heterogeneity, the forma-
tion of a discrete ternary complex was also confirmed with a
Superose 6 column (data not shown).

Energetics of the Formation of the Importin o/ Hetero-
dimer and Importin o/ NP Binary and Importin o/3/NP
Ternary Complexes. Figure 2 shows the calorimetric profile
of a titration of importin o with importin # and the fit of the
binding isotherm, reflecting the fact that the formation of the
o/ heterodimer is a process driven by exothermic enthalpy.
The binding interaction is characterized by 1:1 stoichiometry, as
expected (63), and an affinity of 153 nM (Figure 2 and Table 1).
The latter is similar to previously reported Ky values (37, 64). The
dependence of the enthalpy change with temperature is accom-
panied by a large negative heat capacity change, Acp (Table 1),
which should arise from changes in the solvation occurring upon
binding of importins. This Acp value (—840 cal mol ' K™') is in
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bottom panel shows the integrated data (M) and the fit of the binding
isotherm by an independent binding sites model (—).

good agreement with that predicted from the buried polar and
apolar solvent accessible areas (AASA) [1402.5 and 2426.7 A2,
respectively, according to the X-ray structure of importin f3
bound to the IBB domain of importin o (22), from which a
Acp value of —727.4 cal mol™' K™! can be estimated] (48),
suggesting that importin o contributes to the contact area merely
through the IBB domain.

To describe the energetics of formation of the NP/a/f com-
plex, we conducted both direct, in which o/f was injected on the
NP solution, and reverse, for which NP was added to the o/
solution (see Figure 3), titrations, yielding equivalent results. In
both cases, the o/ complex was preformed with an excess of
importin f3 to guarantee that no free importin o, which is also able
to bind to NP (see below), was present. ITC measurements
showed no detectable binding between importin f and NP, as
expected (data not shown). The corresponding binding isotherms
were well fitted with an independent binding sites model
(Figure 3, bottom) that yielded a stoichiometry of five importin
a/f heterodimers per NP pentamer (Table 1). Importin o/f
exhibits a high-affinity binding interaction with NP, Ky being
57 nM. A large enthalpy change (AH® = —29.6 kcal/mol), asso-
ciated with strong polar interactions, e.g., hydrogen bonding, van
der Waals, and/or electrostatic interactions, upon complex for-
mation, is counterbalanced by a large unfavorable entropic
contribution to the free energy of binding. The entropic penalty
is most likely correlated with the reduced mobility of amino acid
residues at the binding interface and/or conformational changes
of the proteins upon binding.
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Table 1: Summary of the Thermodynamic Data for the Formation of the Complex of Importin o with Importin 5, AIBB—Importin a with NP and NP13D,
Importin a with NP, and Importin o/ with NP and NLS*

o/f o/f/NLS o/f)/NP o/NP Ao /NP Aa/NP13D
n 0.92 + 0.08 0.7+0.1 49403 53+0.1 4.84 4 0.4 5.0 £ 0.06
K4 (nM) 153 + 62 116 + 12 57+15 513 + 87 54+6 48+ 6
AH° (kcal/mol) —12.74+09 =296 0.5 —29.6+0.8 —9.840.5 —185+18 -204+1.8
—TAS° (keal/mol) 3.6+£12 20.3 + 0.4 19.8 +£0.6 137+ 0.4 8.8+ 1.6 10.6 £ 1.7
AG® (kcal/mol) -9.1404 —9.340.1 —9.740.2 —8.43 4+ 0.1 -9.840.2 —9.8+0.1
Acp (cal mol " K™ —840 + 22 —796 + 48 —817+71 nd? nd nd
ASgo, (cal mol ™' K71 229 217 223
ASeonr (cal mol ' K1) —234 —278 —282

“ITC measurements were performed at 20 °C, in buffer containing 50 mM Tris-HCI (pH 7.5), 100 mM NaCl, 2 mM TCEP, and 10% glycerol. “nd = not determined.
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FI1GURE 3: Isothermal titration of importin o/ with NP. Titration of
NP (50 uM) into importin o/ (1 uM) (top panel) and the fit of the
binding isotherm by an independent binding sites model (bottom
panel).

We also measured the binding of importin a/f to a peptide
corresponding to the NLS sequence (Table 1). It is noteworthy
that importin binds similarly to the NLS when the latter is
isolated or in the context of the full-length NP macromolecule,
suggesting that no other regions of NP significantly contribute to
the binding. However the rest of the protein might have a role in
modulating the specificity for different importin o subtypes other
than importin ol (65). The enthalpy of binding of importin o/f3 to
NP, as well as to the NLS peptide, is strongly temperature
dependent (Figure 4), resulting in similar large negative Acp
values, —817 and —796 cal mol~' K ! for the formation of the
complexes of importin o/ with full-length nucleoplasmin and
NLS, respectively, which suggests that the surface area buried
within the binding interface is comparable in both cases. From
the experimental value of Acp, the solvation entropy term was
estimated and used to decompose the entropic term into different
components. In the interaction of importin o/ with NP, there is
an entropic penalty associated with the loss of conformational
flexibility upon binding (ASgons = —282 cal mol~' K1), proba-
bly arising from the “rigidification” of the NLS segment in the

otherwise mobile NP tails (33). This conformational entropy
change is unfavorable and greater than the favorable solvation
entropy (ASsoy =223 cal mol ' K™") associated with hydrophobic
interactions, thus resulting in an unfavorable entropy contribution
to the Gibbs free energy of binding (Table 1).

In the absence of importin f3, full-length importin o is able to
bind NP, too, albeit with a lower affinity (Table 1), as expected
from the autoinhibitory role of the IBB domain (11, 66), and with a
lower enthalpic contribution to the free energy of binding
(Table 1). The decrease in affinity we observe agrees with what
has been described in other studies using the NLS peptide (8, 37).
The fact that the enthalpy change associated with the binding of
full-length importin o is less favorable than in the case of the o/f3
heterodimer could be related to the displacement of the IBB
domain from the NLS binding site to allow NP binding, whereas
this domain is already in an “open” conformation in the case of
the a/f heterodimer. Additionally, the entropic contribution is
much less unfavorable than in the case of o/ (Table 1), which
could reflect, among others, a conformational change associated
with the “release” from the NLS binding site of the previously
ordered and bound IBB domain, to allow the interaction.

By contrast to full-length importin o, whose binding to NP is
inhibited, the truncated AIBB—importin o shows a similar
affinity for NP than importin o/ (Table 1), in agreement with
the described binding properties using NLS peptides (17, 37),
with binding enthalpy and entropy values between those of
importin a/f and full-length importin o (Table 1).

To explore the possible influence of NP phosphorylation on its
recognition by importin o, we have also analyzed the binding of
importin to the phosphorylation mimicking mutant NP13D. This
mutant contains 13 substitutions of phosphorylatable residues
for Asp and acquires the same functional properties as natural
hyperactivated egg NP, in contrast to inactive recombinant wild-
type NP (36). NP13D binds to AIBB—importin a with the same
stoichiometry, affinity, and favorable enthalpy as wild-type NP
(Table 1), suggesting that NP phosphorylation does not affect its
interaction with importin.

Altogether, these results show that NP can bind up to five
importin o/f heterodimers and suggest that the interaction,
which is enthalpically driven, is just mediated by the recognition
of the NLS sequence of NP tail domains. The fact that a NP
mutant in which the NLS has been invalidated by substitution of
Lys residues 167 and 168 with Asn does not bind AIBB—importin
o (Figure S1 of the Supporting Information) further supports
the notion that the rest of NP does not significantly contribute to
the interaction.

Stabilization of the Proteins upon Binding. To evaluate the
effect of the formation of the complex on the secondary structure
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FIGURE 4: Temperature dependence of the thermodynamic parameters of importin o/ binding to NP and NLS. It provides the heat capacity
change (Acp = dAH/T) for the binding of importin o/ to NP (filled symbols) and NLS (empty symbols): AH° (B and O), — TAS® (® and O), and

AG° (A and A). Titrations were performed at 10, 15, and 20 °C.
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FIGURE 5: Stabilization of importin o upon binding to NP. Thermal
denaturation profiles of the different proteins as monitored by
circular dichroism, normalized to the same initial ellipticity value.
(a) Importin o and complexes thereof and (b) AIBB—importin o
(Ao) alone and in a complex with NP.

and stability of its constituent proteins, we analyzed NP, importin
a, and importin § and different mixtures thereof by circular
dichroism (CD) spectroscopy. Importin o (both AIBB and full-
length forms) and importin f3 display typical far-UV CD spectra of
a-helical proteins, with ellipticity minima at 208 and 222 nm, as
expected from their 3D structures (17, 22) (see Figure S2 of the
Supporting Information). The spectrum of the importin o/f
complex (at a 1:1 molar ratio) does not significantly differ from
the sum of their spectra, suggesting that there is no gross change in
secondary structure upon association of these proteins (Figure S2 of
the Supporting Information). The described (22, 40) folding of part
of the IBB domain upon binding to importin 5 probably has a

minor contribution and is not reflected in the total ellipticity of the
complex. Following the ellipticity at 222 nm, we monitored their
stability toward thermal denaturation (Figure 5). Importin o and 3
unfolding transitions are characterized by T, values of 41.5 and
52.2 °C, respectively. A thermal scan of the o/ complex shows two
transitions: one most likely corresponding to importin f in a
complex with IBB, which is shifted to a slightly higher temperature
(T, = 53.5 °C) with regard to importin f alone, and a new,
smaller transition, centered at 35 °C (Figure 5a). The fact that
AIBB—importin o shows a denaturation 7}, of 34.0 °C (see below)
suggests that the low-temperature transition of the a/f complex
corresponds most probably to importin o, destabilized by the
uncovering of its NLS binding site when the IBB domain is engaged
in the interaction with /3. In the o/ heterodimer, the two proteins
show independent transitions; this, together with the fact that
the stability of importin f in the heterodimer is similar to that
described for its complex with the IBB domain (40) and the stability
of importin o is as that of isolated truncated importin a., suggests
that the two importins are not intimately associated but instead
behave as independent units in the heterodimer, probably connected
solely by the IBB domain.

The far-UV CD spectrum of NP (Figure S2 of the Supporting
Information) indicates a combination of 5 [corresponding to the
core domain (32)] and nonregular structures (mainly at the tail
domain of the protein) as previously described (33). The CD
spectrum of the NP/AIBB—importin o complex (1:4 molar ratio)
(Figure S2 of the Supporting Information) is dominated by the
contribution of the helical structure of importin and is not
significantly different from that resulting from the addition of
the signals of the isolated proteins. This result suggests that
complex formation does not involve detectable changes in the
secondary structure of either protein, as expected considering
that binding to the NLS peptide does not substantially modify the
3D structure of importin a (/4). The ellipticity value at 222 nm of
AIBB—importin o shows the already mentioned transition
centered at 34.0 °C, and a second, less cooperative, thermal
transition centered at approximately 50 °C and observed as a
slight gradual loss of ellipticity. The spectrum of the protein at
70 °C is still characteristic of a helical protein (6,5, = —10000 deg
cm?® dmol 1) (data not shown), reflecting the presence of residual
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Table 2: Overall SAXS Parameters”

sample R, (nm) Dpax (nm) Vo (nm?) MW, (kDa) MW, (kDa) D xs
AIBB—importin o 4324 0.15 16.0£ 0.5 210+ 15 110+ 10 108 (dimer) 1.42 1.82
importin 3.65+0.10 13.0+0.5 185+15 105 15 98 (monomer) 1.29 1.44
a/f (1:1) 5.70+0.20 19.0+0.8 390 £20 185+30 160 (1:1) 1.12 1.19
a/f (2:2) 7.5040.20 25.04+0.8 650 £20 345 +£30 320 (2:2) 1.13 1.58
NP/AIBB—importin a (1:5) 6.35+£0.25 20.0 £1.0 810+ 30 410+40 380 (1:5) 1.06 1.29
NP/a/p (1:5:5) 8.57+0.25 28.0+1.0 1800 + 100 860 + 50 900 (1:5:5) 1.24 1.87

“R,, radius of gyration; D,,,x, maximum size of the particle; ¥, excluded volume of the hydrated particle estimated from ab initio models (DAMMIN);
MW, estimated molecular weight; MW, theoretical molecular weight (for the specified stoichiometries); yp and xs, values for the fit curves from ab initio
models (DAMMIN) and from rigid body modeling using SASREF (for importin 8, CRYSOL fit), respectively.
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FIGURE 6: Scattering data. (a) Experimental scattering patterns (dots with error bars) and fits from ab initio (solid red lines) and rigid body models
(dashed blue lines): curve 1, importin o/ complex (measured at 0.5 mg/mL); curve 2, NP/AIBB—importin o. complex; curve 3, NP/o/ complex.
(b) Pair distance distribution functions, with the same notations as in panel a.

structure in the denatured protein. By contrast, full-length
importin o displays a more cooperative thermal transition.
Binding to NP has a stabilizing effect on both AIBB—importin
o (whose main transition 7y, shifts from 34.0 to 41.5 °C) and
importin o (shifting from 41.5 to 47 °C) (Figure Sa,b). It is
important to note that NP, a hyperstable protein, does not suffer
any transition in this temperature range (33, 67). Stabilization of
importin o upon association with NP is also observed to the same
extent in the case of NP13D (data not shown). The increase in T},
associated with NLS recognition is smaller in the case of full-
length importin o than AIBB—importin o one should consider
that in full-length importin @, the NLS binding site is occupied
either by its autoinhibitory IBB domain (in the absence of NP) or
by the NLS (in the complex with NP), while in AIBB—importin
a, the NLS binding site changes from being empty and exposed to
a covered state. In that sense, these data reflect the fact that
binding to an authentic NLS is more stabilizing for importin o
that binding to its own NLS-resembling IBB domain, and this
might be due to the bipartite structure of the NLS (in contrast to
the “monopartite” character of the IBB), which acts as a bivalent
“staple” on the flexible importin a. It should also be noted that a

relatively low affinity (4 uM) has been reported (37) for the
binding of the IBB domain to AIBB—importin o (e.g., in trans),
reflecting the fact that this interaction is less optimal than that of
functional NLSs.

We observed that the binding of an NLS peptide to importin a
results in the same stabilization (not shown) as the binding of full-
length NP. This, in analogy to what is discussed for the binding of
importin o to importin 3, suggests that the two proteins are solely
linked through the NLS segment.

In conclusion, these results indicate that binding to NP
conformationally stabilizes importin o. Ligand-induced stabili-
zation is a usually observed phenomenon and a symptom of bona
fide specific interactions between proteins (68). Additionally, our
data suggest that in the NP/a/f complex, the individual proteins
behave as separate units that are solely connected by their
respective ligand-binding motifs.

Small-Angle X-ray Scattering-Derived Solution Struc-
ture of the Importin o3/ NP Complex. The structural param-
eters of the proteins and complexes studied (Table 2) were
determined from the experimental scattering patterns (Figure S3
of the Supporting Information and Figure 6). The values of the
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(a)

FiGure 7: Structural models. Ab initio and rigid body models of the complexes. (a) Importin o/ complex (1:1 ratio). Ab initio model (gray beads)
is superimposed with the rigid body model [C,, traces are red for the ARM domain region of importin o, purple for the IBB domain, and blue for
importin f; the hypothetical position of the linker (C, atoms) between the IBB and ARM domains is represented as red spheres]. (b)
AIBB—importin o/ NP complex (5:1 stoichiometry). An ab initio model (gray beads) is superimposed with the rigid body model in which the NP
core domain (PDB entry 1K5J) is displayed as yellow ribbons and C-terminal tail domains of NP are indicated by green C, traces, and five
AIBB—importin oo molecules (PDB entry 1EES) are represented as red C, traces. (¢) Importin NP/a/f complex (1:5:5 stoichiometry). An ab initio
model (gray beads) is superimposed with the rigid body model in which the NP core and tail domains and importin a are represented as in panel b,
and five importin f molecules bound to the IBB domain (PDB entry 1QGK) are displayed as blue C, traces. The right views are rotated

counterclockwise around the vertical axis. The scale bars represent 2 nm.

radius of gyration (R,) and the maximum dimension (Dp,,y) of
importin molecules point to an elongated shape. The values of the
estimated apparent molecular weight (MW,;,) and hydrated
particle volume (V) indicate that AIBB—importin o exists mainly
as dimers at the concentrations used in SAXS (2—10 mg/mL)
(Table 2). At lower concentrations (0.25—1 mg/mL), AIBB—
importin a was found to be in a monomer—dimer equilibrium
(data not shown) where the volume fraction of monomers is
~55—60% and the volume fraction of dimers is 40—45% as
determined by OLIGOMER (57). Indeed, the ability of importin
o to dimerize in solution has been documented (69). Because
importin o and AIBB—importin o bind to NP as monomers

(see below), the availability of the monomeric species is granted by
the re-establishment of the monomer—dimer equilibrium.

By contrast, free importin 4 is monomeric in solution at all tested
concentrations (Table 2), and in agreement with reported SAXS
data (26), its scattering pattern points to an open conformation,
unlike the Ran-bound (28) or IBB-bound (22) structures. The
SAXS parameters of the importin o/ complex are found to
depend also on the concentration: an importin o/ heterodimer is
observed at a concentration of 0.5 mg/mL, while dimerization of
heterodimers occurs at higher concentrations (2—10 mg/mL).
Therefore, the model of the o/ heterodimer was constructed for
a concentration of 0.5 mg/mL.
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FiGure 8: Flexibility of the NP/o/ complex. Different rigid body models of the importin NP/o/ complex obtained without symmetry confirm
the high degree of flexibility for the orientations of importin o/ with respect to the NP core domain. The core domain is colored blue. The scale

bars represent 2 nm.

The R, and Dy, values for AIBB—importin a and the
importin o/ heterodimer in a complex with NP confirm binding
of multiple importin molecules to NP. Furthermore, we were able
to confirm the reliability of 5:1 and 5:5:1 complex stoichiometry
for AIBB—importin o and importin o/ bound to NP, respec-
tively. Indeed, the hydrated particle volume of the NP/a/f
complex is equal to 1800 £ 100 nm”, which nicely corresponds
to the theoretical molecular weight (MW) of 900 kDa for the 1:5:5
stoichiometry. In the case of the NP/AIBB—importin o complex,
the excluded volume is 810, also pointing to 1:5 stoichiometry.

The pair distance distributions [p(r)] computed from the
experimental data are given in Figure 6b. The observed asym-
metric tails are typical for extended molecules. The p(r) function
of the NP/a/f complex displays a maximum value further shifted
toward larger distances, which is typical for particles that are not
compact (70), as shown in the proposed models presented below.

The low-resolution shapes of the complexes under study
(importin o/, NP/AIBB—importin o, and NP/a/f) (Figure 7
and Figure S4 of the Supporting Information) were reconstructed
ab initio with DAMMIF (55). Good fits to the scattering data
(Figure 6a) were obtained with discrepancies (“y”) of 1.12, 1.06,
and 1.24, respectively.

To construct more detailed models of the importin o/f
complex, we used an approach that made use of the known
high-resolution structures of AIBB—importin oo (PDB entry
1EES, without the NLS moiety) (15) and of importin  bound
to IBB (PDB entry 1QGK) (22). The maximum distance between
the ARM repeat region and the IBB domain and the relative
orientation of the IBB motif with respect to the importin f3
molecules were imposed as restrictions. The positions and orienta-
tions of the subunits were restored by SASREF (59) (for details,
see Experimental Procedures). The most typical selected rigid
body heterodimer model that overlaps well with the ab initio
model (Figure 7a) represents both proteins as two independent
domains solely connected through the IBB domain.

For the model of the NP/AIBB—importin o complex, the
BUNCH-restored fragments of C-terminal domains of full-
length NP (residues 120—200 for each monomer) (60) were
connected to the corresponding parts of the NP core pentamer
and five AIBB—importin o molecules (PDB entry 1EES) (/5)
were taken as rigid bodies. Alternative modeling using the crystal
structure of mouse importin o in a complex with NLS (PDB
entry 1EJY) (16) yielded practically the same result (not shown).

Appropriate restrictions [maximum distance allowed between the
NP core domain and NLS motif, antiparallel orientation of
importin o and NLS, and the presence of the interacting residues
between NLS segments of NP tail and the middle part of importin
a (for details, see Experimental Procedures)] were taken into
account for the modeling. In the refined model, which overlaps
well with the ab initio model (Figure 7b), NP tails adopt a
slightly asymmetric distribution around the NP core do-
main. AIBB—importin a molecules interact mainly with
these tail domains of NP and protrude away from the NP
core.

For modeling of the NP/o/f complex, either the high-resolu-
tion crystallographic structures of importin o and importin j
[PDB entries 1EES (15) and 1QGK (22)] or the o/f heterodimer
model previously built (Figure 7a) was used. Both approaches
gave similar quality fits. In the representative rigid body model of
the NP/ay/ complex, shown in Figure 7c, importin o molecules
interact with the C-terminal domains of NP protruding away
from the NP core domain while importin 5 molecules, in turn, lie
adjacent to importin oe moieties. This complex further presents a
more anisometric shape than the binary NP/AIBB—importin o
complex. To accommodate five bulky heterodimers, NP tails are
forced to change their relative orientation to avoid steric clashes.

Figure 7c shows that the average ab initio model overlaps well
with the representative rigid body models, which indicates that
the overall shape of the NP/a/f ternary complex can be reliably
reconstructed from the SAXS data (see also further comparison
of the most representative ab initio and rigid body models in
Figure S4 of the Supporting Information). It must be noted,
however, that for such a complicated assembly the rigid body
modeling does not provide a unique solution. Indeed, different
SASREEF runs (from 20 total runs) provide models with varying
organizations of domains within approximately the same elon-
gated overall shape (Figure 8 displays five typical models fitting
the data well with y values between 1.24 and 1.37). Therefore,
SASREF models may represent individual structures (states) that
are present in a flexible complex. On the other hand, ab initio
shape determination for such systems provides only an average
model, which may contain some artificial features induced
by flexibility. It might be tempting to speculate that these results
point to the flexibility of the ternary complex in solution (which is
quite conceivable given the presence of the flexible linkers in
NP), but the observed variability could to some extent also be
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caused by the inherent ambiguity of the interpretation of the
SAXS data.

To further assess the possible flexibility of the NP/importin
complexes, we have estimated their sizes by DLS. The hydro-
dynamic radii (Ry,) of NP/AIBB—importin o and NP/a/f5 com-
plexes were found to be 5.5 + 0.2 and 6.8 £ 0.2 nm, respectively.
These values are smaller than the radii of gyration (R,) obtained
from SAXS (Table 2), yielding Ry/Ry, ratios of 1.17 and 1.26 for
the NP/AIBB—importin o and NP/a/ complexes, respectively.
The Ry/Ry, ratio exceeding unity points to the presence of flexible
fragments in a macromolecule or complex (71), and the higher the
ratio, the higher the flexibility. Therefore, the NP/importin com-
plexes, and especially the ternary complex, do display flexibility
in solution.

To quantitatively characterize the flexibility of the ternary
complex, we have used the ensemble optimization method
(EOM). The obtained R, distribution of the selected (optimized)
models [which are similar to SASREF models and provide fits
with a y of 1.27 (see Figure S5 of the Supporting Information)]
shows a skewed peak around 8—9 nm, confirming the noticeable
flexibility of the complex. On the other hand, the selected
ensembles display a much narrower R, distribution than the
randomly generated pool, and in particular, a complete absence
of model R, values exceeding 10 nm, which indicates that the
structural flexibility is rather limited and only relatively compact
models similar to those presented in Figure 7c are present in
solution.

DISCUSSION

The importin o/ heterodimer mediates the “classical” nuclear
transport pathway for the import of many proteins bearing a
nuclear localization sequence (NLS), such as nucleoplasmin. The
studies that have characterized the molecular interactions within
this machinery have so far mostly focused on the recognition of
small protein fragments (i.e., binding of importin a to the NLS
motif and binding of importin f to the IBB domain of importin
a). We have instead approached the formation of nativelike,
entire complexes between the full-length proteins involved.

Formation of the complex between importin o and f3 is governed
by a favorable enthalpy change, in agreement with the polar nature
of the main interactions revealed by the crystal structure of the
IBB/importin  complex, that shows electrostatic interactions
between the inner surface of importin 5, bearing mainly acidic
residues, and the highly positively charged (+9 net charges) IBB
domain (22). The similarity of the Acp estimated from the
molecular surface area buried in this complex (22) with that
experimentally determined by ITC, together with the thermal
behavior of the o/f complex, which shows distinct transitions
corresponding to the two proteins, suggests that importin a and
importin f remain as independent units in the heterodimer,
connected by only the IBB domain. This is confirmed by the
SAXS solution structure of the /8 heterodimer, both alone and
bound to NP: importin a and  do not present a compact,
“intimate” interaction but instead behave as independent bodies.

The strong binding of importin a/f to NP (57 nM) nicely cor-
relates with the previously reported affinity of AIBB—importin a
and o,/f for NLS peptides (17, 37, 66), although in vivo studies (43)
have revealed a lower binding affinity because of the influence of
the cellular environment. Also, it should be noted that, because of
the differences in specificity between importin o subtypes (65),
the in vivo affinity could depend on the particular importin

Falces et al.

isoform. The binding process that we observe is enthalpy-driven
and counterbalanced by an unfavorable entropy change, indicat-
ing that hydrogen bond, van der Waals, and/or electrostatic
interactions dominate the formation of the complex. This agrees
with the crystal structures of truncated importin o bound to NLS
peptides (14—21), reflecting that the interactions are mainly of
polar character: (i) hydrogen bonds between importin-conserved
Asn side chains and NLS main chain atoms, (ii) salt bridges
between NLS basic residues and importin negatively charged
amino acids, and (iii) polar interactions between those basic
residues and the helix dipoles of the ARM repeat H3 helices.
Nevertheless, there are also hydrophobic interactions between
conserved Trp residues of importin and the aliphatic part of NLS
Lys side chains (/4, 16). The entropic penalty associated with the
binding most probably reflects an ordering effect on the other-
wise flexible and mobile NLS motifs upon the interaction event.

We found that importin o/ binds to NP with a stoichiometry
of five heterodimers per NP pentamer, proving that all five
available binding sites of NP are occupied by importins. Whereas
in vivo, binding of one o/ heterodimer to any protein should be
enough to deliver it to the nucleus, it has been reported that the
presence of multiple NLSs in NP (34) enhances its nuclear
accumulation, suggesting that the number of NLSs might govern
the traffic rate, which could be an advantage for oligomeric
nuclear proteins.

The binding of importin a/f to full-length NP shows a heat
capacity change similar to that of the NLS peptide, suggesting
that the recognition is solely mediated by the NLS motif, which is
further supported by the same extent of thermal stabilization
upon binding to both NP and NLS (data not shown). That the
NLS recognition is not significantly affected by the protein
context is not surprising considering the flexibility of the NP tail
domains (33), harboring the NLS segments.

We found that a chromatin remodeling active NP mutant that
mimics phosphorylation of 13 residues, including those of the tail
domain in the proximity of the NLS, displays the same importin
binding properties as wild-type NP. Although this mutant is
functionally most similar to natural authentically phosphory-
lated NP (36), the possibility remains that substitution of
phosphorylatable residues for Asp does not reproduce the effect
of real phosphorylation regarding the interaction with importin.
However, it is interesting to note that Kobe et al. (/7) did not find
significant differences between the importin binding to an NLS
peptide from a protein whose import is phosphorylation-regu-
lated and the same peptide phosphorylated in several residues.
Alternatively, if phosphorylation does regulate NP transport, it
would affect some other aspect of the import route. It has been
found thatimportin itselfis phosphorylated at several residues (72).
Several of them map near the NLS binding site, suggesting the
intriguing possibility that they could influence the interaction with
the cargo protein.

Small-angle X-ray scattering has been proven to be a suitable
methodology for the study of flexible and multidomain sys-
tems (71, 73). Given that our complexes are formed by multiple
proteins that present flexible domains, this technique could provide
valuable information about the transport machinery. We present
the first 3D structural model of a complete nuclear transport
complex with an oligomeric cargo. It shows how NP can accom-
modate five importin o/ heterodimers embracing the tail domains.
The existence of multiple models that fit equally well the experi-
mental SAXS data reflects the inherent flexibility of the particle and
is given by the flexible linkers between the NP core domain and the
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NLS (residues 121—154 of NP). Although, as a consequence of this
flexibility, importin ligands can occasionally come into proximity
between them and the NP core, the structure is consistent with the
notion that the canonical binding elements (NLS and IBB) are the
ones determining the molecular basis of the recognition.

We have recently presented structural models of NP bound to
other ligands, histones H5 and H2AH2B, using SAXS (60). These
complexes, which were modeled using P5 symmetry, have a much
more compact shape than the NP/a/f complex, because histones
(smaller in size than importins) interact with both the tail and
core domains of NP. In the NP/a/f complex, however, the NLS
motifis connected by a long (35 residues) and flexible linker to the
core domain of NP; therefore, application of symmetry is not
justified in this system. We did try to perform an alternative rigid
body analysis of the binary and ternary NP/importin complexes
assuming PS5 symmetry, and the obtained models (not shown)
yielded significantly worse fits compared to the Pl models
presented above. Moreover, none of the selected models obtained
with the ensemble optimization method show a symmetric shape.
The SAXS data therefore also suggest that the PS5 symmetry is
absent (or possible only for the minority part of the species) for
the NP/importin complexes.

The structural basis of importin recognition of not only NLS
peptides but also entire protein domains has been documented
for the C-terminal domain of the PB2 subunit from the influenza
virus polymerase (41) and the CBP80 subunit of the cap binding
complex (42). Both crystal structures show, in agreement with
our conclusions, that the binding mode of the bipartite NLS
segments is similar to what has been described for isolated NLS
peptides (15, 16). The study by Dias et al. (42) also provides a
structural model obtained by SAXS of the complex formed by
CBP80, importin o, and importin 5. We have compared our
structure of the NP-bound importin a/f with that described by
Dias et al. (42), finding that the relative orientation of the two
importins is very similar [superposition of the a/f heterodimer
from both structures gives a normalized spatial discrepancy
(NSD) of 1.5]. In analogy to their model (42), our structure of
the NP/o/ complex shows that the three proteins behave as
independent units and raises the possibility of variation in the
relative orientation of the proteins, e.g., reflecting the inherent
flexibility of the complex.

The saturated a/f/NP complex is a big particle: its maximum
diameter is approximately 28 nm as estimated by SAXS
(Table 2). This size should allow passage of the complex through
the NPC, whose nominal effective diameter has been estimated to
be 35—40 nm (74). Besides, the flexibility of its structure suggests
that it might adopt a more compact conformation or “squeeze” if
required to facilitate transit into the nucleus. Importin f is
responsible for the passage of the transport complex through
the NPC by virtue of its interactions with FG nucleoporins that
fill the interior of the pore forming a meshlike matrix (3).
Conformational flexibility of importin 5 has been widely dis-
cussed (25, 26) and is important for its functional role. It is
probable that the nature of the NPC interior determines the
requirement of flexibility not only of the transporter (importin f3)
but also, in general, of the entire transport complex, which must
permeate through the FG-rich meshwork. The multiple binding
sites for importin in the NP oligomer could represent an advantage
for transit: the presence of various importin 5 molecules connected
by flexible linkers to the particle core could allow the cargo to
“hold” to the NPC inside with alternatively stepping “feet”,
affording in this way a more effective (not slippery) translocation.
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In conclusion, we have thermodynamically and structurally
characterized the formation of the nuclear transport complex of
importin a/f with the oligomeric protein nucleoplasmin. We
have found that the NP pentamer can bind with high affinity five
a/f heterodimers. The formed multidomain complex shows an
extended shape and remains stable by virtue of two attachment
points: recognition of the NLS by importin o and recognition of
the IBB domain by importin f, which otherwise allow for
conformational flexibility. This modular and articulated architec-
ture might facilitate the passage of such a large particle through the
nuclear pore complex.
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