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ABSTRACT

Transportin 1 (Trnl), as a typical transport
receptor of the karyopherin-f family, mediates
numerous RNA binding proteins into the
nucleus by recognizing proline-tyrosine nuclear
localization signals (PY-NLSs). Such process is
regulated by RanGTP through its nucleotide
cycle, which is associated with ligand dissocia-
tion. Yet a proper description including dynamic
properties of Trnl and its response on ligand/
Ran binding has not been accessible so far.
Here, we use molecular dynamics simulations to
probe the conformational dynamics of the apo-
Trnl and Trnl in complex with ligand and Ran.
The results reveal a strikingly intrinsic flexibil-
ity and conformational heterogeneity of Trnl,
identified as generally segmental architecture.
The segments rotate relative to each other about
a flexible hinge and thereby force Trnl to adopt
a conformation compatible with the binding of
Ran or substrates. Such binding significantly
suppresses the flexibility and conformational
heterogeneity of Trnl and results in a disorder-
to-order transition of HR8 loop, which facili-
tates this loop to allosterically communicate
with the C-terminal arch of Trnl. These results
give insights into the disassembly and recycling
of the Trnl, which has important implications
for the regulation of the nuclear transport cycle
and for the ligand selectivity.
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INTRODUCTION

Trafficking of macromolecular cargoes including proteins and
RNAs between the nucleus and cytoplasm plays key roles in many
cellular processes, such as gene expression, signal transduction, and
cell-cycle progression. Such nucleocytoplasmic transport occurs
through the nuclear pore complex (NPC), which is mostly mediated
by members of karyopherin- (kapf; also known as Importins and
Exportins) family with cognate nuclear localization signals (NLSs) or
nuclear export signals (NESs) (reviewed in Refs. 1-3). Interestingly,
in the nuclear import system, it is noted that RanGTP, a small Ras
family GTPase regulating the directionality of transport through
its nucleotide state,% competitively binds to the kapBs with the
substrates (“cargoes”) and thus leads to substrate binding in the
cytoplasm and RanGTP-mediated release in the nucleus.3 This com-
petitive binding occurs in several transport pathways throughout the
cellular processes, and one of the best characterized pathway involves
import of proteins with a “classical" NLS (cNLS), characterized by
one or two clusters of basic residues, by the Kap-a/B1 heterodimer.”

Other than the classical transport pathway, more than 20 mRNA
processing proteins (including hnRNPs Al, D, E M, HuR, DDX3,
Y-box binding protein 1, and TAP) have been reported to bind
directly to transportin 1 (also known as karyopherin-B2) (hereafter
designated Trnl) through cognate proline-tyrosine NLSs (PY-NLSs),
rather than utilize an adaptor (Kapa) that forms the bridge between
most ¢cNLS motifs and Kapp1.6-8 As a typical transport receptor of
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Figure 1

Overview of Trnl structure. (A) The front view of cartoon representation of the Trnl superhelix, as observed in Trn1-GTP. HR numbers are shown
as HR1-HR20 from N-terminus (HR1) to C-terminus (HR20). (B) The back view of cartoon representation of the Trnl superhelix. HR8 loop
(colored in red) adopts two helices named Helix I and Helix II. All 20 HEAT repeats, and their corresponding residue numbers are at the bottom of
the picture. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

KapB family, Trnl has limited sequence identity (24%)
to KapB1? and possesses a superhelical structurel011
created by the helical stacking of 20 HEAT (Huntington,
Elongation factor 3, A subunit of protein phosphatase
2A, and the lipid kinase Torl proteins where such types
of helical repeats were first found1?2) repeats (HR1-
HR20) (Fig. 1). In addition, crystal structure comparison
of apo-Trnl with Trnl in complex with substrates or
Ran-GppNHp (GppNHp is a nonhydrolysable GTP) sug-
gests the substantial flexibility of this karyopherin series
and its large conformational changes upon ligand bind-
ing,10:11,13 indicating an induced-fit mechanism involv-
ing Trnl and its substrates in which the changes in heli-
coidal pitch can be tremendous. However, despite the
determined crystal structures of Trn, it is still poorly
understood the precisely dynamics properties of this
transporter receptor after ligand/Ran binding due to the
lack of sizable globular hydrophobic cores.!4 And more
importantly, since this question is dynamic in nature, it
is impossible to determine only from a visual inspection
of the limited number of crystal or NMR structures.
Thus, special attention is still required for the superheli-
cal pitches and regions of structural changes of this
transporter receptor. 10,11,13

It has been shown that Trnl contains an insertion that
is much longer than that of any other KapPs in HEAT
repeat 8 (HR8).2 This long insertion termed “acidic”
loop (HR8 loop, residues 311-373) plays a fundamental
role in substrate dissociation since the Trnl with a
cleaved or truncated acidic loop is unable to undergo
Ran-mediated substrate dissociation.l? However, up to
date, no crystal structure of the HR8 loop is available for
the apo- or NLS-bound Trnl either, thus the detailed
molecular mechanism of the HR8 loop remains unclear.
Moreover, functional dynamics of this loop in Trnl sys-
tem is not easy to probe experimentally, because it is sen-
sitive to proteolytic degradation in substrate-bound
Trn1.10,15,16

Fortunately, a variety of theoretical techniques have
unique benefits for solving these problems, particularly
for molecular dynamics (MD) simulations, a useful tool
for understanding the dynamic behavior of proteins at
different timescales, from fast internal motions to slow
conformational changes.l7—19 Thus, in this work, we
performed MD simulations to investigate the dynamics
properties of Trnl in the nuclear transport pathway, and
meanwhile, probe the role of HR8 loop in the displace-
ment of substrate.
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Figure 2

A plot of the RMSD and radius of gyration (R;) as a function of
simulation time for the four simulations. (A) Time evolution of the
RMSDs of Trnl measured from the corresponding starting structure.
(B) Time evolution of the R, of Trnl measured from the corresponding
starting structure. In both (A) and (B), the blue, black, red, and green
curves represent apo-Trnl, Trn1-M9, Trnl-GTP, and Trnl-GDP systems,
respectively. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

RESULTS

Overview of the structures

To better describe the results from MD simulations, a
brief introduction about Trnl and its binding partner
structure is presented. Trnl is a superhelical S-like mole-
cule constructed by helical stacking of the 20 HEAT
repeats (HR1-HR20) (Fig. 1). Each HR consists of two
antiparallel helices, A and B, which is located at the
respective convex and concave surfaces of the superhelical
molecule. All helices are connected by short loops or
small helices except for HR8A and HR8B, which are con-
nected by a long HR8 loop. The Trnl superhelix is
formed by two overlapping arches, that is, N- and C-ter-
minal arches, which are composed of HR1-HRI13 and
HR8-HR20, respectively.11 In Trnl-M9 complex, M9 is
an unstructured peptide with 27 residues (residues 263—
289) in length, and it binds in extended conformation to
line the concave surface of the C-terminal arch of
Trnl. In the Trnl-GTP complex, RanGTP binds in the
N-terminal arch. Ran in Trnl-GTP/GDP contains 190
(residues 8-197) of total 216 residues. The differences
between the starting (crystal) structures are 0.21 nm for
apo-Trnl and Trn1-M9, 0.71 nm for apo-Trnl and Trnl-
GTP, as well as 0.61 nm for Trnl-GTP and Trnl-M9,
respectively.

Dynamics and stability of the overall protein
structures

First, we examine the root-mean-square deviations
(RMSDs) of each system (apo-Trnl, Trnl complexed
with NLS (Trn1-M9), Trnl with RanGTP (Trnl1-GTP),
and Trnl with RanGDP (Trnl-GDP) to determine the
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conformational stability of the Trnl structure. Figure
2(A) shows that all systems have reached a stable confor-
mation for an extended period of time during MD simu-
lations, indicating the stability of the MD trajectories.

The Ca RMSD in the apo-Trnl simulation is signifi-
cantly larger than those of the other three systems and
fluctuates around 0.8 nm after 5 ns, indicating that apo-
Trnl undergoes an extensive conformational change in
aqueous solution. According to the RMSD, the large con-
formational change occurs in two periods. In the initial
period, free Trnl undergoes an extremely rapid and
extensive extending motion in our simulations during
the first 1 ns (an initial rise of the RMSD to 0.5 nm).
This large transition to the extended state can be attrib-
uted to large structure changes of HR1-HR3 and HR19—
HR20, and the RMSD of their individual HRs are in the
range of 1.0-2.6 nm. The rest of HRs, HR4-HRI18, has
relative small structural changes, and their individual
RMSD remains in the range of 1.0 nm. The clusters of
RMSD of HR1-HR3 and HR19-HR20 with respect to
the starting structure exhibit a peak at 1-ns point, and
they are clearly larger than those of all other HRs in the
simulation, which consolidate the importance of the
interfaces between HR3 and HR4 and between HR18 and
HR19 (Supporting Information Fig. S1). In the second
period, expansion continues on a slower time scale
(about 4 ns), the RMSD rises up to 0.9 nm, and the free
form of Trnl in solution shapes a highly flexible,
extended conformation.

Compared with apo-Trnl, the RMSD for the other
three simulations exhibits smaller fluctuations. In Trnl-
M9, the RMSD slowly (~9 ns) increases to 0.65 nm
because of the direct binding of M9 to the helices lining
the C-terminal arch, thus restricting the motions of C-
terminal arch of Trnl (see more details in the section
“Cross-Correlation Maps”). For Trnl-GTP, where the
binding of RanGTP constrains the N-terminal arch of
Trnl, its RMSD increases mildly until 15 ns and reaches
a value of ~0.6 nm, and then a plateau is obtained. As
for Trn1-GDP, its RMSD follows the same trend as
observed in Trnl1-GTP.

To further characterize the overall shape of the Trnl
conformations adopted in different systems, the radius of
gyration (R,) of Ca, defined as the mass-weighted root-
mean-square distance of a collection of Ca atoms from
their common center of mass, is employed and analyzed
for all four systems, and the results are illustrated in
Figure 2(B). The curve corresponding to the apo-Trnl
simulation fluctuates markedly, with the maximum Ry
value ~4.0 nm. This indicates that the free Trnl in water
is much flexible and can adopt considerably extended
conformations. In Trn1-M9, Trnl adopts more compact
spring conformations compared with the other three sys-
tems, whose R, exhibits a sharp decrease from 3.45 to
3.3 nm at around 2.5 ns indicating a substantial
change in shape. Inspection reveals that a closed ring-like
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Figure 3

Average per-residue Co RMS fluctuations for Trnl in different states.
The blue, black, red, and green curves represent apo-Trnl, Trn1-M9,
Trnl-GTP, and Trnl-GDP systems, respectively. The HR8 loop and
HR14 loop are highlighted by shaded rectangles. The secondary
structure regions (HR1-HR20, pink rectangles) of the protein are
identified for clarity. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

conformation is formed by its N-terminal arch, indicat-
ing that the compact geometry is spontaneously adopted
by Trnl after binding of M9 within a few nanoseconds.
Around 18 ns, R, further decreases to 3.22 nm. In Trnl-
GTP and Trnl-GDP simulations, the R, curves show
similar trends and maintain a value of about 3.6 nm, in
conjunction with R, of Trn1-M9, and one can conclude
that the binding of M9 or Ran rigidifies the Trnl to
maintain a compact conformation—as will be discussed
later—while the absence of the M9 or Ran allows the
Trnl to adopt a more conformational relaxation.

Intrinsic and M9/Ran-induced flexibility

To provide more comprehensive information on the
convergence of the dynamical properties of the system,
we evaluate the root-mean-square fluctuation (RMSF) of
Ca atoms for each system, with respect to their time-
averaged positions (Fig. 3). To guarantee our calculated
parameters to reflect the intrinsic properties, the analysis
of MD trajectories has been performed by discarding the
first 15 ns.

In all systems, the RMSFs of Ca atoms reveal a charac-
teristic pattern for the HR unit, with significantly flexible
residues in loop (between helices) while less movable res-
idues in the central portion of helix. This zigzag pattern
of residue fluctuation, which is similar to Exportin—S’s,20
maintains throughout the HR regions of Trnl. Compari-
son of the four simulations shows no major differences
in HR8-HR13, indicating that the global mobility of the
overlapping region of N- and C-terminal arches does not
depend on either the presence or absence of M9/Ran.

In apo-Trnl, since there is no ligand bound to the
regions HR1I-HR4 (residues 1-167), HR15-HR20 (resi-
dues 652-890), reconstructed HR8 loop and HR14 loop
(residues 628-638), these regions exhibit much higher
fluctuation than those of central regions (~0.4 nm for
former vs. ~0.2 nm for latter). Particular for HR8 loop,
it shows extremely high fluctuation with highest value of
0.69 nm, providing a likely explanation for why crystalli-
zation attempts of it in apo-Trnl have been unsuccessful
so far. As this region exposed to solution, it is sensitive
to proteolytic degradation and thereby was truncated in
previous studies to minimize the disorder in the crystal
structure of Trn1.10,15,16

In the three bound Trnl systems, the presence of M9
or Ran largely reduces the fluctuations of those four
regions compared with apo-Trnl. For HR1-HR4, HRS8
loop and HR14 loop, their RMSF values in Ran-bound
Trnl (Trnl-GTP/GDP) are much lower than those in
apo-Trnl, suggesting that these regions serve as main
binding sites for Ran. HR15-HR20 shows higher stability
(RMSF = ~0.1 nm) in the presence of M9 compared
with that in apo-Trnl, indicating that the binding of M9
can provide stabilization to HR15-HR20.

Cross-correlation maps

To gain further insight into the conformational
changes of Trnl in the binding of M9 or Ran, we investi-
gate the correlation between the motions of residues in
all four trajectories. A useful tool to illustrate these corre-
lations is the dynamic cross-correlation matrix (DCCM),
which can provide information about the correlation
between the fluctuations of the positions of the residues
and secondary structure elements in the protein.2! The
cross-correlation maps of the Ca atoms of apo- and M9/
Ran-bound Trnl, averaged over a block-of-time-interval
of the last 15 ns of the production phase, are shown in
Figure 4. The cross-correlation map averaged in the
block-of time-interval of 15-20 ns is virtually identical
with results in the time interval of 20-30 ns (not shown).
The agreement between the two different time intervals
suggests that a sufficiently lengthy converged picture of
correlated motion emerges for the last 15 ns.

In the cross-correlation matrix, the C(i, j) elements of
the matrix are symmetrical about the diagonal. As these
maps are normalized, the magnitude of the correlation
can be quantified by calculating the cross-correlation
coefficient between the atomic displacements (see the
“Methods” section), which extends from —1 (atoms
moving in the opposite directions along a given spatial
coordinate) to +1 (atoms moving in the same direction
along a given spatial coordinate). The higher the absolute
cross-correlation value, the better the two atoms are cor-
related (or anticorrelated). If C;; = 0, the atomic motions
are not correlated, and their movements are random
compared with each other. For clarity, only correlations
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Figure 4

Cross-correlation matrix of the atomic displacements of the Ca atoms of Trnl in different states: (A) apo-Trnl, (B) Trn1-M9, (C) Trnl-GTP, and
(D) Trnl-GDP. Red regions indicate that the Ca atoms move in the same direction (positive correlation), and blue regions indicate that they move
in opposite directions (negative correlation). Rectangular boxes emanating from main diagonal indicate the location of each segment. The
secondary structure regions (HR1-HR20, pink rectangles) of the protein are identified for clarity. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

stronger than 0.5 are shown, positive correlations of the
atomic movement colored red involve neighboring
groups, which move together. The regions colored green
to dark blue are significantly anticorrelated (see the color
scale for the extents of anticorrelations presented). Over-
all, segments can be identified in all simulations by
examining the red squares along the diagonal with off-
diagonal red areas indicating their interconnections,
majority of the amino acids within the same segment
move together, while the direction of the motion of the
two segments is in the opposite sense. This corresponds
to the open—closed conformational transition in Trnl.
For convenience sake, rectangular boxes emanating from
main diagonal are drawn on the plot in Figure 4 to indi-
cate the location of each segment.

In apo-Trnl [Fig. 4(A)], the four moving segments,
that is, HRI-HR4A, HR4B-HR7, HR8-HRI11, and
HR12-HR20, clearly determined by the symmetry of the
squares and the corresponding off-diagonal elements,
indicate high conformational heterogeneity of Trnl.
Closer scrutiny results in a notable observation: in each
segment, the solid line on the main diagonal is a reflec-

tion that every residue of Trnl has the highest correla-
tions (~+1) with itself. The pair of helices within one
HR presents higher correlation than that between HRs
(+0.9 for former vs. +0.6 for latter), demonstrating the
internal stability of Trnl. The pair of contiguous helices
shows the signature plume of emanating from the diago-
nal, whose direction is perpendicular to the diagonal
since the helices run antiparallel. The red areas fade away
perpendicular to the main diagonal but not along it, sug-
gesting that the high covariances decrease with the
increase in distance between the two residues. Therefore,
the high correlation between neighboring repeats will be
weakened by insertion of the other HRs within one
segment, indicating that the relatively small changes in
orientation between adjacent HRs will be cumulated
and thereby leading to “structural deformation” in the
segment.

In addition, we observe that the positive correlations
(~+0.7) between residues 320-340 (in HR8 loop) and
the HR11-HR17 are due to their extensive contacts with
C-terminal arch.22 Considering intersegment motions
(particularly the anticorrelated motions), they are seen in
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signature plumes that appear off-diagonal as they occur
in noncontiguous residues. HR1I-HR4A is anticorrelated
with the HR8 (~—0.67) and HR12-HR17 (~—0.85).
HR18-HR20 shows anticorrelation with HR4B-HR7
(~—0.51) and HR9-HRI11 (~—0.64). Hence, HR3-HR4,
HR7-HRS in the N terminus and HR11-HR12 in the C
terminus form dynamic “hotspots,” and these four main
hinge motions dominate the conformational relaxation of
the free Trnl. This finding is supported by the observa-
tion by Cansizoglu and Chook (2007).13 Combined, all
these results suggest that the large conformational change
of Trnl accounts for not only large rigid body motion of
segments but also deformation of their components
(HEAT repeats). Probably, as such, Trnl as a spring mol-
ecule distorts itself to store the energy.

Compared with the map of apo-Trnl simulation, the
conformational transition occurs in Trnl-M9 [Fig. 4(B)].
As evidenced by the red plumes on the surface, move-
ments with high positive correlation extended, as a result,
only three segments can be clearly distinguished in the
structure of Trnl. For N-terminal arch, the hinge-bend-
ing motion of HR1-HR4A and HR4B-HR?7 is vanished
in Trn1-M9, and both regions emerge into a larger seg-
ment that moves together. In addition, the positive corre-
lation between HR8 loop and HR11-HR17 is also disap-
peared (~+0.27). For C-terminal arch, HR8-HR20 is
clearly divided into two segments (HR8-HR13 and
HR14-HR20, respectively) when M9 binds to Trnl
through hydrogen bonds and salt bridges at binding sites
A (HR8-HRI13) and B (HR14-HR20). Since the motions
of these three segments in Trnl-M9 are anticorrelated to
one another as evidenced by Figure 4(B), the HR7-HR8
in the N terminus and HR13-HR14 in the C terminus
form dynamic “hotspots,” implying that they might be
functionally relevant. Overall, the presence of M9 rigidi-
fies the structure of Trnl, leading to a more structured
intrasegment and intersegment motions pattern of Trnl.
Naturally, such less flexibility can be explained by the
idea that the energy stored by distorting the Trnl may be
counteracted by the substantial binding energies involved
in complex formation and may thereby enable assembly
and disassembly of their complexes with relatively small
energy changes.2

In Trnl-GTP [Fig. 4(C)], the binding of a RanGTP
mostly modifies the Trnl behavior and hence results in
three clear segments (HR1-HR7, HR8-HR15, and HR16-
HR20), which are different from those in both apo- and
M9-bound Trnl systems. These three segments present
anticorrelated motions with one another, corresponding to
arch-close/open motion of Trnl, which is relevant with the
functionally binding of RanGTP. It is noted that the posi-
tive correlation between HR8 loop and HR11-HR17 reoc-
curs (~+0.84), indicating HR8 loop has extensive interac-
tion with HR11-HR17 in Trn1-GTP.

Compared with Trnl-GTP, a significant and global
decrease in the intensity of correlation values happens

with conversion of GTP into GDP [Fig. 4(D)]. Indeed,
correlation peaks are generally decreased in Trnl-GDP
(~0.15) compared with those in Trnl-GTP. This suggests
a communication pathway where Ran influences the con-
formational transition of Trnl and perturbation of GTP
hydrolysis has effect on the contacts between Ran and
Trnl.

Principal component analysis and
motions of Trn1

In the earlier section, we present the analysis of the
N X N covariance matrix, where N is the number of Ca
atoms considered in the model, and the elements are the
average vectorial inner products of the atomic fluctua-
tions. The normalization of this matrix to unity gives the
DCCM, which indicates whether two atoms move in the
same or opposite senses. To further investigate the effects
of ligand on the global dynamics of the Trnl, we analyze
the principal modes of motion through principal compo-
nent analysis (PCA) of the trajectory data. PCA based on
diagonalizing the 3N X 3N covariance matrix of Carte-
sian displacements drastically reduces the high dimen-
sionality of a simulation trajectory to a few orthogonal
vectors which account for most of the observed variance
in the atomic fluctuations. In such way, the protein dy-
namics can be understood by examining only the
motions along the principal components, and the identi-
fication of the dominant motions probably can be
observed during a simulation by visual inspection. In this
work, the protein configurations from last 15 ns of each
simulation trajectory have been subjected to PCA to clus-
ter the conformational spaces and examine the four MD
trajectories at equal intervals (10 ps) and should repre-
sent all major conformational spacing. The proportion of
variance versus the eigenvalue rank clearly shows the rel-
ative importance of the different motions. The first three
eigenvectors from the PCA totally capture 80.5%, 65.2%,
74.6%, and 59.4% of the overall structural fluctuations of
the Trnl during the apo-Trnl, Trn1-M9, Trnl-GTP, and
Trn1-GDP simulations, respectively, and thus represent
large-scale collective motions, with subsequent eigenvec-
tors capturing significantly smaller fluctuations. It indi-
cates that the conformational fluctuations represented by
the first three PCA modes can be used to provide a
reasonable representation of a conformational change
that is expected to be functionally relevant. Thus,
we have restricted further analyses to the first three
dominant motions.

Figure 5 shows the projection of the structures of the
Ca atoms in the MD trajectories onto the essential
spaces (planes) defined by PC1/PC2, PC1/PC3, and PC2/
PC3, respectively. This allows one to visualize the confor-
mational spaces sampled during MD calculations. In the
figure, each point represents one conformation of Trnl
saved during the MD simulations, and the density of
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Figure 5

PCA of Trnl. The cloud represents the last 15-ns trajectory of the Trnl, projected onto the first three eigenvectors. The clouds colored in blue (A),
red (B), green (C), and black (D) display the apo-Trnl, Trn1-M9, Trn1-GTP, and Trnl-GDP trajectories, respectively. Every fifth frame of the
respective trajectories has been used in the projections. The left, middle, and right rows show the projection of the structures of the Ca atoms in
the MD trajectories onto the essential space (planes) defined by PC1/PC2, PC1/PC3, and PC2/PC3, respectively. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

points is an indication of the population of conforma-
tions sampled in the MD trajectory. All four trajectories
projected onto the PC1 and PC2 have two well-defined
clusters, which can be viewed as a passage from one
energy minimum to another. These results indicate that
all four systems sample two distinct minima during the
MD trajectory. In addition, the size of each cluster in
Figure 5 appears to indicate that both systems undergo
large conformational changes.

To characterize the collective motions represented by
the first three dominant eigenvectors, corresponding
motion modes were identified using the program Dyn-
Dom (Fig. 6). The top three principal components for
apo-Trnl are illustrated in Figure 6(A—C). The most
prominent motions are the movement of the four seg-
ments, which 1is consistent with those observed in
DCCM. PC1 largely corresponds to the motions of HR1—
HR7 and HR14-HR20, which rotate in opposite direc-
tion to the least flexible segment HR8—HR13. This is sug-
gestive of a mechanism for coupling of C- (HR1-HR7)
and N-terminal (HR14-HR20) domains motions to open
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the spring molecule. The widening sizes of the C- and
N-terminal arches are benefit for ligand binding (e.g.,
NLS). These motions decoupled segment HR8-HRI13
from the other two segments, relaxed the Trnl structure,
and were a major source of the observed anticorrelations
in the cross-correlation matrix. PC2 largely corresponds
to the anticorrelated motions between HR1-HR4A and
HR8-HR20, HR4B-HR7 and HR8-HR20, and also to
the motion of HR14 loop that moves in opposite direc-
tion to HR8-HR20. These large-scale motions play an
important role for the relaxation of apo-Trnl N-terminal
arch. PC3 represents motions of segments HR1-HRI11
and HR12-HR20 that rotate toward each other, resulting
in the exposure of NLS binding sites (HR8—HR20) and
thus facilitating NLS binding.

For Trnl-M9 system, the results of the PCA with
regards to the first three eigenvectors are summarized in
Figure 6(D-F). PC1 describes a twisting motion of seg-
ment HR1-HR7 relative to segment HR8-HR20, giving
rise to the closure of N-terminal arch. This compact con-
formation of receptor can effectively prevent Ran-GTP
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Figure 6

Principal components of Trnl dynamics in apo-Trnl [the first panel,
(A), (B), and (C)], Trn1-M9 [the second panel, (D), (E), and (F)],
Trnl-GTP [the third panel, (G), (H), and (I)], and Trn1-GDP [the last
panel, (J), (K), and (L)] systems and correspondence of the modes.
Arrows represent the axes of motion. The colors of the arrow shaft and
head correspond to the color of the static and dynamic domains,
respectively. The left column represents PC1, the middle is PC2, and the
right is PC3. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

from binding to Trnl. This is consistent with the cross-
correlation and Rg analyses. PC2 and PC3 describe the
hinge bending and rotary motions of HR1-HR13 relative
to HR14-HR20, as seen in the cross-correlation analysis.
This result directly links to an induced fit interaction
between Trnl and M9, which binds to Trnl through
both binding sites A and B.

The top three principal components for Trnl-GTP are
illustrated in Figure 6(G-I). The motions observed in

PC1 and PC2 are responsible to the hinge bending and
rotary motions of HRI-HR15 relative to HR16-HR20,
respectively, leading to the closure of the C-terminal
arch. This result is consistent with the cross-correlation
analysis, suggesting that the occupation of the binding
sites by RanGTP does not only stabilize the N-terminal
arch of Trnl but also result in higher fluctuation of
C-terminal region of Trnl (Fig. 3). PC3 is not only re-
sponsible to the highly anticorrelated motions between
HR1-HRI15 and HR16-HR20 but also to HR16-HR20,
which moves toward the residues 345-368 in HR8 loop.
Taken together, these movements make distal portion of
HRS8 loop (residue 345-360) extensively interact with site
B in Trnl, leading to release of the M9 from site B
through spatial conflict.

The top three principal components for Trn1-GDP are
illustrated in Figure 6(J-L). The dominance of all top
three PCs is responsible to bending and rotary motions
of HR1-HR13 and HR14-HR20, indicating that Trnl in
complex with RanGDP has smaller fixed segment (HR1-
HR13) compared with that (HR1-HR15) in Trnl-GTP
system, suggesting the decreased binding affinity for Trnl
to Ran upon the hydrolysis of GTP. Hence, the intensity
of correlation movements in Trnl decreased significantly
and globally; this is also consistent with cross-correlation
analysis. It is noted that, in Trn1-GDP, RanGDP can also
steer HR8 loop toward C-terminal arch, thus the bending
and rotary motions of HR14-HR20 relative to HRI1-
HR13 still make C-terminal arch easy to communicate
with HR8 loop.

Allosteric communication in the Trn1

Previous studyl® has suggested a mechanism for HR8
loop-mediated substrate dissociation. According to the
available crystal structures of Trnl, the HR8 loop exists
as multimers in Trnl-GTP form while not in solution in
the apo-Trnl and Trnl-M9 structures. Thus, how the
structural conformation of Trnl is transmitted by HR8
loop remains elusive. To understand the biological func-
tion of the whole HR8 loop in the Trnl mediated trans-
port pathway, DSSP program is employed to examine the
consequences of these fluctuations on the secondary
structure of HR8 loop.23

Figure 7 shows the overall secondary structure pattern
of HR8 loop in the four systems, revealing the conforma-
tional changes of residues in this loop over time. The
overall structure of HR8 loop resembles the denatured
states of ordered region, best delineated as an ensemble
of rapidly interconverting alternative structures, which
nevertheless, are their native, functional states.24 Resi-
dues 343-357 in the HR8 loop adopt a coil conformation
in four trajectories, while residues 311-342 and residues
358-373 form a-helix in Trnl-GTP and Trnl-GDP; such
folding behavior of HR8 (loop/helix) is probably relevant
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Figure 7

The secondary structure of HR8 loop (residues 311-373) as calculated by DSSP. Note (A), (B), (C), and (D) indicate HR8 loop in apo-Trnl,
Trn1-M9, Trnl-GTP, and Trnl-GDP simulations, respectively. [Color figure can be viewed in the online issue, which is available at wileyonline

library.com. ]

with Trnl activity, which is described in detail in this
section.

In apo-Trnl [Fig. 7(A)], HR8 loop does not fold to a
well-defined three-dimensional (3D) structure under
native conditions, and this is called intrinsically disor-
dered region (IDR), which is generally characterized by
low hydrophobicity and high charge density.2> For con-
venience sake, a-helices adopted by residues 311-342 and
residues 358-373 are named as Helix I and Helix II [Fig.
1(B)], respectively. Helix I is almost lost in the whole
simulation, indicating residues 311-342 undergo large
fluctuations, while Helix II maintains an unstable helix
conformation during the entire simulation. Taken to-
gether, HR8 loop adopts a disordered conformation that
has no competing interaction with NLS binding site B,
thus facilitating for M9 binding to Trnl in cytoplasm. In
Trn1-M9 [Fig. 7(B)], Helix I is also unstable, which is
maintained inconsecutively along the extended trajectory.
Helix II is maintained stably after 5 ns, which probably
results from the influence of compact conformation
formed by the N-terminal arch. This a-helix would facili-
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tate RanGTP to interact with the HR8 loop, which is still
exposed to the solvent and does not occupy the site B
(HR14-HR18). In Trn1-GTP [Fig. 7(C)], Helix I is main-
tained throughout the simulation, which can be attrib-
uted to the salt-bridges between Ran and HR8 loop
including  Asp148"™"-Arg336"™™ P Glu1757*"-
Lys319188 100 “and Asn156%*"-GIn3331R8 1°9P Helix 1I
shows unfolding in residues 369—-373 but remains helical
conformation in residues 363-368 during the simulation.
The shortening of the Helix II, coupled with the HR8
loop that is rigidified by the intermolecular interactions
(Lys127%*"_His340"R8 1P apnd  Lys132R*"-Asp358HRe
109P) " facilitates RanGTP to reorient the HR8 loop and
thus leads to allosteric communication between HRS8
loop and C-terminal arch. After GTP hydrolysis [Fig.
7(D)], the contacts between Ran and residues 311-342 in
HRS8 loop is weakened compared with Trnl-GTP simula-
tion; thus Helix I is gradually unfolding toward the end
of the simulation. Although the contacts between the
basic patch (residues 133-144) of RanGDP and
HR8 loop are similar to those observed in the Trnl-GTP
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Representative H-Bonded Contacts Between Trnl and M9*

Donor Acceptor Occupancy® (%)
Arg284-side-NH Glu509™-side-0E 88.6
Gly264-main-N Asp837™-side-0D 84.75
Met276-main-N Asn727™-side-0D 84.28
Asn727™™-side-ND2 Met276-main-0 81.82
Asn272-main-N Glu769™-side-0E 79.66
GIn685™-side-NE2 Met276-main-0 72.42
Asn726™-side-ND2 Gly274-main-0 67.49
Ser271-side-0G Glu769™-side-0E 67.49
Tyr289-side-0H Asp384™™-side-0D 65.49
Ser285-main-N Ser502"™-side-0G 63.64
Arg284-side-NH Glu509™™-side-CD 63.02
Gly274-main-N Asn770™-side-0D 59.94
Asn272-side-ND2 Glu769™-side-0E 54.85
Asn272-main-N Glu769™-side-CD 48.69
Arg284-side-NE Asp543"™-side-0D 471.77
Lys277-side-NZ Asp646™™-side-0D 47.15
Ser285-side-0G Glua98™-side-0E 39.29
Asn770™-side-ND2 Gly274-main-0 38.37
Phe273-main-N Glu769™-side-0E 34.21
Arg802™™-side-NH Asn265-main-0 33.44
Lys277-side-NZ Glu588™-side-0E 32.05
GIn269-main-N Asn803"™'-side-0D 28.35
Ser502™-side-0G Ser285-side-0G 26.96
Tyr266-side-0H Asp837™™'-main-0 22.65
Arg805™™-main-N Ser271-side-0G 208

“The percentage of simulation snapshots (saved every 10 ps) in which the H-bond
was present are listed.
The occupancy of H-bonds formed between Trn1 and M9 larger than 20% is listed.

complex, Helix II shows a longer and more stable helical
conformation than that in Trnl-GTP system, which is
probably attributed to the hydrolysis of GTP that reduces
the long-range electrostatic effects of the basic interface
of Ran. Nevertheless, the RanGDP still interacts with
HR8 loop and steers its distal portion toward site B
through the extended Helix II.

Hydrogen bonds analyses between
Trn1 and NLS

It is known that Trnl first binds to their transport
substrates (“cargoes”) through NLSs and then transport
them through the NPC. Because of the lack of sequence
similarity among NLSs of many transport substrates, this
raises the question how NLSs with different sequences
achieve general biological function. To address this, the
H-bonds interactions between M9 and Trnl, which play
key roles in structure and function of proteins such as
protein—ligand recognition, are analyzed.

Here, the geometry criterion of H-bonds is 3.5 A for
H-acceptor distance and 120° for the donor-H-acceptor
angle. The details of H-bonds that present in more than
6 ns along the trajectory are described as following.

The H-bonding interactions between M9 and Trnl
throughout the Trn1-M9 system are shown in Table I
and Supporting Information Table SI. M9 binds in an
extended conformation to line the concave surface of the
C-terminal arch of Trnl and forms an extensive network

of polar and hydrophobic interactions with sites A and B
of Trnl. Its peptide direction is antiparallel to that of the
Trnl superhelix. Tracking M9 from N to C terminus, we
find Gly264 main-chain nitrogen atom forms an H-bond
with Asp837™™! lasting more than 24 ns, and Asn272
main-chain also H-bonds with Glu769™', indicating
that the mutation to alanine residue in position 264 or
272 of M9 probably do not interrupt the H-bond and
thus result in significant reduction of binding affinity for
M9. On the contrary, Ser271 side-chain oxygen atom
forms H-bonds with Arg805™' for 6 ns and with
Glu769™! for 20 ns, suggesting the importance of
Ser271 in M9 binding.

In the central region of M9, the Gly274 main-chain
oxygen atom is involved in the H-bonds with side-chain
nitrogen atom from Asn770™' (~12 ns) and with
Asn726™™! (~20 ns), while its main-chain nitrogen atom
prefers to link with side-chain oxygen atom of
Asn770"™! (~18 ns). As a consequence, Gly274Ala muta-
tion of M9 would result in a steric clash to Asn770™"
and Asn726"™" and break the H-bonds aforementioned.
This is quite different from the proposal that significantly
low affinity of M9 with Gly274Ala mutation is resulted
from the steric clash between the side chain of Ala in
position 274 of M9 and Trp730 in Trnl.10 For residue
Met276, it forms an H-bond with Asn727™™ (~24 ns)
through main-chain nitrogen atom, and therefore
Gly274Ala mutation of M9 would not interrupt the H-
bond, thus attenuate the binding affinity of M9. Taken
together, these results at least partly explain the muta-
tional studies that Gly274Ala not Met276Ala remarkably
decreased the binding affinity of M9 for Trn1.10

Further toward the C-terminus, the side-chain nitro-
gen atom from Lys277 forms H-bonds with Glu593™'
(15 ns) and Asp651Trnl (15 ns), respectively, which are
not observed in crystal structure.!0 The side-chain
nitrogen atom of Arg284 forms an H-bond with the
side-chain oxygen atom of Glu512™' (~27 ns), Ser285
H-bonds with Ser507™™! about 19.5 ns, Pro288 binds to
a large hydrophobic swath including residues Ala380,
Ala381, Leu419, Ile457, and Trp460 of Trnl, and Tyr289
forms an H-bond to Asp384™' about 20 ns. Hence,
these residues are also important for M9 binding. It is
noted that the motions of Arg284, Ser285, and Pro288
are positively correlated with that of Tyr289 (correlation
coefficients > 0.5), indicating that the former three resi-
dues are functionally cooperating with Tyr289. This at
least partly explains why the triple mutants!0 Arg284/
Pro288/Tyr289 decrease the binding affinity of M9 for
Trnl significantly. Overall, M9 interacts strongly with
both sites A and B, which is dissimilar to TAP NLS that
interacts weakly with site B or JKTBP NLS that has no
interaction with site B at all.11 Disruption of the interac-
tion between M9 and site B would severely decrease the
binding affinity of M9 to Trnl and thus affect the disso-
ciation of M9 from Trnl.
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Figure 8

Superposition of the average structures of the Trn1-GTP (magenta) and the Trnl-GDP (orange). Residues in the Trn1-GTP are shown in stick
representation, while residues in the Trn1-GTP are shown in line representation. The color scheme is as follows: hydrogen in white, carbon in
orange (Trn1-GDP) or magenta (Trnl1-GTP), nitrogen in blue, and oxygen in red. In Trn1-GTP, HR1 forms three H-bonds with Ran including
Ser22™™1(0)-Trp64™*™™(HE1), Ser22™'(H)-GIn828*"(OE1) and Ser22™™'(0G)-GIn82"*"(HE22) (the dashed lines). The time evolution of these three
H-bonds is shown in top right inset. After GTP hydrolysis, the residue Glu46 (OE2) in switch I forms an H-bond with the Ser24 (HG) in HR1
(the dashed line), which pulls the HR1 to be more contiguous to switch I. This movement causes the disruption of those H-bonds between HR1
and Ran as evidence by the left bottom inset. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

GTP hydrolysis undermines the binding
affinity of Ran to Trn1

It has been reported that the affinity of Trnl to
RanGTP (about 1 nM) was 10,000-fold higher than that
to RanGDP, implying that the hydrolysis of GTP shifts
the conformation of Ran in disfavor of the binding of
Trn.26 This raises the question of what conformational
changes of Ran undergo after GTP hydrolysis, thus
decreasing its interaction with Trnl. To address this, we
made a comparison between the Trnl-GTP and Trnl-
GDP systems during last 15 ns. Superposition of Ran
proteins from Trn1-GTP and Trn1-GDP shows that Trnl-
Ran interfaces undergo conformational changes, particu-
larly in the switch I (residues 30-47) and the switch II
(residues 65-80) (Supporting Information Fig. S2).

1. Switch I

In Trnl-GTP, the C-terminal part of switch I (residues
45-47) resides in contiguous HRI-HR2 of Trnl, and
the rest of this loop is exposed to solvent.22 For the

helix HRI1, it forms three H-bonds with Ran
including Ser22™™'(0)-Trp64**"(HE1),
Ser22™!(H)-GIn82"**(OE1), and  Ser22™!(0OG)-

GIn82"*"(HE22), suggesting that HR1 behaves like a claw
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to grasp the RanGTP tightly. This finding confirms previ-
ous deletion mutant studies that identified the N-termi-
nal region of Kap as an important interaction site for
RanGTP.27-29 After GTP hydrolysis, the residue Glu46
(OE2) in switch I forms an H-bond with the Ser24 (HG)
in HR1, which pulls the HR1 closer to switch I compared
with RanGTP (0.58 nm for Trnl1-GDP and 0.74 nm for
Trn1-GTP, COM of Glu46™™ and COM of Ser24 ™" were
taken as reference). This movement results in the disrup-
tion of those three H-bonds between Ran and HRI
(Fig. 8, bottom left) and thus reduces the binding affinity
of RanGDP to Trnl, which at least partly interprets why
Trnl preferentially binds to RanGTP rather than to
RanGDP.
2. Switch II
In Trnl-GTP, switch II of Ran adopts a stable and
extended helix structure [Fig. 9(A)], which is induced
by its H-bonds with switch I, involving the interactions
between GIn69 (O) and Phe72 (H), Gly74 (H) and
Gly44 (O), and Phe72 (O) and Gly44 (H). This switch
fits snugly into the concave of HRI-HR2 of Trnl
[Fig. 9(B)]. After GTP hydrolysis, switch II forms a
loose and coiled conformation as a consequence of the
removal of the constraint from switch I (disruption of
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Figure 9

Conformational changes of switch II in Trnl-GTP and Trn1-GDP structures. (A) Average structure extracted from Trn1-GTP system, where Trnl
(blue) with Ran (orange) shows as cartoon. Switch II is colored in red. GTP is shown as stick. (B) Hydrogen-bond pattern between residues on
switch I (Thr42 and Gly44) and switch II (GIn69, Phe72, and Gly74) and GTP observed in Trn1-GTP simulation. Switch II is still colored in red.
Inset, time evolutions of the distance between GIn69 (O) and Phe72 (H), Gly74 (H) and Gly44 (O), Phe72 (O) and Gly44 (H) in Trnl-GTP
simulation. (C) Average structure extracted from Trn1-GDP system. The domain color is the same as in panel A. GDP is also shown as stick. (D)
Hydrogen-bond pattern around residues Thr42, Gly44, GIn69, Phe72, Gly74, and GDP observed in Trn1-GDP simulation. The domain color is the
same as in panel B. Inset, time evolutions of the distance between GIn69 (O) and Phe72 (H), Gly74 (H) and Gly44 (O), Phe72 (O) and Gly44 (H)
in Trn1-GDP simulation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

those three H-bonds) induced by the release of the
hydrolysis products (Pi). The switch II region (residues
from 69 to 78) in RanGDP shifted outward with more than
0.85 nm compared with RanGTP (Supporting Information
Fig. S2). Comparison of the RanGDP position in the Trnl-
GDP complex with that of Trnl in Trnl-GTP complex
indicates that the switch II region in RanGDP sterically
clashes with HR1B in Trnl-GTP (Supporting Information
Fig. S3), suggesting that they regulate complex formation
by sterically inhibiting Trn1 binding to RanGDP.

Combined, we conclude that the conformational
changes of switches I and II induced by nucleotide
switching directly influence and control Trnl-Ran con-
tacts, providing a rationale for the specificity of Trnl
for the GTP state of Ran.

DISCUSSION

In this work, four multinanosecond MD simulations
were performed for Trnl of different states in aqueous

solution to obtain an understanding of the thermody-
namic and kinetic mechanisms of Trnl mediated trans-
port pathway. The apo-Trnl structure, as the initial state
at the beginning of the transport pathway, has a large
flexibility (Ca-RMSD = 0.8 nm). Particularly, our results
reveal the conformational change of reconstructed HR8
loop in free Trnl (Fig. 3), indicating its intrinsically dis-
ordered state [Fig. 7(A)]. In such flexible state, HR8 loop
does not intensively interact with NLS binding sites
(both A and B) in C-terminal arch of Trnl, thus facilitat-
ing for NLS binding. Indeed, it adopts the random coil-
like conformations that bring formidable challenge for
determination of its structure and dynamics by experi-
mental methods including crystallization.11

Our DCCM and PCA results show that apo-Trnl
superhelix is divided into four major segments (HRI1-
HR4, HR5-HR7, HR8-HR13, and HRI14-HR20), of
which HR1-HR4 and HR19-HR20 have larger fluctua-
tions (Supporting Information Fig. S1). This is supported
by previous X-ray study that the central regions of
the four unliganded Trnl were virtually identical after
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Model of Trnl mediated transport pathway. Trnl is indicated in black, the HR8 loop in blue, the NLS in green, RanGTP in yellow, and RanGDP in
pink. (The right of panel A) RanBD binds to the Trn1-RanGTP complex and releases RanGTP. The release of RanGTP relaxes the Trnl, which
opens its N- and C-terminal arches, exposing its binding sites to the cytoplasm. Additionally, RanGTP is hydrolyzed to RanGDP (the middle of
panel A). Because of its open conformation, NLS binds to Trnl and makes Trnl to be a compact state. (The left of panel A) The formed import
complex is translocated through the NPC. (The left of panel B) RanGTP binds to the N-terminal arch of Trnl in the nucleus. (The middle of panel
B) RanGTP reorients the HR8 loop to interact with site B and releases NLS. (The right of panel B) the NLS is displaced from site A by the spatial
overlap of the H8 loop with the part of the NLS at site A, resulting in a complete dissociation from the Trnl. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

exclusion of terminal repeats HRI-HR4 and HR14-
HR20,15 which indicates the robustness of our results.
Actually, based on the domain motion analyses using
DynDom and DCCM, we draw a quantitative picture of
the underlying dynamic mechanism of Trnl.

As shown in Figure 10(A) (right), the hinge bending
motion between HRI-HR4 and HR8-HR20, coupling
with the rotation of HR1-HR7 and HR14-HR20, drives
the open/closed motions of apo-Trnl, which increase or
decrease the size of N- and C-terminal arches. Interest-
ingly, the apo-Trnl system shows a preference for the
open conformation [Fig. 2(B)], with ligand binding sites
fully exposed to the solvent. Since the domain open/clo-
sure is generally believed to facilitate the substrate bind-
ing, we suggest that the flexibility and conformational
heterogeneity of Trnl is relevant to its rapid recognition
and sequestration for the NLS in cytoplasm compart-
ment, which is in agreement with the high affinity of
NLS with Trn1!! [Fig. 10(A), middle].

Upon the binding of M9 (NLS), the flexibility and
conformational heterogeneity of Trnl, especially for its
C-terminal arch, are significantly suppressed compared
with the apo-Trnl system. For the Trnl movement at the
C-terminal, HRI-HR13 in this receptor undergoes hinge
bending and rotary motions relative to HR14-HR20 as
evidenced by the PC2 [Fig. 6(E)] and the PC3 [Fig.
6(F)]. The HR13-HR14 serves as a pivot of the rotation,
probably facilitating the binding of C-terminal RX,_sPY
motif of M9 with Trnl at site A. This binding then leads
to an induced-fit interaction between the hydrophobic
motif (273Phe-Gly-Pro-Met276) of M9 and the site B of
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Trnl. The flexibility of HR19-HR20 of Trnl in site B
enhances the conformational changes of the N-terminus
of M9 with an increased RMSF value of 0.1 nm, finally
facilitating the release of M9 from site B. While for the
motions of Trnl at the N-terminal, the bending motion
between HR1-HR7 and HR8-HR13 makes the N-termi-
nal arch of this receptor swiftly convert into a compact
state to seal off most of its binding sites for RanGTP
[Fig. 10(A), left]. Interestingly, after removal of M9, the
conformation of Trnl becomes unstable again and under-
goes a rapid and extensive opening motion (Supporting
Information Fig. S4), as shown by the increased R, of Ca
from 3.22 to 3.6 nm within ~10 ns. The final open con-
formation is comparable with the crystal structure of
apo-Trnl (Ry of Ca of the apo-Trnl crystal structure is
3.5 nm), confirming that the conformational change of
Trnl in Trn1-M9 is induced by the binding of MO9.

After the M9 binding, Trnl passes through NPCs to
the nucleus, where the partial opening of the N-terminal
region in Trnl-M9 structure would help initial binding
of the RanGTP switches I and II to the HRI-HR2 sec-
tion. Then, the opening and closing motions of C-termi-
nal arch in Trnl [Fig. 4(B)] empower the basic patch of
Ran to approach the HR8 loop. Upon RanGTP binding,
this loop changes its conformation and adopts a partly
unfolded a-helix conformation (Helix II), aiding
RanGTP to reorient this loop conveniently [Fig. 7(C)].
Meanwhile, the HR17-HR20 of Trnl moves toward the
residues 345-368 in HR8 loop [Fig. 6(I)]. The combined
movement thus promotes the competitively binding
of HR8 loop with M9 at site B and finally leads to the
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dissociation of M9 [Fig. 10(B), middle]. This finding
extends and adds atomic details to the proposed Ran-
mediated substrate dissociation mechanism for Trnl
involved its HR8 loop which interacts with both Ran and
the substrate binding sites of Trn1[Fig. 10(B), right].22

After the release of M9, Trnl complexed with RanGTP
is recycled to the cy‘[oplasm.2 In this complex, switch II
adopts a helical conformation induced by the key H-
bonding interactions between switches II and I, which
can interact effectively with HR1-HR2 (a primary bind-
ing site for Ran). However, GTP hydrolysis activated by
RanGAP abolishes the constraint from switch I, allowing
switch II region to adopt a disordered conformation.
This conformational change of the switches I and II is
sufficient to alter the interaction between Trnl and Ran,
resulting in that Trnl has much weaker affinity
(~4 orders of magnitude) for RanGDP than for RanGTP.
Despite the weak binding affinity of RanGDP with
Trnl, the high cytoplasmic concentrations of RanGDP
(1.3-1.5 uM)30’31 would allow it rebind to Trnl, unless
sequestered by high affinity ligands (such as NLS-con-
taining cargo). Notably, the RanGDP still interacts with
HR8 loop and steers its distal portion toward site B in
Trn1-GDP, and this may prevent the binding of mole-
cules that would otherwise interact nonspecifically and
be targeted to the nucleus, thereby enhancing the speci-
ficity in the transport cycle.

CONCLUSIONS

By extended MD simulations, we have investigated the
structure and dynamics of the free and NLS/Ran-bound
Trnl in this study, revealing dynamics of conformational
heterogeneity of Trnl in both nuclear and cytosolic
states. Our main findings are summarized as follows.

1. According to DCCM and PCA, the conformational
heterogeneity of Trnl has been identified as generally
segmental architecture, and the segmented transition
occurs in different states of Trnl. Nevertheless, the
segments rotate relative to each other about a flexible
hinge and thereby force Trnl to adopt a conformation
compatible with the binding of Ran or substrates.
Then the flexibility and conformational heterogeneity
of Trnl is suppressed significantly by the binding of
substrates or Ran.

2. HR8 loop is an IDR whose conformation depends on
different cargoes’ binding. Particularly, Helix I and II
adopted by HR8 loop undergo disorder-to-structure
transition in different states of Trnl, facilitating
RanGTP to reorient the HR8 loop and thus to make
it allosterically communicate with C-terminal arch.

3. Although M9 interacts strongly with both sites A and
B, the high flexibility of N-terminus of M9 and
HR19-HR20 of Trnl would facilitate for the release of

M9 at site B, which controls overall binding affinity
for Trnl.

4. The conformational changes of switches I and II of
Ran induced by GTP hydrolysis directly influence and
control Trnl-Ran contacts, explaining why Trnl pref-
erentially binds to RanGTP rather than to RanGDP.

Overall, our study provides an in-depth analysis of the
nuclear export pathway mediated by Trnl, especially on
the coordination of interactions and the dynamics of
conformational heterogeneity that underlies the process.
This will be important for full understanding of the regu-
lation of the nuclear transport mechanisms.

MATERIALS AND VIETHODS
Model preparation

Four systems are of interest: apo-Trnl, Trn1-M9, Trnl-
GTP, and Trnl-GDP. For apo-Trnl, Trnl-M9, and Trnl-
GTP, atomic coordinates were obtained from PDB Data
Bank [PDB codes 2Z5] (3.40—1& resolution), 2H4M (3.05-
A resolution), and 1QBK (3.00-A resolution), respec-
tively]. To prepare the Trnl-GTP complex that includes
the single magnesium ion, all selenomethionine residues
were replaced with methionine residues by changing the
selenium atom to a sulfur atom. The nonhydrolysable
GTP analogue, GppNHp, was mutated to GTP by replac-
ing nitrogen atom with a phosphorus atom. The short
missing loop sections (residues 167-169, 353-357), as
well as missing side chains, were modeled and optimized
by using the Biopolymer module in Sybyl version 6.9
(Tripos Associates, St. Louis, MO). For the simulation of
Trn1-GDP, the structure was obtained by replacing GTP
with GDP, while magnesium ion remained. For Trn1-M9,
the engineered GGSGGSG HR8 loop linker in original
PDB (2H4M) was deleted. As mentioned in introduction,
there are merely the X-ray crystal structures of apo-Trnl
or Trn1-M9 complexes with more than 18 missing resi-
dues at HR8 loop available currently, although an X-ray
crystal structure of a Trnl-GTP complex with only five
missing residues (353 to 357) in HR8 loop has been
reported. Therefore, missing main chains at HR8 loop of
the apo- and M9-bound Trnl were complemented using
the same region of the Trnl-GTP complex, but this con-
structed region does not interact with HRI14-HR20
directly. The other missing residues (residues 37-43, 78,
79 in M9-bound Trnl) were also reconstructed by using
Sybyl. The protonation states of the titratable groups of
Trnl in four systems were checked by using Whatif.32

Molecular dynamics simulations

All MD simulations were performed with the GRO-
MACS 4.0.4 package33 using amber03 force field34
and the TIP3P water model.3° For each system, the
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minimum distance between the protein and the box walls
was set to 15 A so that the protein does not directly
interact with its own periodic image. The systems were
solvated, and Na™ and Cl~ counterions were added to
achieve a 150 mM concentration.

To relieve possible steric clashes and overlaps of side
chains prior to MD runs, all four systems first underwent
5000 steps of steepest descent and 10,000 steps of conju-
gate gradient minimizations. Then the solvent molecules
in the minimized models were heated up to 300 K and
equilibrated 200 ps with the positional restraints on the
protein heavy atoms. The MD simulation was then con-
tinued for 30 ns, where the coordinates were saved every
10 ps for analyses.

MD simulations were carried out with no constraint at
constant temperature of 300 K using Berendsen thermo-
stat30 and at a constant pressure of 1 atm with a 2.0-fs
time step. Pressure and temperature coupling constants
were 0.5 and 0.1 ps, respectively. The values of the iso-
thermal compressibility were set to 4.5 X 10~° bar™ ' for
water simulations. All bond lengths including hydrogen
atoms were constrained by the LINCS algorithm.37 The
nonbonded interaction pair-list was updated every 10 fs.
The simulations used periodic boundary conditions and
the particle mesh Ewald (PME) method38 to calculate
the long-range electrostatic interactions. Van der Waals
and coulomb interactions were truncated at 1.4 and 1.0
nm, respectively.

Cross-correlation analysis

The DCCM C;; was calculated to analyze the collective
motions of the Trnl. The cross-correlation coefficient Cj,
between atoms i and j, is a measure of the correlated nature
of their atomic fluctuations and computed as follows:

Cj= (AriXArj)/, [(ar2)x(Ar?) (1)

where Ar; and Ar; correspond to the atomic displacement
vectors for atoms 7 and j, respectively, and the angle brack-
ets indicate time averages. The elements C(i, j) can be col-
lected in matrix form and displayed as a 3D dynamical
cross-correlation map.3?

Principal component analysis

PCA was carried out on the last 15-ns trajectory to
identify the most significant fluctuation modes of the
proteins. Thus, we can monitor the concerted motions of
the atoms of the molecule in a few dimensions, making
it easier to visualize and investigate these motions. PCA
is a linear transformation applied to the fluctuations
in the Cartesian coordinates, represented as a positional
covariance matrix C, whose elements are defined as

Cij = <(xi - <xi>)><(xj - <x]>)>(17] =1,2,3,.. '73N)7 (2)

396 FroTEINS

where x; and x; are the Cartesian coordinates for the ith
and jth Ca atom, respectively. N is the number of the
Ca atoms considered, and the angle brackets represent
the time average over all the configurations obtained in
the simulation. The eigenvectors of the covariance ma-
trix, vy, obtained to solve v,? Cvy = A, diagonalization of
C provides a group of 3N orthogonal eigenvectors, vy, as
columns of matrix C, along which the fluctuations
observed in the simulation are uncoupled with respect to
each other (ie., C; = 0 if i # j) and thus can be ana-
lyzed separately. The eigenvalue for a mode denotes the
relative contribution that this mode has made to motion
within the trajectory.40 The hinge axes of the domain
rotation were calculated by the program DynDom.41
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