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Abstract Nucleocytoplasmic transport in eukaryotic cells
involves many interactions between macromolecules, and
has been an active area for many researchers. However, the
precise mechanism still evades us and more efforts are
needed to better understand it. In this study, the authors
investigated exportins (Cse1p and Xpot) by elastic network
interpolation (ENI) and elastic network based normal mode
analysis (EN-NMA). Results of the study on Cse1p were in
good agreement with the results obtained by molecular
dynamics simulation in another study but with the benefit
of time-efficiency. First, a formation of ring closure
obtained by ENI was observed. Second, HEAT 1 to 3 and
HEAT 14 to 17 had the largest values of root mean square
deviation (RMSD) which indicated the flexibility of Cse1p
during the transition. In the case of Xpot, a possible
pathway from nuclear state to cytoplasmic state was shown,
and the predicted pathway was also quantitatively analyzed
in terms of RMSD. The results suggested two flexible
regions of Xpot that might be important to the transporting
mechanism. Moreover, the dominant mode of Xpot in the

nuclear state obtained by EN-NMA not only showed the
tendency to match the predicted pathway to the cytoplasmic
state of Xpot, but also displayed the flexible regions of
Xpot. A time-efficient computational approach was pre-
sented in this paper and the results indicated that the
flexibility of tested exportins might be required to perform
the biological function of transporting cargos.
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Introduction

The study of nucleocytoplasmic transport in eukaryotic
cells has been a very active area for many researchers
[1–8], because it involves sophisticated interactions of
macromolecules such as spatial separation, dislocation and
recognition. The nucleocytoplasmic process between
cytoplasm and nucleus is performed by transport factors
which carry their cargos and pass through nuclear pore
complexes (NPCs) selectively. Most of transport factors
belong to the family of β-karyopherin proteins [7, 8]. This
type of proteins is built from a tandem series of HEAT
repeats and each HEAT unit consists of two antiparallel α
helices linked by a turn [4]. Within this family, a transport
factor that moves cargo proteins from the cytoplasm into
the nucleus is called importin and one that transports in the
opposite direction is called exportin. In cytoplasm,
importins interact with cargo proteins directly or indirectly
by adaptor proteins and then release cargos in the nucleus
[6, 8]. A schematic figure of this cycle is shown in Fig. 1
[8]. In the process of releasing cargos, RanGTP plays a
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significant role by binding with importins and dissociating
the complex of importins. In the case of transport of
exportins, the cargo complex is dissociated in the
cytoplasm due to GTP hydrolysis. The β-karyopherin
proteins have been well studied, however, the precise
mechanism still evades us and more efforts are needed to
better understand it. In this paper, a time-efficient
approach for studying the flexibility of exportins is
presented which may provide different perspectives into
intriguing interaction of macromolecules within the trans-
port cycle at a low computational cost. Two exportins
(Cse1p and Xpot) were chosen for this study because their
X-ray structures have been identified, and they have
distinct conformational changes in the nucleus and the
cytoplasm.

Methods

Elastic network model based interpolation [9] (ENI) was
used to study the mechanism of exportins (Cse1p and
Xpot). The key principle of ENI is to evenly interpolate the
distance between two known conformations of a macro-
molecule within the context of the elastic network model, a
model defined by a macromolecule’s structure in terms of
point masses and springs [10]. By applying ENI, a possible
pathway with 99 intermediates are generated to represent
the transition of a target macromolecule regarding its
conformational change [9]. Furthermore, elastic network
based normal mode analysis (EN-NMA) was also applied
to exportin-t (Xpot). EN-NMA is a harmonic fluctuation of
a molecule around its equilibrium state within an elastic
network [11–13]. Details of the mathematical derivation of
ENI and EN-NMA can be found elsewhere [9, 14]. In this
study, only alpha carbons of exportins were taken into

account and a cutoff distance of 12 angstroms was used in
the elastic network models. All calculations were carried
out in MATLAB.

Results and discussion

Cse1p

Importin-α,β/CAS system has attracted many researcher’s
attention among all nuclear transports because it is
relatively less complicated and many structures of compo-
nents within the cycle have been determined [4, 6, 7]. In
this classical system, the transport factor CAS (Cse1p in
yeast [15, 16]) carries cargos (importin-α) across NPCs and
the complex of cargos and CAS is dissociated by RanGTP
hydrolysis in the cytoplasm. Upon this transport, Cse1p
undergoes a distinct conformational change to perform the
biological functions of carrying and releasing cargos in
eukaryotic cells.

In order to obtain a possible transition of a chosen
macromolecule upon conformational change, two coordi-
nates of terminals are required for the calculation of ENI. In
the case of Cse1p, the starting position was the conforma-
tion (open form) in the nuclear state (PDB: 1WA5 [17]) and
the ending position was the conformation (closed form) in
the cytoplasmic state (PDB: 1Z3H [18]). In the form of
cargo-binding state (1WA5), two binding sites of RanGTP
are recognized at Heat 1-3 and Heat 13-14 together with
Heat 19. On the other hand, the binding sites of Kap60p are
outer surface of Heat 5-7, Heat 2-4, and Heat 19. All these
sites of Cse1p are highly relevant to its biological function
of cargo transport.

The goal of performing ENI was to obtain a possible
pathway for the conformational change of Cse1p, so the
corresponding atoms in two states should be identical.
Consequentially, coordinates of Kap60p cargos and
RanGTP in 1WA5 were removed and only residues which
exist in both states were taken into account for the
simulation. Finally, a possible pathway with a series of
intermediates (i.e., 99 intermediates) was obtained and
displayed in Fig. 2 (Movie S1 in the Supplementary
materials).

In Zachariae’s study [19], the authors performed a 10 ns
molecular dynamics (MD) simulation at 1WA5, the form in
the nuclear state, and then obtained a final structure at the
end of simulation which was very close to the structure of
1Z3H, the form in the cytoplasmic state. In addition, they
also observed and displayed the movement of ring closure
from the 10 ns-transition. From our simulation, the results
were in good agreement with Zachariae’s work. First, the
movement of ring closure was observed in the result of ENI
as well (Fig. 2). Second, the authors calculated the average

Fig. 1 Schematic representation of nuclear transport between nucleus
and cytoplasm [8]
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of RMSD with respect to every 20 Heat during this
conformational change from open (1WA5) to closed form
(1Z3H). The average of RMSD for each Heat was
calculated by Eq. 1 and was shown in Fig. 3.

HeatðiÞaverage ¼
1

98

X98
j¼1

RMSD jth; jthþ1ð Þ
 !

ð1Þ

where RMSD(jth, jth+1) represents the value of Root Mean
Square Deviation (RMSD) between jth intermediate and jth+1
intermediate which are generated by ENI, i is the index of
each Heat (i is 20 in the case of Cse1p). This value could be
a quantitative index to characterize each intermediate during
the transition. In addition, a profile of how RMSD of each
Heat varied during the transition was provided in Fig. S1 in
Supplementary materials.

The result of Fig. 3 shows that Heat 1-3 and Heat 14-17
have the largest values of average RMSD, and Heat 7-10
have the least values of average RMSD. These observations
were similar to the results reported in Zachariae’s work.
The above results suggest that our simulation of ENI has a
capability similar to the MD simulation in predicting the

flexibility of nuclear transport on exportins in terms of
displaying a series of intermediates and RMSD but uses
much less computational time. However, this computational
method has one limitation in that coordinates of two end
conformations are required for generating a possible
pathway. On the other hand, only one known conformation
is needed for starting a MD simulation as in Zachariae’s
work. In our simulation of Cse1p, the computational time
for obtaining all 99 intermediates by ENI was about 3 hours
and 50 minutes on an Intel-Xeon 3.2 GHz 16 GB Ram PC.

Xpot

It is well-known that the transport of RNA between the
nucleus and cytoplasm is a key process for gene
expression [20, 21]. In the case of tRNA, it is loaded by
the transport factor protein exportin-t (Xpot) in the nucleus
(i.e., the site where the transcription takes place) and
transported to the cytoplasm (i.e. the site where the
translation takes place) by passing through the NPCs
[20]. Like other routes of nuclear exports, RanGTP highly
participates in this process. tRNA binds to Xpot with
RanGTP in the nucleus and releases tRNA by hydrolysis
of RanGTP in the cytoplasm [21]. Xpot is also a member
of β-karyopherin proteins ,and both X-ray structures in
cytoplasmic and nuclear states (3ICQ and 3IBV) were
recently reported [22]. Similar to other β-karyopherin
families, it has 19 tandems of HEAT which comprises two
antiparallel α helices for each repeat. In general, Xpot’s
structure can be described as a complex of two arches,
N-terminal arch (Heat 1 to Heat 9) and C-terminal arch
(Heat 10 to Heat 19). In the state of binding RanGTP and
tRNA (3ICQ: the nuclear state), three components highly
interact to each other. Most interactions between RanGTP
and Xpot are located at N-terminal arch which includes
Heat 1-4 and Heat 9. Other regions of interaction are
located at Heat 13 and Heat 17 of C-terminal arch. As to
the interactions between tRNA and Xpot, tRNA is
enclosed by some regions of Xpot. For example, the
acceptor arm of tRNA binds at the surface of Heat 8-18 of

Fig. 3 Average of RMSD of Cse1p’s 20 HEAT units during the
transition predicted by ENI from nuclear state to cytoplasmic state

Fig. 2 A possible pathway of Cse1p regarding the conformation change from nuclear state to cytoplasmic state (Left to Right). All figures of
intermediates were generated by VMD [31]
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Xpot. More detailed structural analysis can be found in
Cook’s work [22].

Prior to the simulation of ENI, coordinates of RanGTP
and tRNA were removed from 3ICQ, the conformation in
the nuclear state, to coincide with the coordinates of 3IBV,
the conformation in the cytoplasmic state. Finally, a
possible pathway with a series of intermediates was
obtained and displayed in Fig. 4 (Movie S2 in the
Supplementary materials). Additional two movie clips
(Movie S3 and S4) with different orientations then Movie
S2 were also provided as Supplementary materials. The
authors encourage readers to watch the Supplementary
material Movie S2–S4 for better observation of the
predicted dynamic transition. In generating all 99 inter-
mediates between 3ICQ and 3IBV, it took computational
time of 2 hours and 20 minutes on an Intel-Xeon 2.33 GHz
64 GB Ram PC. To the author’s best knowledge, this is the
first report of displaying transition regarding Xpot’s
conformational change.

The series of intermediates in Fig. 4 represents the
movement of ring opening which is opposite to the ring
closure observed in Cse1p. It might be helpful to

understand how Xpot performs releasing cargos by a
stepwise fashion of pathway. According to Fig. 4 and
Movie S2, the major dynamic movements could roughly
recognized by two parts, Heat 1-5 and Heat 13-19. The first
part is rotating down to the bottom, and its orientation is
clearer in Movie S4 which shows a clockwise rotation. On
the other part (Heat 13-19), it is rising and rotating up to the
top. In other words, these two parts of Xpot were very
flexible during this conformational change. Moreover, this
dynamic transition was analyzed quantitatively in terms of
values of average RMSD as shown in Fig. 5. In Fig. 5, the
average of RMSD was calculated based on Eq. 1 (i is 19 in
the case of Xpot) during the predicted transition from
bound state (3ICQ) to unbound state (3IBV). The result of
Fig. 5 shows that Heat 1-4 of N-terminal arch and Heat 16-
19 of C-terminal arch had larger displacements during this
cargo-induced conformational change. In addition, a profile
of how each HEAT varied during the transition in terms of
average RMSD was shown in Fig. 6. It shows that all Heat
repeats displayed an interesting pattern that there were two

Fig. 4 A possible pathway of Xpot regarding the conformation change from nuclear state to cytoplasmic state (Left to Right). All figures of
intermediates were generated by VMD [31]

Fig. 5 Average of RMSD of Xpot’s 19 HEAT units during the
transition predicted by ENI from nuclear state to cytoplasmic state

Fig. 6 The profile of how each HEAT of Xpot changed during the
transition predicted by ENI
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distinct increases of average RMSD around 20th and 50th
intermediates. In other words, each Heat repeat was
sequentially subjected to two major molecular displace-
ments during the transition. Although the authors did not
find significant variances such as new contacts or rear-
rangements between Heat repeats in these intermediates, it
is still surprising that each Heat repeat experiences such
similar pattern in atomic level.

All above results suggest that Heat 1-4 of N-terminal
arch and Heat 16-19 of C-terminal arch were the most
flexible regions of Xpot during the predicted dynamic
transition. This signature might be crucial in order to
release tRNA and RanGTP during the nuclear transporta-
tion. In the bound state of Xpot, RanGTP is mainly
wrapped by Xpot which includes Heat 1-4 of N-terminal
arch, Heat 9, Heat 13 and Heat 17 of C-terminal arch.
According to the predicted pathway, Heat 1-4 of N-terminal
and Heat 16-19 of C-terminal are considered as flexible
regions and they are driving away from each other, so it is
logical to expect the dissociation of RanGTP during the
transition. Moreover, Cook [22] pointed out that Heat 17 of
Xpot may play an important role in the binding of RanGTP
and Xpot. Consequentially, Xpot may not be able to bind
with RanGTP based on the observation that distance
between Heat 17 and regions of N-terminal arch(Heat 1-7)
is getting longer during the transition (Movie S4).

On the other hand, tRNA may no longer stay in the
bound state as seen from the predicted pathway. This may
result from that overall shape of tRNA and Xpot are highly
complementing to each other and this structural character-
istic does not remain long during the predicted transition.
For instance, D and TΨC loops of tRNA are located in the
curved surface of C-terminal arch of Xpot [22], and then

this complementary structure does not remain the same
during the transition (Movie S2 to S4). Another example is
that the CCA sequence at the 3’ end of tRNA is located in a
groove which is generated by Heat 4 and Heat 7 [22], and
this groove will not remain the same, either. The above
observations suggest that the geometric constraints of being
able to bind Xpot and tRNAwill be changed because of the
flexibility of Xpot.

Normal mode analysis is a good computational tech-
nique for studying dynamics of macromolecules [11, 23–

Fig. 7 The plot of values of
overlap (Top) and quality of
motion description (Bottom)

Fig. 8 The first mode of 3ICQ. Arrows are relative amplitude and
the direction of alpha carbons along the obtained normal mode
(eigenvector) from EN-NMA
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26]. The key feature is that a macromolecule’s dynamics
can be described as 3 N independent normal modes (N is
the number of atoms). Some studies showed that more than
half out of 3800 known proteins’ motions can be
approximately captured by at least their two lowest normal
modes [27, 28]. As a result, in addition to report the
transition of Xpot regarding the conformational change,
EN-NMA was conducted on the bound state of Xpot
(3ICQ).

Two values, overlap and quality of motion description
were calculated for interpreting the result of EN-NMA.
Given a normal mode, aj, and conformational change, Δ~r,
the value of overlap can be computed from Eq. 2

I overlapð Þ ¼ ~aj �Δ~r
�� �� ¼

P
ai;j roi �rcið Þj jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
a2i;j
P

roi �rcið Þ2
q ; Δ~r

¼ ro � rc ð2Þ
where roi and rci are coordinates of the ith atom in open and
closed form, respectively [29]. It calculates the cosine value
between two given vectors, so it indicates how much the
direction of a given normal mode is close to that of a known
conformational change of a macromolecule. To examine
how accurately a set of calculated normal modes describe
collective motions of a macromolecule, the quality of the
motion description, Qd is used as defined in Eq. 3 [30]

Qd ¼ 100 �
X3N
j

Ij
2 ð3Þ

where Ij is the value of overlap of the jth mode. It notes that
Qd will be equal to 100% when all 3 N modes are taken into
account. Roughly speaking, if the Qd value for the first non-
rigid mode is 80%, it would mean that this mode captures
80% of its conformational change in the sense of topological
overlap.

The results of EN-NMA indicated that the value of
overlap was 0.708 for the first mode and the first two
modes could reach up to 92% of quality of motion
description as shown in Fig. 7. This indicated that the first
two modes were dominant to the bound state of Xpot.
Moreover, Fig. 8 shows the vector representations of the
relative amplitude and the direction of alpha carbons along
the most dominant mode (i.e., the first mode) obtained from
EN-NMA. According to Fig. 8, Heat 13-19 and Heat 1-7
have larger relative atomic displacements which is analogous
to the results of ENI that Heat 1-4 of N-terminal arch and Heat
16-19 of C-terminal arch have larger displacements in terms
of RMSD during the transition. The observation from the
dynamic behaviors in terms of direction and magnitude of the
first mode suggests that bound state of Xpot (3ICQ) not only
may have the tendency to match the predicted pathway which
described the cargo-induced conformational change, but also

may have the ability to transport cargos because of the flexible
regions of Xpot.

Conclusions

In this study, the authors constructed elastic network
models of exportins (Cse1p and Xpot) to investigate their
transitions of conformational changes which occur upon
transport of cargos between the nucleus and cytoplasm. A
series of intermediates was generated by ENI, and the
results were in good agreement with Zachariae’s work in
two perspectives. One was that of the formation of ring
closure was observed from the predicted intermediates. The
other was that of the values of average RMSD during the
transition which indicated the flexibility of Cse1p.

In the case of Xpot, the observed flexibility might be
crucial for releasing RanGTP and tRNA during the
nucleocytoplasmic transport. In the bound state of Xpot,
structures of three biological components are highly
complementing to each other, which result in some
geometric constraints for bindings and interactions. Conse-
quently, the flexibility of Xpot might make dissociations of
tRNA and RanGTP possible during the predicted pathway
(Movie S2–S4). Moreover, all Heat repeats display an
interesting pattern during the pathway that there are two
distinct increases of average RMSD around 20th and 50th
intermediates. In addition to the predicted pathway, the
results of EN-NMA on the bound state of Xpot indicated
that the first two dominant modes can reach approach 92%
for the quality of motion description. Furthermore, the
dynamic behavior of the first mode in Xpot presented in
Fig. 8 suggested that bound state of Xpot (3ICQ) may have
the tendency to match the predicted pathway and the ability
of transport cargos because of the observed flexible regions.
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