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Nucleocytoplasmic transport is mediated by the interaction of
transport factors (TFs) with disordered phenylalanine-glycine (FG)
repeats that fill the central channel of the nuclear pore complex
(NPC). However, the mechanism by which TFs rapidly diffuse through
multiple FG repeats without compromising NPC selectivity is not
yet fully understood. In this study, we build on our recent NMR
investigations showing that FG repeats are highly dynamic, flexible,
and rapidly exchanging among TF interaction sites. We use unbiased
long timescale all-atom simulations on the Anton supercomputer,
combined with extensive enhanced sampling simulations and
NMR experiments, to characterize the thermodynamic and kinetic
properties of FG repeats and their interaction with a model transport
factor. Both the simulations and experimental data indicate that
FG repeats are highly dynamic random coils, lack intrachain
interactions, and exhibit significant entropically driven resistance
to spatial confinement. We show that the FG motifs reversibly slide
in and out of multiple TF interaction sites, transitioning rapidly
between a strongly interacting state and a weakly interacting
state, rather than undergoing a much slower transition between
strongly interacting and completely noninteracting (unbound)
states. In the weakly interacting state, FG motifs can be more
easily displaced by other competing FG motifs, providing a simple
mechanism for rapid exchange of TF/FG motif contacts during
transport. This slide-and-exchange mechanism highlights the di-
rect role of the disorder within FG repeats in nucleocytoplasmic
transport, and resolves the apparent conflict between the selec-
tivity and speed of transport.

nuclear pore | molecular dynamics | nucleoporins | transport factors | NMR

he nuclear pore complex (NPC) regulates macromolecular

transport between the nucleus and the cytoplasm in all
eukaryotic cells (1, 2). The NPC allows for passive diffusion of
small molecules including sugars, ions, and water, while simul-
taneously imposing size-dependent exclusion of macromolecules
without nuclear transport factor (TF) binding sites, generating
unique nuclear and cytoplasmic compartments (3, 4). Larger
macromolecules can bypass the selectivity barrier of the NPC by
interacting with TFs that shuttle cargo through the central channel
of the pore. In pathological conditions, including many cancers and
viral infections, the NPC is hijacked and used to transport undesired
particles, or it is modified to attenuate the cellular responses to
disease onset (5, 6).

TFs traverse the NPC by selective and reversible association
with disordered phenylalanine-glycine (FG) repeat domains of
the FG nucleoporin proteins (FG Nups), which line the surface
of the NPC (7-14). Each FG repeat domain consists of 5-50 FG
repeats. In turn, each FG repeat consists of a single FG motif of
various sequence flavors, such as the FSFG and GLFG motifs,
and 10-30 spacer residues that separate consecutive FG motifs
(15, 16). The spacer residues are strongly hydrophilic (17) and
rich in disorder-promoting residues, such as proline, serine, lysine,
and glutamine (Fig. 1) (18). Each NPC contains thousands of
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individual FG motifs that function as potential interaction sites
for TFs during transport (19, 20).

A key question is how TFs transport rapidly through the FG
repeats, with measured dwell times of approximately millisec-
onds (21, 22), while interacting sufficiently strongly with the FG
repeats to maintain a high level of transport selectivity. Several
proposed models of NPC transport differ significantly with
regard to assumptions about the structure and dynamics of the
FG repeats, their interactions with each other and with TFs, and
their structural changes during these interactions (1, 3, 15, 23—
28). For instance, in the hydrogel model, a dense meshwork of
FG Nups forms a conformationally restrained hydrogel that is
dissolved locally by the passage of TFs through the nuclear pore.
In the virtual gate/polymer brush model, diffuse and dynamic FG
Nups create an entropic barrier that prevents nonspecific
transport, but is overcome by interaction with TFs. To describe
the free energy landscape of the transport system more accu-
rately and precisely, we need additional high-resolution struc-
tural, thermodynamic, and kinetic information.

Prior work from our group, using detailed NMR studies,
revealed that FG repeats undergo rapid dynamic exchange at
multiple low-affinity interaction sites on TF surfaces, and showed
that they remain highly disordered while transiently interacting
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FSFGAKSNEDKQDGTAKPA
FSFGAKPAEKNNNETSKPA
FSFGAKSDDEKKGDASKPA
FSFGAKPDENKASATSKPA

Fig. 1. Simulated system. (A) Sequences of FG repeat model constructs.
Bold, FSFG motif; underlined, motif bound at crystallographic binding site;
blue, positive; red, negative; green, polar. (B) Starting conformation for
bound FSFGg:NTF2 simulations, with the third FSFG motif initially bound
at the crystallographic binding site (cyan space-fill), adapted from pdb-id
1GYB (66).

with TFs (29). Such high-speed FG-TF interactions have been
recently observed by stopped-flow measurements (30). However,
experimental methods are typically unable to provide details of
local interaction site dynamics at atomic resolution and at multiple
timescales, spanning a range from individual molecular interac-
tions to the entire transport event. Therefore, an atomic resolution
characterization of the interactions between TFs and FG repeats
remains to be determined. To address this need, we performed
molecular dynamics (MD) simulations combined with NMR ex-
periments to provide an integrated view of dynamic TF/FG repeat
interactions at atomic scale from nanoseconds to milliseconds.
MD simulations have already been used to study the interac-
tion of FG repeats with transport factors (31-33). Previous
studies have focused on identifying the presence of putative FG
repeat interaction sites for each of the transport factors Kap95
and NTF2 (31, 33). Both transport factors were predicted to
have multiple interaction sites for FG repeats; these results agree
with NMR studies (29, 34). More recently, multiple short sim-
ulations of FG repeats were performed in the presence of TFs
(30). In these simulations, FG repeats bound readily to TFs, but
formed a more compact state than expected based on small-
angle X-ray scattering (SAXS) data obtained in the same study
(35). Recently, a modified water model was introduced in an
attempt to better reproduce the biophysical properties of disor-
dered proteins (36) and FG repeats in particular (35). In our
study, we set out to characterize the kinetics of the interaction
between TFs and FG Nups and the effect of this interaction on
the transport through the NPC. We used long-timescale MD
simulations on the Anton supercomputer (37) and state-of-the-
art water models designed and tested on disordered and globular
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proteins (36, 38). We cross-calibrated our simulations with atomic-
scale dynamic information provided by our NMR experiments.
As a representative TF, we chose the Ran transport factor
NTF2 (13, 39) because of its relatively small size, preferential
affinity for the FxFG flavor of repeats, and because it is repre-
sentative of a major class of transport factors (NTF?2 itself and
the primary mRNA export factor, Mex67/Mtr2). NTF2 has al-
ready been studied by computer simulation, crystallography, and
NMR spectroscopy, providing us with a firm experimental
background for our studies (32, 34, 40). We use model constructs
with two or six FG repeats that contain the FSFG flavor of FG
motifs (Fig. 1), which we have previously characterized experi-
mentally (29); we denote these constructs FSFG, and FSFGe.
Both constructs are derived from the yeast FG Nup Nspl, which
is believed to contribute a significant mass of the FG repeats in
the central channel of the yeast NPC, and for which again we
have detailed dynamic atomic-scale data (29). The simulations
show remarkable agreement with experimental data, and provide
additional kinetic and thermodynamic properties of the transport
system at a level of detail currently inaccessible to experimental
methods. Taken together, our results suggest an explanation for
how rapid exchange of TFs during nucleocytoplasmic transport
may be achieved without compromising interaction selectivity.

Results

We simulated FSFG; and FSFGg, both in the presence of NTF2
and in their free form, using the AMBER99SB-ILDN force field
(41) and with either the TIP4P-Ew (42) or the TIP4P-D (36)
water models. The TIP4P-Ew water model reproduces a number
of experimental measurements for disordered cyclic peptides,
vasopressin and oxytocin (43), and amyloid-p proteins (38, 44).
The new TIP4P-D model has increased water dispersion inter-
actions and better approximates global conformational proper-
ties of intrinsically disordered proteins (IDPs) (36, 45) and FG
repeats in particular (35), enabling more accurate simulation of
protein dynamics. SI Appendix, Table S1 A and B summarizes
the different simulations conducted in this study, in which we
vary the system components, water model, and conformational
sampling method.

Biopolymer Properties of FSFG Repeats in TIP4P-Ew and TIP4P-D
Water Models. As expected from previous studies (7, 46) and in
accordance with our recent NMR analysis (29) (BMRB database
entry 25183; ref. 47), the FSFG, and FSFGg constructs remained
intrinsically disordered and devoid of stable secondary structure
segments throughout the simulations, regardless of the water
model (Fig. 24; SI Appendix, Fig. S1; Movies S1 and S2). A few
short and transient p-hairpins did form, but generally dissolved
within a few hundred nanoseconds, irrespective of the presence
or absence of NTF2 (SI Appendix, Fig. S1). However, the choice
of water model markedly affected other key biopolymer prop-
erties of the FG repeats, both in the free form and in the pres-
ence of NTF2. The global conformational properties of FG
repeats simulated with the TIP4P-D model are in better agree-
ment with previous experimental observations than those from
the TIP4P-Ew simulations. Specifically, in the TIP4P-Ew simu-
lations, the FG repeats formed a relatively compact disordered
ensemble with (i) a Flory exponent v = 0.35 characterizing the
power dependence of the radius of gyration (R,) on chain length
(48) (Fig. 2B) (according to Flory’s theory of polymers, a value of
0.33-0.40 is typical for polymers in poor solvent such as globular
proteins or premolten globules; ref. 49); (ii) a bimodal distri-
bution of distances between consecutive FG repeats with a
dominant peak at a relatively short distance of 19.3 A and a
narrow SD of 6.6 A (Fig. 2C); (iii) a distribution of radii of gy-
ration (R,) with a low mean and a narrow SD (SI Appendix, Fig.
S2); (iv) formatlon of metastable conformational states on the
timescale of nanoseconds to microseconds (SI Appendix, Fig. S3);
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Fig. 2. Biopolymer properties of FSFG repeats. (A) The secondary structures assigned to FSFG, by the program STRIDE (88) throughout the 30-us-long TIP4P-Ew

simulation of FSFG,:NTF2. Helical or sheet secondary structures did not form during the simulations. See S/ Appendix, Fig. S1 for secondary structure
assignment in additional simulations. (B) Mean radius of gyration as a function of segment length in TIP4P-D or TIP4P-Ew simulations of FSFG:NTF2 and
FSFG,:NTF2 in the different water models. The Flory exponent was extracted by fitting to power law nf, where n is the segment length. (C) Distribution of
distances between adjacent FG motifs in the presence of NTF2 using the TIP4P-D and TIP4P-Ew water models, computed in 1-A bins. A bimodal Gaussian fit
to the average over each water model is shown in space-fill for TIP4P-D (pink) and TIP4P-Ew (blue). (D) Change in end-to-end distance between con-

secutive FG motifs in TIP4P-D simulations, with fast fluctuations around the dominant peak on the nanosecond timescale.

and (v) a relatively high probability of intrachain hydrophobic
contacts, albeit significantly lower than for a globular protein
such as NTF2 (SI Appendix, Fig. S4). In contrast, in the TIP4P-D
simulations, the FG repeats form an extended disordered en-
semble (50, 51) in excellent agreement with the experimental
data (50), with (i) a Flory exponent v = 0.48-0.51, the “theta”-
solvent regime where attractive and repulsive interactions bal-
ance each other, preventing the polymer from either collapsing
to a molten globule or swelling (Fig. 2B, Movie S1; ref. 49); (i) a
distribution of distances that, although bimodal as with TIP4P-Ew,
features a dominant peak at a greater distance of 33.0 A with a
broad SD of 10.5 A (Fig. 2B); (iii) a distribution of radii of gy-
ration (R,) with a high mean value and broad SD (SI Appendix,
Fig. S2); (iv) rapid transition between states within nanoseconds
and no formation of metastable states (SI Appendix, Fig. S3); and
(v) a low number of intrachain hydrophobic contacts with no hy-
drophobic core formation (SI Appendix, Fig. S4).

The TIP4P-D model seems more appropriate to describe the
disordered FG repeats than the TIP4P-Ew model, as intended
(35, 36). The reason is that the reported radius of hydration (R;,)
measured by dynamic light scattering (29) and the Stokes radii
(Ry) determined by size-exclusion chromatography (15) for FxFG
flavor Nups strongly argue against FSFG, adopting a compact
disordered ensemble (predicted to have lower R, or Ry values;
refs. 52, 53). In addition, independent SAXS studies of human
Nup153 FG repeats with similar sequence properties to FSFGg
also indicate an extended disordered state showing better agree-
ment with TIP4P-D simulations than with TIP4P-Ew simulations
(35). Finally, our previously reported NMR relaxation measure-
ments do not suggest significant intrachain contacts for FSFGg
(29). Taken together, these results demonstrate that FG repeats
form a classical, completely disordered random coil with no
stable intramolecular interactions.

Raveh et al.

FG Nups Are Fast-Moving Entropic “Springs.” That the FG repeats in
the TIP4P-D simulations resemble a Flory polymer in theta-
solvent (Fig. 2B) indicates that they can be modeled as an ideal
freely jointed chain (FJC) or its continuous extension, the
wormlike chain (WLC) (49, 54). In the latter case, the polymer is
treated as a semiflexible rod with a typical persistence length that
quantifies its stiffness (55). The computed persistence length in
the TIP4P-D simulations indicates a remarkable level of
flexibility, ranging from 6.0 to 7.4 A in the FSFG4:NTF2 and
FSFG,:NTF2 simulations, respectively. This stiffness implies
that the backbone of the FG repeats is rigid only over the span of
two consecutive peptide bonds, in agreement with single-mole-
cule force spectroscopy data for Nup153 (26). According to both
the FJC and WLC (with short persistence length) models, the
polymer behaves as an entropic “spring” that resists perturba-
tions to its length and radius of gyration similarly to an ideal
Hookean (linear elastic) spring. This behavior arises from dif-
ferences in configurational entropy in macrostates of varying
end-to-end distances (49) (SI Appendix Methods, Eqs. S4-S7; for
derivation of the FJC and WLC energy potential for an un-
constrained polymer). The entropic spring assumption is in good
agreement with the dominant Gaussian peak observed at 33.0 +
10.5 A in the distribution of interrepeat distances (Fig. 2C,
Movie S1). The spring rapidly transitions between these macro-
states on the timescale of nanoseconds (Fig. 2D); the second,
minor peak observed at 10 A is likely due to weak and transient
interactions that temporarily stabilize the chain conformation at
this shorter distance (Fig. 2D), and thus does not correspond to
an entropic spring. Fixing the length of the FG repeats at 10 A
would entail a considerable free energy penalty due to the loss of
configurational entropy, thus disfavoring static interactions be-
tween two FG motifs at this distance. Although thinking of FG
repeats as springs may be an oversimplification, the concept does
capture significant elasticity of the FG repeats that results in
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entropically driven resistance to compression favored by inter-
actions with TFs. This elasticity helps the TF jump from one FG
repeat to another, in turn resulting in rapid diffusion through
the NPC.

Multiplicity of Interaction Sites on NTF2. TFs, such as Kap95 and
NTEF2, were previously suggested to use multiple interaction sites
for FG motifs based on NMR chemical shift analysis (34) and
simulation (33). Most recently, the export factor Crml was
crystallized with eight simultaneously bound FG motifs from
three regions of the FG Nup Nup214 (56). Indeed, in both the
TIP4P-D and TIP4P-Ew simulations, the FSFG motifs formed
multivalent contacts at many different sites (SI Appendix, Fig.
S5A4), including at previously experimentally determined sites
(13, 34) and sites suggested from simulations (33). In particular,
we observed that a large number of interactions formed at the
hydrophobic groove that bridges the two monomers of NTF2 and
contains (but is not restricted to) the cr[ystallographic binding
site. NMR titration experiments of [U-"N] NTF2 that were
performed with increasing concentrations of FSFG4 showed
good agreement with the TIP4P-D simulation of FSFG4NTF2
(8I Appendix, Fig. S5B), including the clustering of contacts at
the hydrophobic groove. These results indicate that TFs, such as
NTF2, have a surprisingly large surface area associated with FG
motif interaction.

Contributions from FG Motif Residues. The FG motif residues
generally contributed strongly to the FSFG:NTF?2 interaction, in
particular in FG motifs 3, 4, and 5, and to a lesser extent, motif 1
(81 Appendix, Fig. S6A4). Because the six repeats of FSFG¢ have
nearly identical sequences (Figs. 14 and 34) and share similar
chemical environments according to our recent NMR studies
(29), we were able to reduce the standard errors associated with
each individual repeat and significantly amplify the signal-to-
noise ratio by averaging over the 19 residues of the FG repeat
units (Fig. 3B). As expected, the average contribution of the FG
motif residues was much larger than for the spacer residues.

Interaction Dynamics. Our recent NMR measurements have
demonstrated that the FG repeats of FSFG¢ undergo rapid ex-
change at their interaction sites on Kap95 (29); this rapid ex-
change was also reported for a different sequence of FG repeats
from hNup153 during the interaction with several TFs of dif-
ferent structural architectures, including hANTF2, importin-p, and
hTRN1 (30). These recent NMR measurements also showed
that FG repeats remain highly disordered while transiently
interacting with TFs (29, 30). However, the thermodynamics and
kinetics of this rapid exchange are not yet understood. To de-
scribe the dynamics of the FSFGg construct during its interaction
with NTF2, we experimentally measured the R,/R; ratio for the
N-H bonds of each of its (nonproline) residues in the presence
of NTF2 (SI Appendix, Fig. S6B) and averaged again over the 19
residues of the FG repeat (Fig. 3C). The FG motif residues,
which contribute most strongly to the interaction with NTF2,
displayed elevated R, values indicative of slower motion of these
interacting residues, consistent with previous studies (29, 30). We
expect contributions from chemical exchange (R.x) to be limited
as previously noted (29). Next, we compared the experiments to
simulations by computing theoretical R,/R; ratios from our
TIP4P-D simulations of FSFGg in the presence of NTF2 (Fig.
3C; SI Appendix, Fig. S6B). Indeed, the R,/R; ratio for the FG
motif residues that interact with NTF2 (repeats 1, 3, 4, and 5 of
FSFGy) were elevated. The corresponding order parameters (S7)
computed from the simulations are shown in SI Appendix, Fig.
S6C; Table S3. These observations are consistent with our prior
findings (29) that the exchange rate of FG motifs with their TF
interaction sites is fast.
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Fig. 3. Binding dynamics to NTF2. (A) Sequence profile of the six FG repeats
in FSFGg. (B) The fraction of simulation time in which different FSFGg resi-
dues are in contact (<5 A distance between any pair of heavy atoms) with
NTF2 during the TIP4P-D simulation, averaged over all residues in corre-
sponding repeat positions. (C) R./R; relaxation values measured experi-
mentally by NMR (black) and in the FSFGg:NTF2 simulations (red). Sequence
position 14 represents S alone. See S/ Appendix, Fig. S6 for nonaveraged
data for the entire sequence of FSFG.

Possible Role for Spacer Residues. The simulations also revealed
that several spacer residues form transient contacts with NTF2
(Fig. 3; SI Appendix, Fig. S6; Movie S2). Spacer residues were
previously observed at the interaction interface in the crystal
structure of the high-affinity complexes between the TFs Kap95
and CRM-1 (56) and FG Nups Nupl and Nup214 (pdb-id 2bpt;
ref. 57), respectively. However, the predicted R,/R; ratios of the
spacer residues that interact with NTF2 (except those immedi-
ately adjacent to the FSFG motifs) are not elevated (cf. Fig. 3 B
and C), in agreement with experimental values (Fig. 3C). The
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combination of high contact rate and low R,/R; ratio suggests
that these spacer residues contribute only transient and low-
specificity contacts, but may assist in briefly anchoring adjacent
FG motifs to NTF2. These interactions may lower the free en-
ergy barrier to forming and breaking specific FG-motif:NTF2
contacts. The elevated R,/R; ratio in the residues that immedi-
ately flank the FG motif may be attributed to their proximity to
the bound FG motif, but may also be due to transient hydro-
phobic contacts of the proline residue that preceded the FG
motif (consensus position 7 in Fig. 34).

Sliding Motion in a Lower-Dimensional Space. Our simulations are
validated by their reproduction of key experimental observations
(Figs. 2 and 3). Thus, we may use our simulations to describe
other aspects of the interaction dynamics that are not accessible
to experiments. Specifically, we observed that the simulated FG
motifs do not interact statically in a single well-defined pose with
NTF2, but rather exhibit a significant degree of local motion and
remain partially localized to the TF. We termed this local motion
“sliding,” because the FG motif maintains contact with NTF2 as
it slides along the surface, remaining at least partially localized.
The sliding motion was observed (in our TIP4P-D water simu-
lations) at the primary, crystallographically observed binding site,
where FG motifs tend to slide laterally along the hydrophobic
groove at the interface between the two NTF2 subunits (Fig. 4),
as well as at alternative sites where an FG-repeat sliding-and-
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Fig. 4. Sliding of the FG motif residues along the crystallographic binding
groove. (A) Superposition of the centers of mass of the FG motif residues
(FSFG) at the crystallographic binding site from 10 independent TAMD
simulations with the TIP4P-Ew water model (red spheres), and their principal
components scaled by their eigenvalues (red arrows), showing a favorable
lateral sliding mode of motion (PCA1). The NTF2 subunits are shown in blue
and gray ribbon/surface representation. The trace of the center of mass of
the same FG motif during the first 400 ns of the unbiased bound FSFGg:NTF2
simulation with the TIP4P-D water model is shown in a color gradient of
spheres from its initial conformation (t = 0 ns; orange) to the final unbinding
event (t = 400 ns; blue), as it slides along PCA1 (t = 200 ns; green) (Movies S3
and S4). (B) The principal component values during the unbinding in the
unbiased FSFGgNTF2 simulation shown in A and in Movies S3 and S4. (C) Oc-
currence of motions over 5 A along the different principal components for
RAMD simulations with decreasing random force magnitude (x axis). A random
force of magnitude 0 kcal mol™ A2 is equivalent to an unbiased simulation.
Trend lines from a polynomial fit are plotted in gray.
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displacement event occurs (see below). After sliding out of the
crystallographic binding site, the FG motifs either slide back to the
original strongly interacting conformation, or slide out completely
and disengage from NTF2 (Fig. 4; Movies S3, S4, and S5). This
decrease in apparent dimensionality may result in increasing the
rate of a key step in macromolecular transport through the pore;
less time is spent exploring possible conformations because the
search is constrained to a limited surface.

Robustness of Sliding to Water Model. We attempted to enhance
the sampling in our TIP4P-Ew simulations using temperature-
accelerated molecular dynamics (TAMD) (58, 59) to determine
whether the sliding motion is sensitive to the choice of water
model. We accelerated the transition rate between system states
by imposing a TAMD restraint on a pair of spacer residues,
without directly biasing the motion of the FG motif (Methods). In
10 independent TIP4P-Ew TAMD simulations, the FG motifs
exhibited significantly increased sliding motion similar to that of
the unbiased TIP4P-D simulations. We applied principal com-
ponent analysis (PCA) to the coordinates of the center of mass
of the FG motif at the crystallographic binding site (residues 50—
53) in the TIP4P-Ew TAMD simulations (Fig. 4 A and B; SI
Appendix, Fig. S6). The first principal component of the centers
of mass accounts for 71.5% of the variance (SI Appendix, Table
S2). This principal component corresponds to the exact one-
dimensional motion along the groove that we observed in the
TIP4P-D unbiased simulations. Hence, the tendency of FG
motifs to slide on NTF2 does not depend on the choice of water
models used here.

Propensity for Sliding. To assess the predominance of sliding over
other modes of motion, we complemented our Anton simula-
tions with 5,400 independent and relatively short (150-1,500 ps)
randomly accelerated molecular dynamics (RAMD) simulations
(60) of a single FG motif at the NTF2 crystallographic binding
site, for a total of 3,820 ns of simulations. In contrast to most
enhanced sampling methods, RAMD has often been used to find
favorable modes of motion of a ligand or structural element and
avoid a priori assumptions about the direction of motion (61,
62). Using RAMD, we iteratively applied a randomly oriented
steering force of fixed magnitude to the FG motifs, settin% the
magnitude of the steering force between 5.0 and 12.5 kcal mol T A™!
in different simulations. When the external force was strong
(12.5 keal mol™ A™"), the propensity for sliding along PCA1 was
only 22%, but increased to 64% as the external force was de-
creased to 5.0 kcal mol™" A~ (Fig. 4C, Movie S6). By extrapo-
lation, the propensity for sliding is likely to be even higher as the
random force reaches zero and the simulations become unbiased.
We conclude that an FG motif favors sliding along the hydro-
phobic groove at the interface between the two NTF2 monomers.
Next, we address the question of whether or not this sliding results
in faster exchange of bound FG motifs.

Slide-and-Exchange by FG Repeats. As the FG motifs slide along
PCALl (SI Appendix, Fig. S8, Movie S5), the original atomic con-
tacts are broken and new contacts are formed. This transition from
a strongly interacting state to a weakly interacting state is stabilized
by weak nonnative contacts, and leaves the interaction pocket
partially accessible. As one FG motif slides to this weakly inter-
acting state, competing FG motifs may slide into the interaction
pocket and displace the previously strongly interacting motif. In-
deed, in our longest simulation (a 32-ps simulation of FSFG, and
NTF2), one of the FG motifs was observed to slide along the
NTEF2 surface, displacing an FG repeat that was interacting at a
noncrystallographic site (Fig. 54, Movie S7). Furthermore, in one
of our unbiased simulations of FSFG, and NTF2 in TIP4P-D
water, we observed two FSFG repeats interacting simultaneously
at the crystallographic binding site (Fig. 5B, Movie S8).
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Fig. 5. A sliding-and-exchange mechanism. (A) A strongly interacting motif
slides out (motif II; pink to red) to a weakly interacting state as a competing
motif (motif I; cyan to blue) slides in Movie S7 in the unbiased TIP4P-Ew simu-
lation of FSFG,:NTF2. (B) Two individual FG motifs (magenta and red space-fill,
indicated as | and Il) accommodated simultaneously at the crystallographic
binding site on the NTF2 dimer along the horizontal binding groove in the
unbiased TIP4P-D simulation of FSFG:NTF2. (C) A representative exchange tra-
jectory (similar to other productive exchange trajectories which comprise 97% of
all trajectories), showing the distance from the interaction site of either the
displacing (Left) or displaced FG motif (Right), projected over each of the three
principal components (as in Fig. 4A; SI Appendix, Table S2). See also Movie S9.
(D) Distribution of productive vs. nonproductive exchange events in the targeted
MD simulations (63), in which the displacing FG motif was targeted toward the
interaction site from either the +PCA1, —PCA1, or +PCA2 directions. A pro-
ductive exchange event requires productive entry (Left) and exit (Right), assessed
here according to the final root-mean-square-deviation (RMSD) from the in-
teraction site of either the displacing or displaced FG motifs, respectively.

Because the experimental data indicate that the exchange of
FG motifs occurs on the timescale of several microseconds (29),
the exchange is a relatively rare event even on the timescale of

E2494 | www.pnas.org/cgi/doi/10.1073/pnas.1522663113

the unbiased Anton simulation. To increase our confidence that
such rare simulated events nevertheless reflect the nature of the
actual process, we complemented the Anton simulations and the
RAMD simulations with an additional 1,500 independent tar-
geted MD simulations (63), each simulated for 700 ps (a total of
1,950 ns). In each of these simulations, an unbound FG motif
(motif 1) was targeted toward an interaction site on NTF2, which
was in turn initially occupied by a second FG motif (motif 2).
Motif 1 was targeted toward NTF2 from either the +PCAl
sliding direction, from the opposing —-PCAL1 sliding direction, or
from the +PCA2 nonsliding direction (PCAs as indicated in Fig.
4A4; SI Appendix, Table S2).

As expected, when motif 1 was targeted toward the interaction
site starting from the +PCAL1 direction, it readily entered the
interaction site in 69% of the simulation trajectories (Fig. 5 C
and D, Left) and promoted the complete ejection of motif 2 out
of the interaction site in 98.5% of the simulation trajectories
(Fig. 5 C and D, Right; Movie S9). In contrast, the exchange was
mostly nonproductive when motif 1 entered the binding site from
the +PCA2 nonsliding direction. In addition, the sliding was
asymmetric with respect to the sliding direction, and was dis-
favored when motif 1 approached the interaction site from the
—PCAL1 sliding direction. Lastly, in 97% of the productive ex-
change events, motif 2 was ejected from the interaction site in the
PCA1 sliding direction, as motif 1 approached the interaction site,
as in the representative trajectory plotted in Fig. 5B and shown in
Movie S9. Thus, reversible sliding in and out of the binding site
along PCA1 may indeed provide a direct and energetically fa-
vorable mechanism for fast exchange of FG Nups with TFs.

Discussion

The interaction between FG Nups and TFs lies at the heart of
nucleocytoplasmic transport. Several mesoscale models have
been proposed to explain the transport mechanism (21), though
none describes FG-TF interactions at the atomic level of detail.
Our previous experimental studies (29), as well as independent
studies from other groups (30), indicate that TFs associate and
dissociate from FG motifs at an exceptionally fast rate. This fast
exchange may reconcile the apparent discrepancy between trans-
port that is rapid on the one hand, and selective on the other (Fig.
64). However, the underlying mechanism of this exchange is un-
known. Based on our unbiased long-timescale simulations, sup-
ported by enhanced-sampling simulations and NMR experimental
measurements, we have identified a strong tendency of FG motifs
to transition rapidly between the strongly interacting and weakly
interacting states through sliding in and out of interaction pockets
on the surface of a TF (Fig. 4). These rapid transitions provide
an efficient mechanism for fast exchange of FG motifs through
competitive displacement (Fig. 5), compared with a much slower
exchange expected for a two-state interaction mechanism that
requires full disengagement and reengagement. In summary, we
suggest the following key features result in rapid FG repeat ex-
change on TFs, thus facilitating the rapid translocation of TFs
during nucleocytoplasmic transport without compromising trans-
port specificity (Fig. 6B): (i) rapid kinetics of individual FG motif-
TF interactions due to sliding (Figs. 4 and 5; SI Appendix, Figs. S7
and S8); (if) anchor points for fast exchange on the surface of TFs
due to multiplicity of TF interaction sites (SI Appendix, Fig. S5)
and transient interactions by spacer residues (Fig. 3; SI Appendix,
Fig. S6); and (iii) intrinsic elasticity of the FG repeats favoring
dynamic interactions and resisting entropic restriction due to static
interactions (Fig. 2; SI Appendix, Figs. S1-S4).

Biophysical Properties of TFs and FG Motifs That Enable Sliding. It has
previously been suggested that proteins may slide on DNA (64)
or during interactions between globular proteins (65). Here, we
extend this concept to sliding of disordered interaction motifs on
globular proteins. The dynamic nature of the interacting state of
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landscape, compared with complete unbinding and rebinding.

the NTF2 and FG repeats may explain why crystallization of the
NTF2:FSFG complex required the N77Y mutant NTF2, that
binds FG motifs significantly more tightly than wild-type NTF2.
In the strongly interacting mutant, transport is slower compared
with wild-type NTF2, attesting to the likely functional role of a
dynamic binding mechanism in facilitating efficient nucleocyto-
plasmic transport (66) as well as a fine-tuned affinity for FG/TF
interactions. Hence, although the experimental evidence over-
whelmingly suggests that NTF2 is specifically tailored to interact
with FG repeats (67) and to transport 120 times faster than
similarly sized molecules (22), both NTF2 and the FG repeats
seem to possess certain geometric and chemical features that
lower the energy barrier to sliding. From a biochemical point of
view, these features may include the following: (i) A relatively
large and elongated interacting groove on NTF2, which could
restrict the sliding direction and enable competing FG motifs to
approach the interaction site simultaneously (Fig. 54); (if) the
presence of multiple hydrophobic residues at close proximity to
the interaction site that could streamline the motion of the FG
motifs along the interaction site and disfavor its complete dis-
sociation from the TFs, as also evidenced by the patch of
chemical shift perturbations on NTF2 upon binding to FG re-
peats (Fig. S5), and by the fact that increased surface hydro-
phobicity promotes fast transport even in non-TF proteins (68);
(iii) the intrinsic flexibility of the FG spacer regions that further
disfavors static binding due to the entropic penalty of restraining
flexible molecules; and (iv) the entropic benefit of interacting
dynamically rather than statically. It remains to be seen whether
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such a specific-yet-dynamic mechanism of interaction is preva-
lent in other classes of disordered proteins and globular proteins,
in particular in transient-yet-specific interactions, which are un-
derrepresented in databases of protein interactions due to their
lower signal in experimental assays (69).

FG Motifs as Dynamic Probes. The reduced dynamics of the FG
motif residues, which were observed both experimentally (29)
and here in silico, originated in the simulations not only from the
strong interactions between the FG motifs at the crystallographic
binding site, but also from transient and apparently nonspecific
contacts between various patches on the surface of NTF2 in the
weakly interacting state (Figs. 3 and 4). Slower dynamics of FG
motif residues were observed not only in the presence of TFs, but
also in NMR measurements of FSFG in Escherichia coli cells and
in lysates, which do not contain TFs, yet those relaxation mea-
surements produced a similar signal to that observed in the
presence of TFs (29). We suggest that the relatively hydrophobic
nature of phenylalanine residues, their ability to form =-inter-
actions with charged residues, the relatively long distance of their
sidechains from the backbone, and the structural flexibility of the
adjacent glycine residues turns the phenylalanine-glycine motifs
into perfect probes for rapid binding moieties. These motifs
readily and nonspecifically interact with protein surfaces, but the
surface of specific TFs is tuned to funnel them toward stronger
interactions at multiple sites and to enable surface sliding between
strongly interacting and weakly interacting states. This high degree
of interacting state dynamics promotes fast exchange and selec-
tive transport of TFs.

Direct Function for Intrinsic Disorder. Disordered proteins are well-
established mediators of protein—protein interactions through
incorporation of short linear binding motifs and/or through
folding upon binding (50). Nevertheless, the direct role of pro-
tein disorder itself in function is often overlooked. FG Nups
provide an intriguing model system where the intrinsic polymer
properties of the disordered FG repeat domains contribute di-
rectly to rapid diffusion of TFs through the NPC. According to
our simulations and experimental measurements, the FG repeats
most closely resemble a classic random coil with spacer regions
acting as soft entropic springs between consecutive FG motifs
(Fig. 2, Movie S1). The resulting structural plasticity enables the
relatively free movement of interacting FG motifs in the context
of full FG repeat domains, and disfavors static interactions due
to the large entropic penalty for constraining a flexible chain.
The spacer regions may form nonspecific and transient interac-
tions with NTF2, both providing anchors for rapid recontacting of
loose FG motifs, and resulting in a weak multivalency effect. As
already suggested (70), electrostatic interactions between the
disordered regions and TFs may also play a role similar to the
well-characterized effect of electrostatic steering on the kinetics of
protein—protein interactions (71). We also observed electrostatic
steering due to long-range interaction between the multiple lysine
residues in the FG motifs and the acidic patch on NTF2 (residues
91-93), which we shall further investigate in future work.

Toward a Comprehensive Model of Transport. Our simulations de-
scribe important microscopic aspects of the FG-TF interaction
at an atomic-level resolution, aspects that are not explicitly
considered by any of the previously proposed mesoscale models
of nucleocytoplasmic transport (1, 3, 15, 23-28, 72). Nonetheless,
it is informative to assess our results in the context of those
models. We do not observe in silico any significant inter-FG
motif interactions, which is a prominent tenet of the hydrogel
model (24). Instead, the highly dynamic, extended random coil
behavior of the FG Nups, the lack of intrachain interactions, and
the entropic resistance to spatial confinement are consistent with
some key aspects of the virtual gate/polymer brush models
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(23, 27). The different flavors of FG repeats (15) have been pro-
posed to play different roles in transport and interaction with
specific ligands (15, 16, 73-75). Correspondingly, NTF2 is a rep-
resentative of the NTF-like family of TFs, and TFs of the kar-
yopherin-p family adopt an entirely different structural
architecture (76). Nevertheless, both families of TFs have evolved,
perhaps convergently, to interact with FG motifs through hydro-
phobic pockets defining multiple binding sites on the surface of a
TF (77). They also show similar interaction dynamics as reported
here for NTF2 (29, 35), suggesting that they are transported
through a similar mechanism to that of NTF2. Therefore, it seems
likely that their mechanisms are also similar, although it remains to
be seen how changes in the composition of FG Nups affect their
biopolymer properties and how these differences are translated to
fine-tune the transport system and its interactions with different
types of TFs. The effects of confining FG repeats within a con-
stricted channel, and allosteric modulation due to interactions with
proteins such as Ran (78, 79) also need to be assessed (9).

In conclusion, we propose that sliding of FG repeats contrib-
utes to fast exchange of TFs over a wide range of biophysical
states of FG repeats within the NPC. Our findings suggest a
mode of interaction between disordered proteins and other
macromolecules that is reminiscent of the sliding of transcription
factors on DNA (64) or of interactions between globular proteins
(65). This mode is fundamentally different from the classic,
two-state binding reaction that is often used to describe protein—
protein interactions. The ability to interact transiently yet
selectively appears to be an evolved property that facilitates
dynamic cellular processes, such as the transport of macromole-
cules through the NPC.
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