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Supporting Information Text

A. Alternative simulation set-ups.

A.1. Weakly attractive NTR-NTR interactions. The simulations in the main text assume that NTRs interact with other
NTRs only through an excluded volume interaction (steric repulsion), with no attractive component (eatt, = 0 between
NTRs). In order to examine how possible short-range weakly attractive interaction between NTRs would affect our
results, we repeated the simulations with €., = 0.1 kT between NTRs. Figure S2A and B show that main features
of the results remain unchanged: flux through the NPC remains non-saturating and an anti-clogging regime exists at
low NTR concentrations.

A.2. Imperfect absorption at the nuclear boundary. In the model in the main text, the steady state NTR flux generated
by the RanGTP cycle is approximated by a steady state flux generated by the absorbing boundary at the nuclear side
where particles are absorbed and re-injected on the cytoplasmic side. To test that our results are not an artifact of the
choice of the boundary conditions, we explored an alternative case where a fraction (25%) of the NTRs experienced
a reflecting boundary at the nuclear end of the simulation instead of an absorbing boundary (while the absorbing
boundary holds for the remaining 75% of NTRs). Figure S2C and D show that this does not change the non-saturating
behavior of the flux, and the anti-clogging regime at low NTR concentrations persists.

A.3. NTR model with discrete binding “patches”. One concern with using a spherically uniform NTR model is that it
may not capture roughness of the effective potential on length scales smaller than the size of the NTR arising from
the discrete nature of the FG nup binding sites, resulting in inaccurate or biased measurements of times (1). While a
full investigation using more realistic coarse-grained models of NTRs is beyond the scope of this work, we show in
Figure S3 that introducing discrete binding patches on our NTRs results in potentials which are very similar to the
ones obtained using uniform NTRs in terms of smoothness and the response to crowding.

In these NTR models, the size of each patch has a diameter of 1 nm (corresponding to one monomer on the FG nups,
and roughly the size of an FG repeat), and the patches are distributed in an approximate spiral pattern on the surface
of the NTR (which remains a sphere of diameter 5 nm) to mimic the solenoidal shape of Importins/Karyopherins. Each
binding patch interacts attractively with FG nup monomers with €5t = 2.4 kT for 6 binding patches, €41t = 2.0
kpT for 8 binding patches, and €., = 1.8 kT for 10 binding patches. These values were chosen to approximately
match the depths of the effective potentials in the case of uniform NTRs. The remainder of the NTR excluding these
binding patches has a purely repulsive interaction with FG nups, with €,y = 0.

B. Choice of the start and end points of the translocation attempts: effects on the anti-clogging regime. Our
choice of the locations of where NTRs are considered to have left the NPC (thereby terminating abortive or successful
entry events) are informed by the single molecule tracking experiments of (2). As their experiments used human
NPCs, which are longer than the yeast NPCs we modelled our mimic on, we opted for definitions which were similar
in motivation, rather than preserving the exact distances. Their translocation attempts terminated once the NTRs
reached positions where they were no longer be expected to interact with the NPC (i.e. they were further from the
nuclear envelope than the distance between the tip of the cytoplasmic filaments to the centre of the NPC). In our
model, as we had no cytoplasmic filaments, we chose the point at which NTRs were considered to have left the pore
to be where the entire volume of the NTR was outside of the pore. Using our pore dimensions, this placed our pore
exits at z = £22.5 nm.

In order to understand whether our results were robust to this choice, we computed the translocation probabilities
and transport times using Equations 3 and 4 for different choices of the assumed NPC entry and exit locations of the
NTRs. As shown in Figure S6D), the decrease of transport times due to crowding is a very robust phenomenon and
is insensitive to changes in these definitions. By contrast, the increase of the probabilities with crowding is more
sensitive to the entry/exit locations definitions because it depends on NTR-induced re-arrangements of the FG nup
cloud near the pore entrances. Figure S6C shows that the choice for the locations of the exits can be shifted by 10
nm outward while maintaining this regime. However, as 99% of the FG nups in the model are contained within the
region between z = —40 nm and z = 40 nm, shifting the exit locations beyond these values leads to the disappearance
of the anti-clogging regime.

We also examined the choice of the definition of the pore entry locations as the point where the entire volume of
the NTR was inside the pore (at z = —17.5 nm). Figure S6A and B show that shifting the definition of the pore
entrance towards the cytoplasmic exit does not affect the existence of the anti-clogging regime.

C. Measuring the effective potentials and the diffusion coefficients. We ran auxiliary simulations in order to
measure the effective potentials and diffusion coefficients inside the pore at different NTR concentrations. To measure
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the equilibrium effective potential in the pore, we ran simulations where NTRs were allowed to equilibriate throughout
the simulation box to estimate the equilibrium one-dimensional probability distribution P.q(;) (in contrast, the
simulations in the main text were run with a non-zero steady-state flux). The effective potential (which is equivalent
to the potential of mean force (3, 4)) in the pore was obtained as U = —In(Peqy(2)) (5-7).

As the FG nup density may have an effect on the effective diffusion coefficient, we measured the diffusion coefficient
separately in the low density peripheral and high density central regions of the pore (demarcated in Figure S7A).
For each NTR concentration, the two regions of the pore and the equilibrium number of NTRs and FG nups
contained within were placed in a separate simulation box with periodic boundary conditions, so that NTRs were
effectively diffusing within an infinite, rugged pipe formed by repeats of this region (Figure S7B). Despite the complex
environment within the pore, we observe normal diffusion of the NTRs in the pore as illustrated in Figure S8 that
shows sample MSD plots obtained separately for the central and peripheral regions within the pore (see Methods), at
various concentrations. The MSDs of the NTRs were then measured, and the effect of the spatially varying effective
potential within each region of the pore was removed using the Zwanzig correction (1) to the diffusion coefficient:

Dtrue - <6U(Z)>2Dapp <e_U(z)>z

where Diyye is the true diffusion coefficient, D,y is the apparent diffusion coefficient obtained from the MSD
measurements, and U(z) is the effective potential within the region of the pore.

D. Changes in the diffusion coefficient due to crowding cannot explain the clogging-free response. Within the
NPC model of this paper, due to the non-uniform shape of the pore and the differences in the cohesiveness between the
peripheral and the central FG nups, the density of FG nups is non-uniform throughout the channel. This difference in
FG nup density and cohesiveness along the pore results in different effective diffusion coefficients at the center and at
the peripheries of the pore. Within our single-particle 1D diffusion model, the effective diffusion coefficient D(z) is
therefore approximated as piecewise-constant:

Dout, z2< —L
DP  —L<z<-L¢
D(z)=¢DS, —-L¢<z<L" [1]
DP, L¢<z<L
Doy, L<z

where Doy is the diffusion coefficient outside the pore, DY is the diffusion coefficient in the peripheral regions of
the pore, and DY is the diffusion coefficient in the central region of the pore. LY = 6.2 nm is the boundary between
the central and peripheral regions of the pore (see Supplementary Figure S7). Doy is given by the Stokes-Einstein
equation and has no dependence on crowding. Figure 3C shows that both DY and D§, are non-increasing as crowding
increases.

This dependence of the diffusion coeflicient on crowding could be explained by several potential effects. Increased
NTR-NTR crowding creates obstruction which is expected to decrease the diffusion coefficient. Increased FG nup
density increases the “stickiness” (i.e. increases the dissociation times of NTRs from the FG nups within the region),
which is also expected to decrease the diffusion coefficient. Within the peripheral regions of the pore, both the NTR
and FG nup density increase due to crowding, leading to a decrease in diffusion coefficient. In contrast, within the
central region of the pore, crowding results in an increase in NTR density but decrease in FG nup density, so a balance
between these two effects may result in a relatively constant diffusion coefficient. An alternative explanation is that
the central region of the pore is crowded even at low NTR concentrations to the extent that further crowding affects
the diffusion coeflicient very little. Importantly, we have not observed increasing diffusion coeflicients with crowding.

Furthermore, we find that the non-increasing diffusion coefficients which we measure within the pore cannot
produce by themselves any of the clogging free behaviours. Equation 6 in the main text shows that decreasing D(z)
would lead to a decrease in flux; therefore without the changes to the effective potential, we would expect to see a
saturation of the flux due to crowding. Similarly, we found that the changes in the NTR diffusion coefficient due to
crowding alone do not produce increasing translocation probabilites and decreasing transport times by investigating
the hypothetical case of an effective potential that did not change with crowding using Equations 3 and 4 in the main
text, as shown Figure S9. We conclude that the clogging-alleviating behaviours we observe occur due to the changes
of the effective potential due to crowding rather than crowding effects on the diffusion coefficients.
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E. A heuristic model for the absence of the flux saturation with crowding. Assuming that the NTR distribution
within the pore is almost symmetric (which is true even at nonequilibrium steady states, see Supplementary Figure
S5B), and therefore approximately half of the total flux leaving the NPC exits into the nucleus. The flux can be
heuristically approximated as

1 % NporeP
J=1 / NooreP(2) ;. 9
2 Zox T(Z)
where % is the average rate with which NTRs starting from an initial position z escape from the NPC (in either
direction). Npore is the total number of NTRs within the pore, and ]3(2) = fﬁi is the 1D probability density of
X P(z)

NTR positions within the pore, such that Nporeﬁ(z) is the expected number of NTRs within a slice dz of the pore.
7(z) is the average residence time, given as the mean first passage time to escape through either pore opening (8-10):

2t 2! 2!
R N [y R 3
z D(Z) 0

The results of this model are shown in the main text in Figures 2C and 4A (“7 approx” lines).

F. An NPC model containing only low cohesion FG nups cannot produce an anti-clogging regime. The case of an
NPC filled with only low cohesion FG nups is somewhat more complicated than the NPC filled with only high cohesion
FG nups. As shown in Figure SI0A we observe two distinct regimes of the dependence of the translocation dynamics
on crowding at low and high NTR concentrations. At low NTR concentrations both translocation probabilities and
transport times increase with NTR concentration. The qualitative explanation for this effect is that due to the low
cohesion of the FG nups the density of FG nups inside the pore is low in the absence of NTRs. As the number of
NTRs inside the pore increases, their interaction with FG nups initially draws more nups into the pore, deepening the
effective potential in the pore and leading to the increase in both translocation probabilities and transport. At high
concentrations, the FG nups are already collapsed into the pore and the effect of competition between NTRs begins
to dominate, making the effective potentials shallower as crowding increases. This leads to a decreasing translocation
probability with crowding, and transport times that initially drop and then gradually increase, likely due to jamming
(10). Notably, we do not observe an anti-clogging regime with increasing translocation probability and simultaneously
decreasing transport times neither at the high nor at the low concentration regimes.

G. Interchangeability of “slow” and “fast” NTRs within FG nup assemblies. In Section 2E we observed a biphasic
decay of NTRs within the pore which was consistent with previous observations of “fast” and “slow” NTR populations
(11-14).

We wanted to further understand whether the “fast” and “slow” groups were dynamically distinct populations
predisposed to escaping at different rates, or if the composition of these groups was random.

To this end, we first identified the NTRs which were among the first 20 to leave the pore as the “fast” group, and
the NTRs which had been among the last 20 to leave the pore as the “slow” group (out of the initial 150 NTRs in the
pore). We then ran short simulations to sample 100 random realizations of the early stages of our emptying pore,
using the same initial conditions and changing only the seed of the random number generator, and recorded the
identities of the first five NTRs to escape each time.

We found that NTRs identified as members of the group of 20 “fast” NTRs and the group of 20 “slow” NTRs
in the initial simulation were equally likely to be among the first five to leave in the alternative realizations of the
simulation. This is quantified in Figure S11 which shows that the proportion of the alternate realizations where
n NTRs from the “fast” or “slow” groups were among the first 5 to escape agrees with the binomial distribution
B(n,p) where p is the probability of randomly selecting an NTR from the “fast” or “slow” groups by picking any
NTR initially within the pore. Therefore NTRs from the originally identified “fast” group are not more likely to
escape the pore first compared to NTRs which were not from this group. This therefore indicates that the “fast” and
“slow” groups cannot be identified a priori, but are formed dynamically as the pore empties.
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Fig. S1. FG nup cohesion calibration: The scaling parameter v determines the average linear dimension of the polymer through R o< N, quantified here as the radius
of gyration. Here we show the experimentally determined scaling exponents of select FG nups (15, 16) and the corresponding econ Values in our simulation setup. The

cohesiveness of the peripheral FG nups in our NPC model was €con = 0.3 kT, and econ = 0.5 kT for the central FG nups. These values were chosen to lie on opposite
sides of the coil-globule transition (“theta point”), reflecting the two types of conformations found in FG nups (15).
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Kp, =12x 107 M and Kp, =24x 1075 M. These values agree well with experimentally measured values (17). However, the bulk flux through our NPC model
does not saturate even at concentrations well above both of these K values.
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Fig. S8. Sample MSD measurements within the central and peripheral regions of the pore at different NTR concentrations. (A) MSD measured in central region of the pore,
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in the effective potential. (A) The translocation probabilities and transport times predicted by the Fokker Planck model (Equations 3 and 4 from the main text) where only
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