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Abstract

Both natively folded and intrinsically disordered proteins (IDPs) destined for the
nucleus need to transport through the nuclear pore complexes (NPCs) in
eukaryotic cells. NPCs allow for passive diffusion of small folded proteins while
barricading large ones, unless they are facilitated by nuclear transport receptors.
However, whether nucleocytoplasmic transport of IDPs would follow these rules
remains unknown. By using a high-speed super-resolution fluorescence micros-
copy, we have measured transport kinetics and 3D spatial locations of transport
routes through native NPCs for various IDPs. Our data revealed that the rules
executed for folded proteins are not well followed by the IDPs. Instead, both
large and small IDPs can passively diffuse through the NPCs. Furthermore, their
diffusion efficiencies and routes are differentiated by their content ratio of
charged (Ch) and hydrophobic (Hy) amino acids. A Ch/Hy-ratio mechanism
was finally suggested for nucleocytoplasmic transport of IDPs.
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within mammalian cells.® Similarly, calcium-responsive
transactivator (CREST) localizes to the nuclear bodies

Bioinformatics studies indicate that more than half of all
eukaryotic proteins contain regions of disorder,” in
which approximately one third of them largely lack sec-
ondary structure.> Many of these intrinsically disordered
proteins (IDPs) are known to localize in the sub-nuclear
compartments, such as cleavage body, nuclear body,
chromatin, Cajal body (CB), and nuclear pore complexes
(NPCs).* Studies have shown that IDPs play important
roles in signaling, genome fidelity, and regulatory func-
tions in these compartments.””’ For instance, Coilin,
which is a highly disordered and essential protein compo-
nent of CB, functions in adhering the CB to the nucleolus
and conducting post-transcriptional modification of RNA
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and plays a role in dendritic development and other cel-
lular processes in mammalian cells by interacting with
histones and DNA remodeling proteins.® Another impor-
tant nuclear IDP, SLD2, associates with chromatins and
participates in DNA replication initiation in Saccharomy-
ces cerevisiae.'® Following the central dogma of transcrip-
tion and translation, nuclear bound IDPs must
translocate from the cytoplasm into the nucleus by cross-
ing the nuclear envelope (NE).'"'?

Acting as nuclear gatekeepers, thousands of NPCs are
embedded in the NE and regulate the trafficking of
folded and unfolded proteins between the nucleoplasm
and cytoplasm. The NPC is a large assembly of approxi-
mately 30 different proteins, known as nucleoporins
(Nups), with each present in multiples of eight copies per
pore.’* ' One third of these Nups are IDPs with domains
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rich in phenylalanine-glycine (FG) repeats.'® The FG
Nups form the critical permeability and selectivity barrier
(FG-Nup barrier) in the NPC to mediate transport of
macromolecules approaching the NPC from either cyto-
plasm or nucleus.'”®

In past years, intensive studies on the permeability and
selectivity of NPC revealed a size-dependent criterion for
transportation of folded proteins through the NPC. If
folded protein cargos are larger than ~40 kDa, they can be
barricaded by the FG-Nup barrier’**° unless they carry
either nuclear localization sequence (NLS) for nuclear
import or nuclear export signal (NES) for nuclear export.*®
Nuclear transport receptors, also known as karyopherins,
recognize the NLS or NES and facilitate folded protein
cargos to transport through the NPCs by directly inter-
acting with the FG-Nup barrier. The directionality of facili-
tated transport through the NPC is regulated by a gradient
of Ran-GDP/Ran-GTP across the NE.**! In contrast, if
folded proteins lack the above signals and are smaller than
~40 kDa, they are capable of passively diffusing through
the NPC independent of energy consumption and trans-
port receptors.’”> However, it is still unknown if a size-
dependent rule of exclusion, observed in folded protein
transport, is applicable for IDP transport through the NPC.
By employing a high-speed super-resolution fluorescence
microscopy, termed single-point edge-excitation sub-
diffraction (SPEED) microscopy,”*** we measured trans-
port kinetics and 3D spatial locations of transport routes
for various IDP candidates through the NPCs with a spa-
tiotemporal resolution of 400 ps and <10 nm. We found
that the size-exclusion rule for folded proteins is not
followed by the IDPs as they move through the NPC.
Instead, both large and small IDPs can diffuse through the
NPC neither consuming energy nor utilizing transport
receptors. Specifically, the IDP's transport efficiencies and
spatial diffusion routes through the NPCs strongly depend
on their content ratio between charged and hydrophobic
amino acids (AAs).

2 | RESULTS

2.1 | IDPs display different
characteristics from folded proteins in
nucleocytoplasmic transport

To test whether the size-dependent rule of
nucleocytoplasmic transport for folded proteins applies to
IDPs, we tracked single IDPs with different sizes as they
transport through the native NPCs of HeLa cells. In our
tests, both large (>40 kDa) and small (<40 kDa) IDPs
with and without FG domains contained in their disor-
dered regions were employed as candidates, including

Coilin (63 kDa), Nspl (1-603, 62 kDa), SLD2 (52 kDa),
Nupl59 (441-881, 45kDa), Nspl (173-603, 45 kDa),
CREST (43 kDa), Nup42 (1-372, 37 kDa), Nspl (1-172,
17 kDa), and Nup116 (348-458, 11 kDa) (Table 1). These
IDP candidates possess a high-level of disorder and were
isolated with a high purity (Figure S1, Section 4). Prior to
imaging, these IDPs were chemically labeled by Alexa
Fluor 647 succinimidyl ester or maleimide dyes. Native
NPCs embedded into the NE were labeled through genet-
ically tagging a green fluorescent protein (GFP) to a scaf-
fold Nup POM121 (Figure 1a, Section 4). Next, SPEED
microscopy was utilized to illuminate a single GFP-
labeled NPC on the NE and track individual Alexa-Fluor-
647 labeled IDPs as they transport through the illumi-
nated NPC in digitonin-permeabilized HeLa cells
(Figures 1b and S2, Supplementary Notes).

Digitonin-permeabilized cells containing intact nuclei
and porous cytoplasm were chosen for re-building a con-
trollable and functional nucleocytoplasmic transport sys-
tem for folded proteins.>**>*® Before applying the
permeabilized cell system for our candidates, we measured
the NPC's permeability and selectivity for various dextrans
and folded proteins ranging in size from 10 to 70 kDa, and
tested if the NPC's FG-Nup barrier remains functional
under our permeabilization conditions. As shown in
Figures S2 and S3, we found that the NPCs in perme-
abilized cells are permeable to a 10-kDa dextran and a
27-kDa GFP, while less permeable to a 40-kDa dextran
and almost impermeable for 54-kDa 2xGFP and 70-kDa
dextran. Meanwhile, the nuclear import efficiencies signif-
icantly decreased from ~50% down to ~4% as the molecu-
lar weights increased from 10 to 70 kDa, which further
confirmed the NPC's functional permeability in perme-
abilized cells (Table 2). In this case, nuclear import effi-
ciency is defined as the number of successful tracking
events (the particle originates in the cytoplasm, interacts
with the NPC, and then successfully crosses to reach the
nucleoplasm) divided by the total number of tracking
events (also including those abortive events where the par-
ticle failed to reach the nucleoplasm). In addition to test-
ing passively diffusing particles, the NPC's FG-Nup barrier
was also determined to be functional for facilitated translo-
cation after permeablization. In contrast to the failure of
2xGFP to penetrate the NPCs by itself (Figure S3C), 2xGFP
equipped with a nuclear localization signal (NLS) was suc-
cessfully carried through the pore by Importin a/Importin
B1 when these nuclear transport receptors were introduced
to the permeabilized cell (Figure S2C,D).>>** Overall, the
above tests reaffirmed that the NPCs maintain their func-
tional permeable selectivity barriers under our
permeabilization conditions. Moreover, to the best of our
knowledge, no specific transport receptors are suggested
for these IDP candidates we tested.
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TABLE 1 Characteristic list of IDPs sorted by Ch/Hy ratio
Spatial transport route
Central
MW Net Charged Hydrophobic Periphery channel Ch/Hy
Candidate (kDa) charge AA (%) AA (%) (%) (%) ratio
SLD2 52 42+ 1.5 35 32 28 +2 72+ 2 1.08
Nspl (173-603) 45 -8.5+ 4.5 30 32 20+ 3 80+ 3 0.94
Coilin 63 122+ 1.5 28 34 30+ 2 70+ 2 0.80
Nup116 (348 - 458) 11 -5.5+4.5 31 41 17+ 3 83+ 3 0.74
charged mutation
Nspl (1-603) 62 -5.5+ 4.5 22 31 28 +2 72+ 2 0.73
Nup159 (441-881) 45 -28.3+ 4.5 17 34 17+ 3 83+ 3 0.51
CREST 43 9.6+ 1.5 8 27 91+3 9+3 0.30
Nup42 (1-372) 37 -3.5+4.5 4 31 82+3 18+ 3 0.11
WT Nupll6 11 -10.5 + 4.5 3 28 92+3 8+3 0.09
(348 - 458)
Nspl (1-172) 17 -10.5 + 4.5 26 72+ 2 28+ 2 0.07

Note: Disorder level score was calculated using IUPRED.>® Approximately 500-1,200 spatial locations were collected in order to obtain reliable 3D spatial
transport route for each candidate in our measurements based on computation simulation (Section 4).
Abbreviations: Ch/Hy, charged/hydrophobic; CREST, calcium-responsive transactivator; IDP, intrinsically disordered protein; IUPRED, intrinsically

unstructured proteins prediction.

With the above control experiments, we started to
determine the transport kinetics and localize the dwell
positions of individual IDPs traversing the NPC by
adding in vitro purified IDPs (~0.1 nM) into the perme-
abilized cell system. The localized positions were then
superimposed to form a 2D super-resolution spatial dis-
tribution of the IDP in the NPC (Figures 1b and 2). Fol-
lowing an established transform (or back-projection)
algorithm, this 2D distribution can be further converted
into their 3D transport routes (computed probability den-
sity maps) in the NPC (Figures S4-S6, Supplementary
Notes, README).***” First, because of large disordered
regions and behaving as highly dynamic IDPs,?® isolated
FG segments of FG Nups can be used as IDP candidates
to explore the size-exclusion rule through the NPC
(Figure S1, Table S1). To avoid any specific self-
association and incorporation into native human NPCs,*
we employed isolated FG segments of yeast FG-Nups as
candidates (Figure 2). By tracking nuclear transport of
these FG-containing IDPs (FG-IDPs) through 10 different
NPCs of 10 permeabilized cells by SPEED microscopy
with a spatiotemporal resolution of 400 ps and <10 nm,
we found that not only small (37-kDa Nup42 and 11-kDa
Nupll6) but also large (62-kDa Nspl and 45-kDa
Nup159) FG segments can passively diffuse through the
native NPCs without the presence of any transport recep-
tors (Figure 2a-d). This is in direct contrast to 2x-GFP
and the larger dextrans. Moreover, these large FG-IDPs

completed their passive diffusions through the NPCs with
similar diffusion times (1-4 ms) and transport efficiencies
(~50%) as those smaller ones, further demonstrating that
the molecular weight is unlikely a dominant factor in
determining the transport mode and kinetics for IDPs
(Tables 2 and S1). Moreover, the 3D nuclear transport
routes of these large FG-IDPs further suggested that they
mainly diffuse through the central axial channel of the
NPC (the spatial probability of IDPs staying in the chan-
nel >70%), which is previously believed to be reserved for
the passive diffusion of small folded proteins (Figures 2a,
b and S2B, Tables 1 and S1).>°! In contrast, the two
smaller FG-IDPs, Nup42 (1-372) and Nup116 (348-458),
primarily diffused through the peripheral regions of the
pore (the spatial probability of IDPs staying in the periph-
ery >80%). Remarkably, the transport routes for these
small IDPs in absence of transport receptors are similar
to those obtained for facilitated translocation of large
folded protein cargos (Figures 2c,d and S2C,D, Table 1).
It appears that the above distinct transport routes
obtained for small and large IDPs are exactly opposite to
the previous spatial transport routes identified for small
and large folded cargo proteins.***°~

To test the possibility that the above characteristics
may not be unique to only FG-IDPs, we additionally
tested three non-FG nuclear IDPs: SLD2, Coilin, and
CREST (Video S1). Following the same experimental pro-
cedure as the FG-IDPs, we have determined the spatial
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FIGURE 1 Nuclear transport of IDPs through the NPC illuminated by SPEED microscopy. (a) The fundamental mechanism for
nuclear transport of IDPs through the NPCs remains unknown. Native NPCs embedded into the NE were labeled through genetically
tagging green fluorescent protein (GFP) to a scaffold Nup POM121, in which the fluorescence of GFP-POM121was utilized to localize the
NPC. Alexa Fluor 647 dye molecules were used to label FG- and non-FG-IDPs. N, nucleus; C, cytoplasm. (b) Wide-field epifluorescence
image shown a green fluorescent ring of NE in a permeabilized HeLa cell expressing GFP-POM121. SPEED microscopy illuminated only a
single NPC on the NE. Labeled IDPs were tracked as they diffused through the NPC and their dwelling positions (red dots) were localized
and then superimposed to obtain a 2D super-resolution distribution around the NPC centroid (green dot). N, nucleus; C, cytoplasm. IDP,
intrinsically disordered protein; NE, nuclear envelope; NPC, nuclear pore complex; SPEED, single-point edge-excitation sub-diffraction

TABLE 2 Nuclear transport kinetics of protein candidates
IDPs Dextrans and folded proteins
Charged Nup11l6 WT Nupl16
Candidate SLD2 CREST (348-458) (348-458) Dextran Dextran Dextran GFP 2xGFP
MW (kDa) 52 43 11 11 10 40 70 27 54
Ch/Hy ratio 1.08 0.30 0.74 0.09 = = 0.12 0.12
Major spatial transport Central  Peripheral Central Peripheral Central  Central - Central -
route
Dwell time (ms) 14+05 30+£10 14+038 2.7+12 1.2+02 20+04 - 27+12 -
Import efficiency (%) 36+ 4 56 + 4 39+4 51+5 51 +4 26+ 4 4+2 47+ 5 6+6
Export efficiency (%) 50 + 4 49 +4 39+ 4 50+ 5 51 +4 26 + 4 - 47+ 5 -

Note: In our measurements, more than 200 transport events were collected from 10 different NPCs of 10 cells to determine the transport kinetics for each candidate.
Abbreviations: Ch/Hy, charged/hydrophobic; CREST, calcium-responsive transactivator; GFP, green fluorescent protein; IDP, intrinsically disordered protein;
NPC, nuclear pore complex.

pathways for these non-FG IDPs after collecting data
from 10 different NPCs of 10 permeabilized cells, as
shown in Figure 2e-g. All tested non-FG IDPs similarly
appeared to passively diffuse through the NPC as com-
plete import and export events were recorded without the
presence of transport receptors. However, unlike the two
large FG-IDPs that passively diffuse through the NPC's

central axial channel, these large non-FG IDPs (>40 kDa)
took distinct and separate spatial pathways through the
NPC. In detail, SLD2 and Coilin, agreeing with large FG-
IDPs, mainly diffused through the central axial channel,
but CREST mainly moves in the periphery around the
central channel. Again it seems that the IDP's molecule
weight is not a determining factor for IDP's transport
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FIGURE 2 Two-dimensional super-resolution spatial distributions and 3D transport routes of various IDPs with different molecular
weights. The molecular weight (i), disordered level (ii), 2D super-resolution spatial distribution superposed with the 2D physical schematic
of NPC in the (X, Y) coordinate plane (iii), and 3D spatial probability density map superposed with the 3D physical schematic of NPC (a cut-
away view) in the (X, R, ©) cylindrical coordinate system for each IDP candidate were provided. In addition, a histogram of spatial
probability density for the radial dimension was shown in iv to highlight either a single peak representing a central axial transport route or
two peaks representing a peripheral transport route. (a) Nspl (1-603) refers an FG segment (AA 1-603) of yeast Nsp1 with a molecular
weight of 60 kDa (i). With a high disordered level (ii), Nsp 1 (1-603) was found to mainly diffuse through the NPC's central axial channel,
based on its 2D super-resolution spatial distribution (black dots in iii) and 3D spatial probability density map (red clouds in NPC's axial and
radial views shown in iv). N, nucleus; C, cytoplasm. (b-g) Defined similarly as in A, the major information and results for Nup159 (441-881),
Nup42 (1-372), Nup116 (348-458), SLD2 (1-453), Coilin (1-576), and CREST (1-402) were presented. IDP, intrinsically disordered protein;
NE, nuclear envelope; NPC, nuclear pore complex
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modes through the NPCs, in addition to its incapability
in deciding the nuclear transport routes for IDPs.

Additionally, we further estimated the hydrodynamic
radii of these IDP candidates. We first determined which
portion of each candidate would likely fold or unfold
using the protein modeling software, Phyre2.*> We then
calculated the hydrodynamic radii of our candidates for
the folded and unfolded regions by pulsed field gradient
techniques.34 As shown in Table S2, the estimated IDP's
hydrodynamic sizes (3-8 nm in radii and 6-16 nm in
diameter) would suggest that only the candidates with
smaller sizes (<10 nm in diameter) could potentially dif-
fuse through the NPC's central channel (~ 10 nm in
diameter at the narrowest waist). However, our data indi-
cated that some IDP candidates with larger sizes (up to
16 nm in diameter) diffuse through the central channel,
while some smaller IDPs (down to 6 nm in diameter)
take peripheral transport routes rather than the central
channel through the NPCs. The above results again sug-
gest that the IDP's size is not a determining factor for nei-
ther its diffusion modes (passive or facilitated) nor
transport routes through the NPCs.

2.2 | AA composition of IDPs plays
critical roles in determining their
transport routes through the NPC

Next we sought what features of IDPs distinguish their
diffusion pathways through the NPC. The FG-Nup bar-
rier forms through hydrophobic interactions between FG
Nups and generates a highly hydrophobic and slightly
positively charged microenvironment for transiting mole-
cules in the NPC.>**” Recent evidence further revealed
that the FG-Nup barrier possesses a heterogeneous spa-
tial distribution of FG domains, to which sparsely popu-
lated FG domains exist in the central axial channel and
more concentrated FG domains stay in the peripheral
regions around the central channel.’’° As a result, the
central axial channel could be more hydrophilic and its
periphery may be more hydrophobic in the NPC. Besides
the molecular size, previous studies suggested that the
charge and hydrophobicity of folded proteins can also
affect their translocation through the NPC.>>*™** By
defining the charged (K, R, D, and E) and hydrophobic
(A, V, L, , M, P, F, and W) residues at physiological
pH 7.4 (Figure S1),** we found that the IDP candidates
that adopt different diffusion routes can have similar per-
centages of hydrophobic AAs and net charges, but differ
in their content ratios of charged (Ch) and hydrophobic
(Hy) AAs (Table 1). For example, SLD2 diffusing through
the central channel contains 35% of charged AAs and
32% of hydrophobic AAs, generating a Ch/Hy AA ratio of

1.08. However, Nup116 (348-458) moving through the
periphery (3% of charged AAs and 28% of hydrophobic
AAs) possesses a Ch/Hy ratio of 0.09, which is about
12-fold lower than that of SLD2. Therefore, we postulate
that IDPs that contain high Ch/Hy ratios may diffuse
through the NPC's central axial channel, and those with
low Ch/Hy ratios could diffuse through the peripheral
regions around the central channel.

To further test the hypothesis, we mutated a majority
of (WT) Nupl16 (348-458) neutral AAs adjacent to the
FG motifs into charged AAs (Figure 3a,b, Table 1). These
charge mutations of WT Nupl16 (348-458) changed the
Ch/Hy ratio of 0.03 to 0.74 for the charged version of
Nupl16 (348-458) while maintaining the same approxi-
mate molecular weight. We found that dramatically
increasing the Ch/Hy ratio caused the charged mutant of
Nupll6 (348-458) to diffuse through the central axial
channel, avoiding the peripheral pathway adopted by WT
Nupl16 (348-458) (Figure 3a,b). This observation was
reaffirmed by Nspl and its truncates (Nspl [1-603],
Ch/Hy = 0.73), (Nsp1 [1-172], Ch/Hy = 0.07), and (Nsp1
[173-603], Ch/Hy = 0.94). As shown in Figures 2a and
3c,d, both Nspl (1-603) and Nspl (173-603) with high
Ch/Hy ratios diffused through the central axial channel,
while Nspl (1-172) with a low Ch/Hy ratio diffused
through the periphery, thus confirming the results of
Nupll6 and its charged mutant. This suggests that the
Ch/Hy ratio of IDPs is the dominant role in deciding the
spatial transport route through the NPCs, instead of
the size.

2.3 | Relationship between Ch/Hy ratio
and nuclear transport efficiency of IDPs

The content information of hydrophobic and charged
AAs is always the focus in studying the structure and
function of IDPs. More than three decades ago, protein's
Ch/Hy ratio was firstly used as an informal IDP predic-
tor.** In recent years, the Ch/Hy ratios of FG Nups have
been characterized in understanding the structure and
dynamics of these IDPs in the NPCs.***>*¢ Here our
results for the first time demonstrated that the IDP's
Ch/Hy ratio can also significantly influences the spatial
transport route of IDPs through the NPCs. Interestingly,
we further found that the spatial transport pathways of
IDPs through the NPCs seem to be largely a two-state
phenomenon with a Ch/Hy ratio transition point approx-
imately at 0.37, obtained by sigmoidal fitting (Figure S7).
As demonstrated, the IDPs with Ch/Hy ratios above this
transition point have higher probabilities of diffusing
through the NPC's central axial channel with a lower
probability to occupy its periphery and vice versa for the
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IDP's Ch/Hy ratio determines its spatial transport route through the NPC. The 3D spatial probability density map overlaid

with the 3D physical schematic of NPC (a cut-away view) in the (X, R, ©) cylindrical coordinate system (i) and the AA sequence (ii) for each

IDP candidate were provided. Additionally, a histogram of spatial probability density for the radial dimension was shown in (ii) to highlight

either a single peak representing a central axial transport route or two peaks representing a peripheral transport route. (a, b) WT Nup116

(348-458) and its charge mutant separate their 3D transport routes through the NPC after mutating 31 more neutral AAs adjacent to FG

motifs into highly charged residues (k in red and d, e in blue). N, nucleus; C, cytoplasm. (¢, d) Two segments of WT Nspl (1-603), Nspl
(1-172), and Nsp1 (173-603), have different charged AAs (k in red and d, e in light blue) and Ch/Hy ratios, which differentiates them into
two distinct 3D diffusion routes through the NPCs. AA, amino acid; Ch/Hy, charged/hydrophobic; IDP, intrinsically disordered protein;

NPC, nuclear pore complex

IDPs with Ch/Hy ratio below 0.37. Additionally, we fur-
ther surveyed 80 more human nuclear IDPs and found
that ~90% of them have Ch/Hy ratios above 0.37 and the
rest with ratios below the transition point (Table S3). The
Ch/Hy ratio distribution in these IDPs agrees with previ-
ous measurements and estimations.*” The dramatic two-
state scenario observed for NPC transport routes of IDPs
might suggest that endogenous nuclear IDPs could be dif-
ferentiated into two different transport behaviors through
the NPCs.

An interesting question is whether the high or the
low Ch/Hy ratios in these endogenous human nuclear
IDPs could enhance or inhibit the nuclear import effi-
ciency of the protein from cytoplasm into nucleus
through the NPC. This question can serve important for a
better biological understanding of the activity of endoge-
nous nuclear IDPs as well as for synthetic peptides
intended to reach the nucleus of the cell. To answer this
question, we further measured nuclear transport (includ-
ing both import and export) efficiencies for both FG-IDPs
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(b) IDP with high
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=

FIGURE 4 A Ch/Hy ratio model for nucleocytoplasmic transport of IDPs. (a) A size-exclusion model for folded proteins. Small signal-

independent proteins (<40 kDa) can passively diffuse through the NPC in both directions (green double-headed arrow); however, larger

protein cargos can be repelled by the NPC unless carrying an NLS for import or an NES for export. These signals will be recognized by

transport receptors (importins for NLS or exportins for NES) to form complexes and then the complexes transport through the NPC in the

mode of facilitated translocation (red single-headed arrows). Emerging evidence suggests that passive and facilitated transports mainly adopt

their spatial routes through the NPC's central axial channel (green regions) and the peripheral areas (red areas), respectively. (b) A Ch/Hy
ratio model for IDPs. Both large (>40 kDa) and small (<40 kDa) IDPs can passively diffuse through the NPC (double-headed arrows).
Moreover, the IDPs with high Ch/Hy ratio (> ~0.37) prefer diffusing through the central axial channel (red arrow and area), while the IDPs

with smaller Ch/Hy ratio (< ~0.37) mainly diffuse through the peripheral area around the central channel (green arrows and areas). Ch/Hy,

charged/hydrophobic; IDP, intrinsically disordered protein; NES, nuclear export signal; NLS, nuclear localization sequence; NPC, nuclear

pore complex

and non-FG IDP candidates by SPEED microscopy,
including SLD2, CREST, Nupll6 (348-458), and its
charged mutant, as these candidates have highly varying
Ch/Hy ratios (Table 2). Nuclear import or export events
through the NPCs, classified as being either successful or
abortive, describes the complete process that an IDP
entering the NPC from the cytoplasmic or nucleoplasmic
side, successfully reach the other side or return to the
starting side after interacting with the NPC. By compar-
ing the percentage of total events deemed successful
events, we can obtain nuclear import or export efficiency.
After collecting 200 nuclear import or export events for
each IDP candidate from 10 different NPCs of 10 cells,
we found that these IDP candidates have almost equal
probability for bidirectional moving through the NPC but
different Ch/Hy-dependent import or export efficiencies
(Table 2). In detail, WT Nupll6 (348-458) with a low
Ch/Hy ratio of 0.09 diffusing through the peripheral
regions possesses higher import and export efficiencies
(~50%) than its charged mutant having a high Ch/Hy
ratio of 0.74 moving through the central axial channel
(~39%) (p-value < .01). Similarly, the measured nuclear
import efficiencies of other IDPs, CREST (Ch/Hy = 0.30)
and SLD2 (Ch/Hy =1.08), confirm the trend (import

efficiency of ~56% for CREST and ~36% for SLD2),
although they have almost the same export efficiencies
(~50%). Thus far, our data indicates that IDPs with lower
Ch/Hy ratios corresponding with a NPC transport route
through the periphery have more effective nuclear import
than those with larger Ch/Hy ratios diffusing through the
central axial channel.

3 | DISCUSSION

One of our major research goals in this paper is to exam-
ine whether the size-exclusion rule established for
nucleocytoplasmic transport of folded proteins would be
applicable to IDPs as they transport through the NPCs
under physiological conditions. This information can
help toward a better understanding of endogenous
nuclear IDP structure-function pairing. By understand-
ing the characteristics that determine IDP nuclear trans-
location, insight into synthetic peptide design can
additionally be gained for targeting particles to the
nucleus. By using the high-speed super-resolution fluo-
rescence SPEED microscopy setup, we tracked real-time
transport processes and mapped 3D transport routes for
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various IDP candidates through the native NPCs in
permeabilized human cells. Our data revealed that both
large and small tested IDPs ranging from 11 to 63 kDa
can diffuse through the NPC without the addition of
transport receptors. This is in stark contrast to data
obtained for folded proteins and large dextrans. More-
over, we found that the nucleocytoplasmic transport effi-
ciencies and the spatial transport routes of these IDPs
through the NPCs heavily depend on the Ch/Hy ratios in
their AA compositions rather than their molecular
weights (or hydrodynamic radii). These new findings
enabled us to suggest a Ch/Hy-ratio mechanism for
nuclear transport of IDPs through the NPCs (Figure 4,
Videos S2 and S3). In detail, differing from the passive
and facilitated transport models of NPC transport for
folded proteins (Figure 4a), IDPs rely less on size
(or molecular weight) and more on their composition of
AAs to determine their effectiveness and mode of trans-
port. It must be noted that extremely large IDPs (over
100 kDa) have not yet been tested. It remains unknown if
there is a maximum threshold for molecular weight in
IDPs that would prevent them from diffusing through the
pore unaided.

Given the heterogeneous micro-environments formed
in the NPC,*® we suggest that these two distinct passive
diffusion pathways through the NPC for IDPs could be
driven by two different mechanisms. As proven
previously,'>'®?” the peripheral regions around the cen-
tral axial channel in the NPC are filled with concentrated
disordered FG domains to form a highly hydrophobic
micro-environment. As a result, such hydrophobic cir-
cumstances in the NPC would favor transiting molecules
with more exposed hydrophobic groups at their surfaces
to diffuse in, but may repel those with hydrophilic sur-
faces. Given the fact that the IDPs with low Ch/Hy ratio
contain higher percentage of exposed hydrophobic AAs
than those IDPs with high Ch/Hy ratio, the diffusion of
the former IDPs through the hydrophobic periphery can
be favorably driven by hydrophobic interactions and
much easier than the latter ones. In contrast, the central
axial channel occupied by few or very sparse FG domains
creates an aquatic-like space, which would more likely
favor hydrophilic transiting molecules to diffuse through,
such as ions, small soluble proteins, and IDPs with high
Ch/Hy ratios. Thus, the passive diffusion of IDPs with
high Ch/Hy ratios through the central axial channel
could be simply a diffusion process modeled as hydrogen
bonding in aquatic narrow channel.*>'**’

Moreover, the tested large IDPs can passively diffuse
through the NPCs, while large folded proteins with simi-
lar molecular weights cannot, might due to their natively
disordered conformations. Differing from the structured
or globular shape of folded proteins, IDPs do not hold a
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certain geometry and can remain flexible and dynamic in
nature.*” First, the lack of rigidity in shape may allow
large IDPs to “fit” into the NPC's narrow central axial
channel (~10-14 nm in diameter) or “sneak” into the
gaps between FG Nups located at the periphery, 27493
resulting in effective entrance into the NPC. Second, the
lack of secondary structure and dynamic nature of many
IDPs allows them to fully expose hydrophobic or hydro-
philic interaction groups at the surface to interact with
the surroundings. For example, as addressed in the for-
mer paragraph, large IPDs with low Ch/Hy ratios could
employ exposed hydrophobic AAs to directly interact
with FG domains in the peripheral regions in the NPC,
enhancing easier entrance into the FG-Nup barrier and
generating higher transport efficiency. These direct
hydrophobic interactions between transiting IDPs and
FG Nups may explain why transport receptors are not a
necessity for transport of nuclear IDPs with low Ch/Hy
ratios. Additionally, since some nuclear IDPs accumulate
in the nucleus, they might be retained through binding to
prevent diffusion out of the nucleus.

Currently it is still challenging, but highly desirable,
to obtain high-resolution (<50 nm) 3D information of
structures and dynamic processes in either fixed or live
samples. SPEED microscopy is one of the newly devel-
oped techniques to determine 3D sub-diffraction-limited
structural or dynamic information in rotationally sym-
metric bio-structures®»***” without using 3D super-
resolution microscopy or real-time 3D particle tracking.
So far, the method has been successfully applied to
achieve 3D structural and functional information for
25-300 nm subcellular organelles that meet the rotational
symmetry requirement such as NPC, primary cilium,
microtubule and glass nanocapillary.”® To further intro-
duce the method and respond to questions about the
reproducibility in obtaining 3D information by 2D to 3D
transformation,’>> we have provided comprehensive
analyses of this method by detailing the mathematical
principle, the experimental data and the computational
simulations used in our method.”>>* There are two criti-
cal factors in reproducing the accurate 3D super-
resolution information, the single molecule localization
error and the number of single molecule locations. Both
have been fully discussed.” The recent successful appli-
cations of SPEED microscopy in various systems prove
the robustness of achieving accurate and highly repro-
ducible 3D super-resolution information by following the
2D-to-3D transformation procedures we developed.™
Many of our major findings have been subsequently con-
firmed by other independent studies using different
approaches, such as coarse-grained molecular dynamics
simulation and cryo-electron microscopy.*>**>* Finally,
open source code of the 2D to 3D transformation
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algorithm (MATLAB) and simulations (Python) are also
provided online at https://github.com/SamJunod/
yanglab.

4 | MATERIALS AND METHODS
41 | Cell culture and transport
conditions

A HeLa cell line stably expressing the GFP-conjugated
POM121 was authenticated by the NIH ATCC and moni-
tored to be free of mycoplasma on a routine check before
experiments. Freshly split cells were grown overnight on
coverslips in DMEM supplemented with 10% FBS. By
conjugating GFPs with POM121, the middle plane of the
NE can be determined.”’ However, multiple-GFPs-conju-
gate-POM121 NPCs have enhanced transport time and
efficiency compared to that of WT NPCs.>* Following the
same experimental procedure, the transport time and
efficiency for single-GFP-POM121 NPCs were measured,
and it was found that nuclear transport was not
enhanced by a single GFP conjugate. Therefore, experi-
ments were conducted with a single-GFP-POM121 cell
line, and GFP fluorescence was utilized to localize the
location of individual NPC on the NE.

For microscopy, flow chambers were constructed
with a top coverslip and two lines of silicone grease as
spacers. Cells were washed with transport buffer
(20 mM HEPES, 110 mM KOAc, 5 mM NaOAc, 2 mM
MgOAc, 1 mM EGTA, and pH 7.3), permeabilized for
2 min with 40 pg/ml digitonin in transport buffer, and
washed again with transport buffer supplemented with
1.5% polyvinylpyrrolidone (PVP; 360 kDa). PVP was
included in all transport buffer solutions after digitonin
treatment to prevent osmotic swelling of the nuclei. For
single-molecule measurements of facilitated transloca-
tion and passive diffusion of various molecules through
the NPCs, 1 nM intrinsic fluorescent or dye-labeled sub-
strates were used. For the efficient nuclear import of
1 nM labeled NLS-2xGFP, the transport buffer con-
tained the import cofactors 1 mM GTP, 2 pM Ran, 1 pM
NTF2, and 0.5 pM Imp f1 and 0.5 pM Imp «, respec-
tively. More details can be found in previously published
methods.*>?’

4.2 | Dextran, folded proteins, and
labeling

Dye-labeled dextrans were purchased from Invitrogen. N-
terminal His-tagged GFP and 2xGFP were expressed in
E. coli and purified by Ni-NTA Superflow (Qiagen),

MonoQ, and Superdex 200 (Amersham) chromatography.
The transport cofactors used for nuclear import of NLS-
2xGFP were purified as described in previous reports,?-*
unless specified in the methods. For labeling, the solvent-
accessible cysteines on the proteins were labeled with
20-fold molar excess Alexa Fluor 647 maleimide dye
(Invitrogen) for 2 hr at room temperature in 50 mM
sodium phosphate, 150 mM NaCl, and pH 7.5. Reactions
were quenched with p-mercaptoethanol, and the prod-
ucts were dialyzed to remove the free dyes. The labeling
ratio is about two dyes per GFP and four dyes per NLS-
2xGFP.

4.3 | FG-domain synthesis, expression,
purification, and labeling

Coding sequences for FG-domains were PCR amplified
from S. cerevisiae DNA or synthesized de novo by
GenScript and were cloned into pGEX-2TK in frame
with the 3’ end of the glutathione Stransferase (GST)
gene. Where indicated, codons encoding six His and one
Trp residues were added at the 3’ end. FG-domains were
expressed as GST fusions in E. coli BL21 strain, and
glutathione-coated beads were used to isolate them from
bacterial extracts. FG-domains were released by throm-
bolysis from their GST tag, and in some cases, nickel-
coated beads were used to recapture the FG-domain via
its C-terminal His-tag. These were eluted from beads
with 50 mM NaH,PO, pH 8.0, 300 mM NacCl, 250 mM
imidazole, 0.1% Tween-20, and concentrated (Centricon
3) when necessary. All proteins were then labeled with
20-fold molar excess Alexa Fluor® 647 Succinimidyl
Ester (Invitrogen) for 2 hr at room temperature in bind-
ing buffer (20 mM HEPES pH 6.8, 150 mM KOAc,
2mM MgOAc) and the products were dialyzed to
remove the free dyes. The labeling ratios are in the
range of 3-6.

4.4 | Production, expression,
purification, and labeling of non-FG IDPs

Full-length constructs of yeast SLD2 or human CREST
were cloned into a C Terminal GST Vector. Expression was
performed in BL121(DE3) E. coli until an OD of 0.6 was
reached. Cells were then lysed via homogenization (Avestin
B-15) in Lysis Buffer (1X PBS, 2 M NaCl) and dissolved Pro-
tease inhibitor Cocktail (Sigma Aldrich). Cell lysate was
then incubated with Glutathione Hicap matrix (Qiagen).
After centrifugation, the beads and protein were re-
suspended in PBS-DTT and placed into a chromatography
column. The non-FG IDPs were then cleaved off the
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column using Precision Protease (GE Heathcare
Lifescience). Purity was confirmed using SDS-PAGE. For
labeling, IDPs were reduced with a 100X molar excess of
TCEP for 20 min and then labeled with a 20-fold molar
excess Alexa Fluor® 647 Maleimide (Invitrogen) overnight
at 4°C. Products were dialyzed to remove the free dyes. The
labeling ratios are in the range of 1-2 dyes per protein.

4.5 | Instrumentation

The SPEED microscope includes an Olympus IXS81
equipped with a 1.4 NA 100x oil-immersion apochromatic
objective (UPLSAPO 100XO, Olympus), a 35 mW 633 nm
He-Ne laser (Melles Griot), a 120 mW ArKr tunable ion
laser (Melles Griot), an on-chip multiplication gain
charge-coupled device camera (Cascade 128+, Roper Sci-
entific), and the Slidebook software package (Intelligent
Imaging Innovations) for data acquisition and processing.
An optical chopper (Newport) was used to generate an
on-off mode of laser excitation. GFP and Alexa Fluor
647 fluorescence were excited by 488 and 633 nm lasers,
respectively. The two lasers were combined by an optical
filter (FFF555/646 Di01, Semrock), collimated and focused
into an overlapped illumination volume in the focal plane.
The green and red fluorescence emissions were collected
by the same objective, filtered by a dichroic filter
(Di01-R405/488/561/635-25x36, Semrock) and an emission
filter (NFO01-405/488/561/635-25X5.0, Semrock) and
imaged by an identical CCD camera. The system error of
alignment between red and green fluorescence channels is
3.0 £ 0.1 nm, determined by measuring 230 immobile
Alexa Fluor 647-labeled GFP fluorescent molecules on the
surface of a coverslip.

4.6 | Orientation of a single NPC

The position of the NE was localized by fitting GFP fluo-
rescence of POM121 as follows: the pixel intensities
within a row or a column approximately perpendicular to
the NE were fit to a Gaussian. The peak position of the
Gaussian for a particular set of pixel intensities was con-
sidered the NE position for that row and column. The
peak positions of a series of such Gaussians were then fit
with a second-degree polynomial, yielding the path of the
NE within the entire image.*

Two rules were then used to select a single NPC ori-
ented perpendicularly to the NE on the equator of the
nucleus and to the y direction of the Cartesian coordinates
(x, y) in the CCD camera: (a) choose a fluorescent NPC on
the equator of the nucleus such that the tangent of the NE
at the location of this NPC should be parallel to the y
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direction of the Cartesian coordinates (%, y) in the CCD
camera; and (b) examine the ratio of Gaussian widths in
the long and short axes of the chosen GFP-NPC fluores-
cence spot. The ratio needs to fall between 1.74 and 1.82.
Within this range, an illuminated NPC only has a free
angle of 1.4° to the perpendicular direction to the NE.*

4.7 | Localization precisions of isolated
fluorescent spots

The localization precision for fluorescent NPCs, immobile
fluorescence molecules and moving fluorescence mole-
cules was defined as how precisely the central point of
each detected fluorescent diffraction-limited spot was
determined. For immobile molecules or fluorescent NPCs,
the fluorescent spot was fitted to a 2D symmetrical or an
elliptical Gaussian function, respectively, and the localiza-
tion precision was determined by the SD of multiple mea-
surements of the central point. However, for moving
molecules, the influence of particle motion during image
acquisition should be considered in the determination of
localization precision. In detail, the localization precision
for moving substrates (c) was determined by an algorithm

2
of 6= \/ gt ;1\?2/ 2) 4 8”1’2(3;;]%2/ 127) where F is equal to
2, N is the number of collected photons, a is the effective

pixel size of the detector, b is the SD of the background

in photons per pixel, and s=/s3 + %DAt, Sp is the SD of
the point spread function in the focal plane, D is the dif-
fusion coefficient of substrate in the NPC, and At is the
image acquisition time.**~*

In our experiments, more than 1,000 signal photons
were collected from each targeted molecule. The locali-
zation precision for the immobile molecules based on
the SD of multiple measurements is approximately 10
+ 1 nm. For moving molecules through the NPCs (cap-
tured within ~300 nm in the focal plane of SPEED
microscopy as shown in Figure S1), the localization
precision is calculated to be <13 nm based on the
above equations and the parameters determined experi-
mentally (N> 1,000, a = 240 nm, b~ 2, sp = 150 +
50 nm, D is in the range of O.4—0.8pm2/s for the tested
substrates). The approach to determine the diffusion
coefficients here follows the published procedure.*
The localization precision of the NPC centroid
was determined to be 2 + 1 nm in permeabilized cell.
The system error of alignment between red and
green fluorescence channels is 3.0 £ 0.1 nm, deter-
mined by measuring 230 immobile Alexa Fluor
647-labeled GFP fluorescent molecules on the surface
of a cover-slip. Therefore, the overall tracking precision
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for labeled molecular transport through the GFP-
labeled NPC was estimated to be <13.5 nm in perme-
abilized cells.

4.8 | 2D to 3D transform algorithms and
image processing

The detailed transform process used to compute the 3D
spatial probability density maps of particles transiting
through the NPC was described in our previous publica-
tions®>***?” and demonstrated again here in Figure S3. In
short, the 3D spatial locations of molecules transiting
through the NPC can be considered in either Cartesian
(X, Y, Z) or cylindrical (X, R, ©) coordinates. In micro-
scopic imaging, the observed 2D spatial distribution of
particle localizations is a projection of its actual 3D spa-
tial locations onto the XY plane. The underlying 3D spa-
tial distributions can be recovered by projection of the
measured Cartesian (X, Y) coordinates back onto the sim-
plified cylindrical (X, R, constant) coordinates, based on
the expected cylindrically symmetrical distribution along
the © direction of the nuclear pore. More detailed infor-
mation can be found in Figure S3 and its figure caption.
The resulting 3D, surface-rendered visualizations shown
in figures and movies were generated with Amira 5.2
(Visage Imaging).

4.9 | Accurate 3D nuclear transport
routes through the NPC further validated
by Monte Carlo simulations

A Monte Carlo simulation was employed to demonstrate
the reproducibility of our method in obtaining accurate
3D super-resolution information in the setting of
rotationally symmetrical biostructures.”® Two critical
parameters, the number of acquired single-molecule loca-
tions and the localization error of those acquired loca-
tions, are used to determine this reproducibility. The
Monte Carlo simulation®*” and our use of it to validate
our technique, as well as other details, are described else-
where.”" Briefly, an estimated number for the amount of
data points needed to resolve the pathway through the
NPC as being either through the central axial channel, or
periphery of the NPC was calculated using Monte Carlo
simulations. Simulations were conducted using randomly
sampled X and Y positions confined to either the axial
center of a 200 nm length cylinder, or the periphery
of the 50 nm radius within the NPC. Each sampled
point was calculated using a probability distribution
corresponding to our experimental single molecule locali-
zation precision to simulate error. The data was then run

through our deconvolution process. Many iterations were
run under the necessary conditions for each experiment
to determine the minimum amount of data needed to
resolve 3D spatial transport route.”’ The README file is
provided on https://github.com/samjunod/yanglab under
the IDP folder, which allows readers to download and
test the 2D to 3D Transformation Process.

410 | Statistical analysis

Experimental measurements are reported as means +
SEs of the mean unless otherwise noted. Binomial Z test
for proportions was used for p-values regarding nuclear
transport efficiency.
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