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The in vivo characterization of the exact copy number and the
specific function of each composite protein within the nuclear pore
complex (NPC) remains both desirable and challenging. Through
the implementation of live-cell high-speed super-resolution single-
molecule microscopy, we first quantified the native copies of nu-
clear basket (BSK) proteins (Nup153, Nup50, and Tpr) prior to knock-
ing them down in a highly specific manner via an auxin-inducible
degron strategy. Second, we determined the specific roles that BSK
proteins play in the nuclear export kinetics of model messenger RNA
(mRNA) substrates. Finally, the three-dimensional (3D) nuclear ex-
port routes of these mRNA substrates through native NPCs in the
absence of specific BSK proteins were obtained and further vali-
dated via postlocalization computational simulations. We found
that these BSK proteins possess the stoichiometric ratio of 1:1:1
and play distinct roles in the nuclear export of mRNAs within live
cells. The absence of Tpr from the NPC predominantly reduces the
probability of nuclear mRNAs entering the NPC for export. Complete
depletion of Nup153 and Nup50 results in an mRNA nuclear export
efficiency decrease of approximately four folds. mRNAs can gain
their maximum successful export efficiency as the copy number of
Nup153 increased from zero to only half the full complement na-
tively within the NPC. Lastly, the absence of Tpr or Nup153 seems to
alter the 3D export routes of mRNAs as they pass through the NPC.
However, the removal of Nup50 alone has almost no impact upon
mRNA export route and kinetics.

nucleocytoplasmic transport | 3D super-resolution microscopy |
NPC stoichiometry

Large protein complexes perform complex functions critical to
the survival and proliferation of cells. A prime example of this
phenomenon is one of the largest protein complexes within
eukaryotic cells, the nuclear pore complex (NPC). Embedded within
the nuclear envelope (NE), the NPC is composed of hundreds of
proteins that are classified into approximately 30 different types of
proteins. Together, these proteins form a complex that functions as
the sole gatekeeper to the nucleus by regulating the bidirectional
trafficking of macromolecules between the nucleus and cytoplasm.
The structure of vertebrate NPCs, as evaluated by electron micros-
copy (EM) reconstructions, indicates that vertebrate NPCs are
composed of an octagonal central framework that is ~40 nm in
length with an internal and external diameter of ~50 nm and ~120
nm, respectively. A cytoplasmic ring moiety with cytoplasmic fila-
ments of ~50 nm in length is attached to the central framework on
the cytoplasmic face of the NPC. Both the nuclear ring moiety and
the distal ring together form the nuclear basket of the NPC, a
structure that is ~75 nm in length. This basket is connected to the
central framework on the nuclear face of the NPC (1-4). The NPC is
composed of component proteins called nucleoporins (Nups). Ap-
proximately two-thirds of these Nups are classified as structural or
scaffold Nups and together form the predominant physical structure
of the pore. The remaining one-third component proteins are clas-
sified as phenylalanine-glycine-repeat Nups (FG-Nups) that form the
selectively permeable barrier within the nuclear pore (5-8).
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The nuclear basket of the NPC is composed of nuclear basket
(BSK)-Nups, which, in vertebrates, consists of three FG-Nups:
Nup153, Tpr, and Nup50 (9-12). The stoichiometry of these
BSK-Nups has been estimated to be 8 for Nup153, 32 for Nup50,
and 16 for Tpr in the research of Cronshaw et al. (5) or 32 for
Nup153, 16 for Nup50, and 32 for Tpr from the study of Ori et al.
(13). Due to conflicting studies, there are two different stoi-
chiometric ratios, 1:4:2 and 2:1:2 (5, 13), which have been
obtained via Western blotting, proteomics, and mass spectrom-
etry in isolated nuclei (SI Appendix, Table S1). However, due to
the inherent difficulty of determining protein quantities within
individual supramolecular complexes in live cells, the reports of
BSK-Nups stoichiometry per NPC may represent a best estimate
of the average but still show obvious deviation. A more precise
count of the FG-Nups copy number within the individual NPCs
of live cells would produce a better and more realistic three-
dimensional (3D) architectural map of the NPC, thereby fur-
ther improving our understanding of the function and composi-
tional dynamics of NPCs. Our first attempt to perform a direct
count of Nups utilized in situ single-molecule counting technol-
ogy to directly count the copy number of 24 different Nups
within individual NPCs of live yeast. The resulting stoichiometry
ratio of Nupl and Nup60 located at the nuclear basket was de-
termined to be 1:1 (14). In this paper, we expanded this approach
to quantify the copies of nuclear basket proteins in live human
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cells after utilizing CRISPR/Cas9 techniques to fully label tar-
geted Nups within NPCs.

Export of messenger RNA (mRNA) from nucleus to cyto-
plasm within eukaryotic cells likely occurs through several sub-
steps: trafficking within the nucleus, anchoring at the NPC’s
nuclear basket, moving through NPC, and releasing into the cy-
toplasm for subsequent translation (15-18). Briefly, within the
nucleus, nascent mRNAs undergo mRNA processing (19-23) and
then assemble mRNA:protein complexes (mRNPs) with protein
cofactors prior to the mRNPs docking at the NPC. These cofac-
tors include the transcription-export complex and nuclear trans-
port receptors (24-30). Following docking, the transport receptors
of mRNPs (the transport receptor protein Tap forming a heter-
odimer with cofactor p15 in human cells) enhance the complexes’
movement through the NPC’s selectively permeable barrier to
reach the cytoplasm by directly interacting with FG-Nups (31-35).
After shuttling through the NPC, mRNPs are directionally disso-
ciated into the cytoplasm by the essential mRNP export factors
Glel, IP6, and DDX at the location of Nup214 (36—41). Previous
single-molecule microscopy studies have revealed critical details of
the dynamic features of mRNP export through the nuclear pore
(42-47). It is important to note that some studies indicate that the
nuclear basket could function as the rate-limiting step during
mRNP export, thereby suggesting that FG-Nups within the nu-
clear basket of the NPC could play critical roles for nuclear mRNP
export (15, 18, 46, 48). Echoing this finding, anti-Nup153 and anti-
Tpr antibodies were found to block mRNP transport from the
nucleus to the cytoplasm in vertebrate cells (49-51). Moreover,
knockdown of Nupl53 or Tpr caused nuclear accumulation of
mRNA in eukaryotes (52-54). However, in conflict with these
conclusions, knockout studies in yeast showed that depleting all
FG-region Nups within the nuclear basket (Nupl, Nup2, Nup60)
did not cause an obvious mRNA export defect (55).

In order to further refine the exact number of Nups within
native NPCs and to determine the specific roles of BSK-Nups in
the nuclear export of mRNPs, we first quantified the precise
copy numbers for Nup153, Nup50, and Tpr in live human cells.
This was accomplished utilizing the single-molecule counting ap-
proach previously employed by our laboratory (14). Next, auxin-
inducible degron (AID) strategies were utilized to generate NPCs
containing various copies of these BSK FG-Nups. To track model
mRNP substrates interacting with NPCs containing different copies
of BSK-Nups, high-speed single-particle tracking microscopy was
employed. Through the implementation of this technique, we found
that only Tpr and Nupl53 played critical, but distinct, roles in
regulating mRNA as it is exported from the nucleus. Finally, single-
point edge-excitation subdiffraction (SPEED) microscopy and its
two-dimensional (2D)-to-3D transformation algorithm enabled us
to generate a 3D map of the export routes followed by mRNPs as
they transport through the NPC in the absence of specific BSK
proteins. The combination of these techniques enabled us to detail
the structural and functional roles of BSK proteins within the NPC
and might also serve as an effective model for further characterizing
other large macromolecule complexes, such as ribosomal subunits
and the transition zone in primary cilia.

Results

Auxin-Inducible Rapid Degradation of Nuclear Basket Nucleoporins
from the NPC. As reported, Nup153, Nup50, and Tpr are essen-
tial intracellular proteins with long half-lives of ~20 to 30 h
within tissue-culture cells (56). While these proteins have a long
half-life, RNAi-mediated BSK-Nups degradation requires more
than 72 h and multiple rounds of cell division to achieve complete
protein depletion (56-58). Thus, prolonged RNAi depletion is
permanently disruptive to the pore’s import-export function and
partially disruptive to pore disassembly, which, as a consequence,
causes a pleiotropic phenotype after nucleoporin loss that cannot
be used for studying nucleoporins’ function within the NPC.
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To overcome these problems, we employed an AID strategy
for selective and rapid degradation of BSK-Nups (SI Appendir,
Fig. S14) described in Aksenova et al. (53). Briefly, we marked
endogenous BSK-Nups in vivo utilizing the CRISPR/Cas9 sys-
tem to integrate both an AID tag (~25 kDa) and NeonGreen
(NG) fluorescent proteins (~27.5 kDa) in both alleles of the basket
nucleoporins genes within the human DLD-1 cell line. Next, a TIR1
gene encoding transport inhibitor response 1 (TIR1) protein was
integrated into the regulator of chromosome condensation 1
(RCC1) gene locus of homozygously AID-tagged clones (53). TIR1
acts as a subunit of the Skpl-cullin 1-F-box ubiquitin ligase complex,
targeting AID-fused proteins for rapid and selective degradation
upon addition of the plant hormone auxin. Concurrently, the RCC1
gene was fused to the infrared fluorescent protein, which we used to
follow cells’ nuclei in vivo (SI Appendix, Fig. S2 A, C, and E). A
fusion of basket nucleoporins with the fluorescent tag (NG) allowed
us to follow nucleoporins degradation in live cells, estimate the
precise protein depletion time, and monitor the copy number of
nuclear basket nucleoporins (S Appendix, Fig. S1 E-G). Here, to
reflect the orientation of the tag, we named the DLD-1-based AID-
tagged BSK-Nups as Nup50-NG-AID, Nupl53-NG-AID, and
AID-NG-Tpr cell lines, respectively.

First, we confirmed BSK-Nups degradation by Western blot
analysis (SI Appendix, Fig. S1 B-D) and live-cell imaging (S
Appendix, Fig. S1 E-G). In addition, the quantification of the
fluorescent intensity of NG-tagged BSK-NUPs on the NE shows
that Tpr was depleted in 20 min, Nup153 in 40 min, and Nup50
in 60 to 70 min upon auxin treatment (SI Appendix, Fig. S1 E-G).
We confirmed that Nup153 and Tpr (SI Appendix, Fig. S2 A-D),
but not Nup50 (SI Appendix, Fig. S2 E and F), depleted cells,
showing the growth arrest under the constant presence of auxin
for more than 15 h in DLD-1 cells. To follow the immediate
response of BSK-Nups loss from the basket nucleoporins to the
copy number and mRNPs traffic of model mRNA substrate, we
used 30 min, 60 min, and 90 min for Tpr, Nup153, and Nup50
depletion, respectively.

Single-Molecule Counting Revealed Copy Numbers for Nuclear Basket
Proteins in the NPCs of Live Cells. To determine the copy number of
BSK-Nups in the NPC in vivo, we adapted the single-molecule
counting approach detailed in our previous publication (14). The
“counting” accuracy of the approach has been previously vali-
dated by using molecular complexes of GFP formed by con-
trolled chemical coupling of GFP molecules. The molecular
complexes used as standards contain 1 (1xGFP), 2 (2xGFP), 4
(4xGFP), 6 (6xGFP), 12 (12xGFP), and 28 molecules of GFP
(28xGFP) (SI Appendix, Fig. S3). The prephotobleaching effect,
the transient indistinguishable initial or intermediate photo-
bleaching steps, the background noise from the local environ-
ment, and the ability to distinguish photobleaching steps without
artificial bias have been fully considered in the methodology
(14). The method has enabled us to distinguish 1, 2, 4, 6, 12, and
28 photobleaching steps in the photobleaching curves of the
1xGFP, 2xGFP, 4xGFP, 6xGFP, 12xGFP, and 28xGFP molecu-
lar standards, respectively (SI Appendix, Fig. S3). Moreover, to
complement the direct-counting approach, we also calculated
the total initial number of GFP molecules in each complex, by
dividing the initial fluorescence intensity of the complex (at time
0 of its photobleaching curve) by the averaged intensity of an
individual photobleaching step (SI Appendix, Fig. S3W).

More detailed technical information can be found in our
previous publication (14), and here, we highlighted the key steps
in applying the single-molecule counting approach to determine
the copy numbers for BSK-Nups in live human DLD-1 cells. By
using laser scanning confocal microscopy, we first scanned the
NPCs labeled by Nup-NG at both the equator and the bottom of
the NE in living DLD-1 cells. As shown in SI Appendix, Fig. S4 A
and B, spatially well-separated and unevenly distributed fluorescent
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spots of Nup-NG were collected at the NE’s bottom. After fitting
hundreds of these spots by 2D Gaussian function, the averaged
distance between the nearest neighboring NPCs on the NE is
~633 nm in DLD-1 cells (SI Appendix, Fig. S4 C-E), which allows
for convenient illumination of single NPCs on the NE by SPEED
microscopy (see Single-Molecule Tracking of Model mRNPs in Live
DLD-1 Cells by SPEED Microscopy).

Secondly, to avoid the prephotobleaching of NG fluorescence
from the NPCs in living cells, we moved the bottom of the NE to
the microscope’s focal plane by using wide-field transmission white
light through the cells. Then, we utilized 488-nm-laser narrow-field
fluorescence illumination to burst multiple NPCs labeled by Nup-
NG into fluorescence (Fig. 1.4 and B). Any misalignments between
these two imaging modes have been determined and corrected in
our data analyses (Materials and Methods). Also, a high-speed
charge-coupled device (CCD) camera was turned on to capture
the initial fluorescence intensity of NG-NPCs prior to engaging the
488-nm laser to excite the NG fluorescence from NPCs. The re-
cording continued until the NG’s fluorescence was completely
photobleached by the laser (Fig. 1C). Finally, the photobleaching
curves of single NG-NPCs were obtained by subtracting the inte-
gral intensity of NG-NPC by the background fluorescence intensity
contributed from local environment at each time interval (Fig. 1 D
and E and SI Appendix, Fig. S5 A and B). The photobleaching steps
contained in the photobleaching curve were further distinguished

by an established computational algorithm (59). We only selected
the NPCs with at least three well-resolved photobleaching steps
and then averaged these steps to acquire the average step-height
fluorescence intensity (Fig. 1E). By dividing the initial fluorescence
intensity of an NG-NPC by its step-height intensity, we obtained
the copy numbers of BSK-Nups in this NPC. In our experiments,
both the initial intensity-based calculation and the direct-counting
approach were used in determining the copy number of each BSK-
Nup within individual NPCs.

From 124 NPCs labeled with Nup153-NG at the NE in 18 live
DLD-1 cells, we found that the photobleaching curves of 44
NPCs revealed the maximum 8 well-resolved photobleaching
steps, and the average copy number of Nup153-NG per NPC
obtained from the initial-intensity calculation is 7.9 + 0.6
(Fig. 1F). The 111 NPCs fused with NG-Tpr in 15 cells revealed
an average copy number of 8.1 = 0.7, and Nup50-NG was found
to have an average copy of 8.0 + 0.8 in 112 NPCs of 17 cells, in
which 37 and 39 NPCs were equipped with the maximum 8 well-
resolved photobleaching steps, respectively (Fig. 1 G and H).
Additionally, the counting approach was also expanded to
quantify singular Nups in the NPCs of DLD-1 cells, yielding
16.4 + 1.7 copies for Nup88-NG (SI Appendix, Fig. S5 and S64).
Since all BSK-Nups have been fused with NG and there is no
prephotobleaching occurring for NG’s fluorescence in the NPCs
to obtain the maximum fluorescence, we believe that the
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Fig. 1. Copy number of BSK-NUPs counted by wide-field epi-fluorescent microscopy. (A) NG-labeled NPCs (green) on the bottom of the NE were illuminated
at the focal plane (between the double red lines) by wide-field epi-fluorescent microscopy. C, cytoplasm; N, nucleus. (B) A typical image of NPCs harboring NG-
fusion Nups (Nup153) proteins at the bottom of the NE in a live DLD-1 cell. Photobleaching of a single NPC (red square) is shown in C. (Scale bar: 5 pm.) (C) A
typical sequential photobleaching image of Nup153-NG located in a single NPC over time. (Scale bar: 1 um.) (D) A typical photobleaching curve for a Nup153-
NG-labeled NPC in DLD-1 cells. Eight NG-fusion Nups photobleaching steps were resolved corresponding to eight copies of Nup153 per NPC. The first several

transient steps were enlarged for a detailed look in E. () The first six transient

steps were enlarged for D. (F-H) Histograms of copy numbers of NG-labeling

BSK-NUPs per DLD-1 cells” NPC achieved from the initial intensities per NG-NPC divided by the intensity of a single NG-Nups molecule. Gaussian fittings (red
line) of the histograms yielded averaged copies for three BSK-NUPs in the NPC. The inset numbers denote the fitting results as peak + SD.
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aforementioned determined copy numbers are the maximum
copies for these BSK-Nups in the NPCs of live DLD-1 cells.
Conclusively, our single-molecule counting approach revealed
that Nup153, Nup50, and Tpr have an average copy number of
primarily 8 in DLD-1 cells and a stoichiometric ratio of 1:1:1 in
live DLD-1 cells. Finally, as demonstrated, our approach is to
directly determine the copy numbers within individual NPCs in
live cells, which differs significantly from previous estimations of

abundance ratio among these BSK-Nups based on whole isolated
nuclei or NEs (5, 13). Direct scanning of hundreds of individual
NPCs in their native status avoids the loss or addition of Nups
during the process of isolating nuclei or NEs. Therefore, our
determination of the copy numbers and stoichiometric ratio for
BSK-Nups are likely to be more accurate.

Besides the aforementioned technical advances in obtaining
the copies for BSK-Nups within the native NPCs, we also
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Fig. 2. Nuclear export of mRNPs tracked by high-speed single-molecule SPEED microscopy. (A) Optical schematic of the high-speed single-molecule SPEED
microscope. The 488-nm laser was utilized to excite NG-tagged NPCs at the equatorial plane of NE. The 561-nm laser was chopped by an optical chopper to
achieve an on-off laser mode with a laser-on time of 60 ms and a laser-off time of 140 ms. The longer laser-off time gives enough time for fresh fluorescent
mRNPs to diffuse from the nucleus into the NPC. (B) Individual NPC was illuminated by a point spread function of high-speed single-molecule SPEED mi-
croscopy at the equatorial plane of a DLD-1 cell nucleus in the focal plane. (C) An overlay of a wide-field epi-fluorescence image of the entire NE's equator
labeled with Nup153-NG (green curved line) and a narrow-field microscopy image of several mCherry-mRNPs particles (red spots) within a ~3-um area at the
equator of the NE. (Scale bar: 5 um.) C, cytoplasm; N, nucleus. (D) A typical successful single mRNP export event captured by high-speed single-molecule SPEED
microscopy. A single mCherry-tagged mRNP (red spot) started from the nucleus, interacted with NPC (green spot), and arrived in the cytoplasm. Numbers
denote time in milliseconds. (Scale bar: 1 um.) C, cytoplasm; N, nucleus. (E) A typical abortive single mRNP export event. A single mCherry-tagged mRNP (red
spot) started from nucleus, interacted with NPC (green spot), and returned to the nucleus. Numbers denote time in milliseconds. (Scale bar: 1 pm.) C, cy-
toplasm; N, nucleus. (F) The model of successful mRNPs export. The mRNP (black circle) sequentially diffuses through nuclear basket (pink region), central
scaffold (light blue region), and cytoplasmic fibril (light green region) of the NPC into cytoplasm. (G—/) The models for three types of mRNP’s abortive export.
(J) A typical successful export trajectory of mRNA. Single-particle tracks (black dots) were acquired by 2D Gaussian fitting to point spread functions of
mRNP-mCherry particles in a series of images for the successful event in D. The centriole of NPC (yellow dot) was acquired by 2D Gaussian fitting to point
spread function of single NPC-NG in_D. Based on NPC scaffold structure obtained from EM study, nuclear basket (pink region), central scaffold (light blue
region), and cytoplasmic fibril (light green region) along the axial dimension are arbitrarily defined as 80 nm, 40 nm, and 50 nm in length, respectively. C,
cytoplasm; N, nucleus. (K—M) The examples of three types of mRNA abortive export trajectories. C, cytoplasm; N, nucleus.
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examined how the NG-AID tag and the Nup’s residence time at
the NPC could affect the copies of BSK-Nups in our measure-
ments. We noticed that the AID system leads to a lower abun-
dance of Nups within the TIR1+ cells (cell integrated with TIR1
gene) but not the TIR1- cells (cell not integrated with TIR1 gene)
(53). This allowed us to conclude that the NG-AID tagging itself
does not influence the total amount of proteins, but TIR1 inte-
gration does. Here, to examine whether the AID-NG tag affects
the copy numbers of BSK-Nups within the NPC, we quantified the
copy numbers of Nupl53-NG-AID, Nup50-NG-AID, and
AID-NG-TPR in single NPCs of TIR1- DLD-1 cell lines. As
shown in ST Appendix, Fig. S6 B-D, we found that these BSK-Nups
possess the same copy numbers in both DLD-1 and TIR1- DLD-
1 cells, which confirms that the NG-AID tag does not affect the
copies of BSK-Nups within the NPC. Previously, BSK-Nups were
reported to have distinct dynamics within the NPC (60% of
Nup153 with a residence time of 26 s and the remainder with
13 min; 20 s and 3.3 min for 11 and 89% of Nup50, respectively;
no data for Tpr) (60). How do these dynamics impact our mea-
sures of the copies of these BSK-Nups in live cells? As shown in
Fig. 1, with our microscope setup, the eight copies of NG-labeled
Nup153 and Nup50 were completely photobleached within ~5 s,
which is much shorter than the reported residence times of
Nup153 and Nup50. We can therefore conclude that the dynamics
of Nups are exceedingly unlikely to impact the determinations of
copy numbers for these Nups.

Single-Molecule Tracking of Model mRNPs in Live DLD-1 Cells by
SPEED Microscopy. Previous studies have suggested that BSK-
Nups could play critical roles in mediating mRNP export
through NPCs (15, 18, 31, 32, 46, 48). However, it remains obscure
whether Nup153, Nup50, and Tpr play equal roles in the export of
mRNPs. Furthermore, the question arises whether Nupl53,
Nup50, and Tpr can compensate for one another’s absence within
the nuclear basket during nuclear export of mRNPs. To answer
these questions, we measured and compared the nuclear export
kinetics of model mRNPs (firefly luciferase mRNA) both in the
presence and absence of the nuclear basket FG-Nups in the NPCs.
Here, we will focus on three major kinetics including nuclear
mRNP’s entrance frequency into the nuclear basket, nuclear ex-
port time, and successful nuclear export efficiency. The entrance
frequency is defined as the number of mRNPs diffusing into the
nuclear basket of NPCs from nucleoplasm per NPC per second.
For these entered events, we found that they have three different
destinations. First, some of them could successfully export through
the NPC to reach cytoplasm. Second, some of them just abort
their exports and return to nucleus. The third is that their final
destinations could not be detected after entering the nuclear pore
due to photobleaching or moving out of the focal plane. As a
result, the events in the first two groups were used to calculate the
successful and abortive nuclear export efficiency. In detail, the
successful (or abortive) nuclear export efficiency is defined as the
percentage of successful (or abortive) mRNP export events over
the sum of successful and abortive mRNP export events. Finally,
the nuclear export time is defined as the dwelling time of mRNPs
within the NPCs before they enter the cytoplasm or return to the
nucleus, in which the former is the successful nuclear export time
and the latter the abortive nuclear export time.

We began the nuclear export experiments by firstly trans-
fecting Nup153-NG-AID DLD-1 cell lines with mCherry-labeled
firefly luciferase mRNPs (SI Appendix, Fig. STA and Materials
and Methods). By following the established protocol of labeling
mRNPs (43, 46), the 3’ end of mRNA is fused with 24x MS2
loops, and then mCherry-tagged MS2 coating proteins (MCP)
linked with nuclear localization signal recognize these loops in
dimers (Materials and Methods). We found that the actual la-
beling ratio for mRNPs in live Nup153-NG-AID DLD-1 cells
was determined to be about eight copies of mCherry per mRNP
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by using the single-molecule counting method (SI Appendix, Fig.
S7B). This result agreed well with the labeling ratio of
MCP:mRNA in HeLa cells and also reaffirmed the relatively low
binding affinity/efficiency between MCP and MS2 loops in live
cells (43, 46). Additionally, we estimated that the total number of
the model mRNA substrate in a DLD-1 cell is ~12,000 and
about half of them in the nucleus through the application of
RNA fluorescence in situ hybridization (SI Appendix, Fig. S8 and
Methods and Materials).

After labeling, we then tracked nuclear export events of
mRNPs at the single-molecule level in live DLD-1 cells con-
taining all nuclear basket FG-Nups (Fig. 2 and Movies S1 and
S2). The individual mRNPs labeled with eight copies of mCherry
can be well distinguished from free single mCherry-MCP mole-
cules due to the significant differences in their fluorescence inten-
sities and nuclear transport kinetics (SI Appendix, Fig. S7B and
Table S2). Specifically, we employed SPEED microscopy to illu-
minate and localize a single NG-labeled NPC on the NE by a
488-nm laser and then tracked the trajectories of individual
mCherry-labeled nuclear mRNPs interacting with the NPC via a
561-nm laser (Fig. 2 A and B). The entire interaction process of
mRNPs with the NPCs was recorded by a high-speed CCD camera
at 500 frames per second (Fig. 2 C-E). We found that the NPCs in
the same cell are not equally active in mediating the nuclear export
of the firefly luciferase mRNPs in live DLD-1 cells during the de-
tection time, as demonstrated in the SI Appendix, Fig. S9. Specifi-
cally, some active NPCs allowed the relatively frequent entrance
events of mRNPs (>0.3 event per pore per second, Table 1), while
other less active or inactive NPCs had a much lower frequency
(<0.05 event per pore per second). Based upon our observations,
including integrated NPCs and Nups-depletion NPCs, a rough es-
timation of the percentage of active NPCs as a percentage of the
total NPCs is ~18% (SI Appendix, Fig. S9). It is worth noting that
this estimation could be underestimated for the following reasons.
First, the estimation is not from a large-area scan of NPCs on NE.
Instead, it is based on the single-point illumination of SPEED mi-
croscopy that enables us to localize an individual NPC per cell while
tracking single-molecular mRNPs export through the NPC. Second,
the “inactive NPCs” would be omitted particularly from Nup-
depletion data where the NG-Nups were fully absent and NPCs
cannot be identified by mRNPs export events due to extremely low
entrance frequency.

The aforementioned observed NPCs’ different levels of ac-
tivities in mediating the nuclear export of mRNAs are consistent
with the previous report that different NPCs in the same cell can
differ significantly in handling the numbers of protein complexes
importing from the cytoplasm to the nucleus (59). Because over 100
nuclear export events of mRNPs are needed to obtain nuclear
transport kinetics and thousands of single-molecule localizations
within the NPC for mRNA’s 3D transport routes with high repro-
ducibility, the data reported here were collected from the relatively
active NPCs that each had mediated multiple mRNP nuclear export
events (>3) within 10 s. By tracking mRNP export events in 17 in-
tegrated NPCs of 17 cells, ~31% of them successfully moved
through the NPC to reach the cytoplasm, and the remaining ~69%
mRNPs that entered the pore returned back to nucleus in live DLD-
1 cells, thereby failing to export (Fig. 2 F and J and Table 2). For
these abortive mRNP events, ~16% of them returned to the nucleus
after interacting with the nuclear basket, ~36% of them returned
after reaching the central scaffold, and ~17% returned from the
cytoplasmic side of the NPC (Fig. 2 G-I, K-M). We also noticed that
these successful nuclear export events and the three types of abortive
events have different interaction times with the NPC at 14 + 2 ms,
7 £ 1ms, 11 + 1 ms, and 13 = 2 ms, respectively (Table 2).

Nuclear Export Kinetics of mRNPs in the Absence of Nuclear Basket
Proteins. To study the impact of the absence of BSK-Nups on the
nuclear export of mRNPs, we treated Nup153-NG-AID DLD-1
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Table 1.

Entrance frequency of mRNPs into the nuclear basket under different conditions

ANup50 151

ATpr 140 events

events from 14

ANup153 163 Wild-type control 183

from 26 cells cells events from 13 cells  events from 17 cells
Docking frequency 0.3 + 0.1 1.2 +0.2 1.4 +03 1.2+0.2
(events x [pore x s]™")
Normalized ratio 0.25 1 1.17 1

Event denotes mRNP nuclear entrance event that mRNPs enter the nuclear basket of the NPC from the nucleus.

live cells with 1 mM auxin for 1 h to generate Nup153-free NPCs
in live cells (as verified in SI Appendix, Fig. S1 C and F). As a
result of Nup153-NG-AID being completely removed from the
NPCs, we were unable to utilize NG fluorescence to localize the
NPC and NE. Instead, transmitted white light was used to visu-
alize and localize the NE in live cells for single-particle tracking of
mRNPs across the NE (ST Appendix, Fig. S10). It is important to
note that the loss of Nup153, but not Tpr, causes gradual mis-
localization of Nup50 in the NPC (SI Appendix, Fig. S11 A and B).
Furthermore, the removal of Tpr or Nup50 had no impact on the
localization of the other, and neither affected Nup153’s localiza-
tions within the NPC (53). These observations agree with previous
reports that the deficiency of Nupl53 within the NPC causes
mislocalization of Nup50 (57, 61). Furthermore, this confirms that
Tpr is peripherally attached to the NPC and does not act as an
essential anchoring site for other Nups (57), although Tpr might
form the major structural scaffold of the nuclear basket (10, 62,
63). For clarification, we used ANupl53-ANup50 to represent
both Nup153 and Nup50 removed from the NPC.

By using the aforementioned single-molecule tracking ap-
proach, we first determined the nuclear export kinetics of
mRNPs in the ANup153-ANup50 NPCs of live DLD-1 cells. As
shown in Table 2, the complete degradation of Nup153 and loss
of Nup50 from the nuclear periphery in the cells caused a sig-
nificant reduction in the successful nuclear export events of
mRNPs. However, this degradation only caused slight changes in
its export time and almost no changes in its entrance frequency.
In detail, the successful nuclear export efficiency of mRNPs
through the NPC was reduced to ~8.1% (a total of 125 export
events collected from 14 NPC of 14 cells, Table 2). This is nearly
a fourfold decrease when compared to the ~31% rate of suc-
cessful nuclear export efficiency of mRNPs through NPCs con-
taining both Nup153 and Nup50. Consequently, the remaining
~92% of mRNPs aborted nuclear export with different abortive

rates in the NPC’s three subregions: ~71.7% (nuclear basket),
~15.1% (central scaffold), and ~5.1% (cytoplasmic fibril).
Compared to situations where the NPCs contained both Nup153
and Nup50 (Table 2), these subregion data suggest that the ab-
sence of Nup153 and peripheral Nup50 seriously diminishes the
role of the nuclear basket in mediating the successful nuclear
export of mRNPs. As for the export time, at ANup153-ANup50,
almost no changes were found for the successful (12 + 2 ms) and
abortive (12 = 2 ms) export events reaching the NPC’s cyto-
plasmic side. However, shorter dwelling times occurred for the
abortive export at the nuclear basket (4 + 1 ms) and for the
abortive events at the central channel (8 + 2 ms), as expected
(Table 2). Lastly, the entrance frequency of mRNPs into the
nuclear basket was determined to be 1.4 + 0.3 per pore per
second in ANup153-ANup50 NPCs. This is highly similar to the
entrance frequencies observed when both Nup153 and Nup50
are present in the NPCs, suggesting that ANup153-ANup50 has
minimal impact upon the mRNP’s entrance frequency (Table 1).

To generate ANup5S0 NPCs and ATpr NPCs, we treated
Nup50-NG-AID DLD-1 cells and NG-AID-Tpr cells with 1 mM
auxin for 90 min and 30 min, respectively (SI Appendix, Fig. S1 B,
D, E, and G). As shown in Tables 1 and 2, we found that the
complete removal of Nup50 from the nuclear basket did not
cause significant changes in either the nuclear export time, the
successful nuclear export efficiency, or the entrance frequency of
mRNPs. The tests performed on Nup50 also clarified that it is
Nup153 loss, not loss of Nup50 from the periphery, that signif-
icantly reduced the successful nuclear export rate of mRNPs.
Moreover, we found that the absence of Tpr from the nuclear
basket, although it caused no changes in nuclear export time and
efficiency, greatly reduced the entrance frequency of mRNPs
from 1.2 + 0.2 to 0.3 + 0.1 (Table 1). This decrease is approxi-
mately four times lower than observations where Tpr was present
within the NPC.

Table 2. Export time and successful export efficiency of mRNPs under various conditions
ATpr 104 events ANup50 101 events ANup153-ANup50 125 events Wild-type control 183 events
from 26 cells from 14 cells from 13 cells from 17 cells
Efficiency Successful export 27.6 28.3 8.1 31.2
(%) Abortive export at 20.6 18.0 71.7 16.0
nuclear basket
Abortive export at 347 35.7 15.1 36.0
central scaffold
Abortive export at 171 18.0 5.1 16.6
cytoplasmic fibril
Export time Successful export 120+ 1.0 120 +£ 2.0 12.0 = 2.0 14.0 = 2.0
(ms) Abortive export at 6.0+ 1.0 6.0 +2.0 40+ 1.0 7.0+ 1.0
nuclear basket
Abortive export at 10.0 = 2.0 9.0+ 1.0 8.0 + 2.0 11.0+ 1.0
central scaffold
Abortive export at 120+ 1.0 11.0 + 2.0 120+ 1.0 13.0 £+ 2.0

cytoplasmic fibril

Event denotes mRNP export event that mRNPs diffuse from the nucleus into the NPC and then move into the cytoplasm or back to the nucleus from the NPC.
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In summary, these results reveal the roles that these nuclear
basket FG-Nups play in mediating the docking of mRNPs at the
nuclear basket as well as their movement through the nuclear
pore channel. Specifically, BSK-Nups impact these functions in
the following manner: 1) The successful nuclear export efficiency
of mRNPs through the nuclear pore channel appear to rely
heavily upon the presence of Nup153 in the NPC; 2) Tpr may

only play a critical role in the docking of mRNPs on the nuclear
basket; and 3) Nup50 might play negligible roles in both of these
processes.

Efficient Nuclear Export of mRNA Relies on the Abundance of
BSK-Nups in the NPC. Interestingly, we also found that an earlier
termination of the auxin-inducible degradation of BSK-Nups in
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Export kinetics of mRNPs at various depletion rates of BSK-Nups. (A) The wide-field epi-fluorescent image of NPCs (green spots) harboring Nup153-NG

on the bottom of DLD-1 Cell NE after 25-min auxin-inducible degradation. Different NPCs were found to contain different copy numbers of Nup153 after the
treatment. (Scale bar: 5 um.) Pointed NPCs with different copies of Nup153 are enlarged at the bottom. (Scale bar: 1 um.) Numbers denote the copy number of
Nup153-NG. (B) The photobleaching curves show one to eight copy numbers of Nup153 in the pointed eight NPCs shown in A. Numbers denote the copy
number of Nup153-NG. (C) The frequency distribution for the copy number of Nup153-NG per NPC in live DLD-1 cells after 25-min auxin-inducible degra-
dation. (D) The frequency distribution for copy number of Tpr-NG per NPC in live DLD-1 cells after 8-min auxin-inducible degradation. (E) Correlation between
copy number of Nup153 and mRNP’s nuclear export efficiency in DLD-1 cells. The curve is perfectly fitted by the sigmoid function (red line) yielding the three
phases: lag phase, intermediate phase, and plateau phase. (F) Correlation between the copy number of Nup153 and successfully export time of mRNPs in DLD-
1 cells. (G) The frequency of mMRNPs anchoring on NPCs with the copy number of Tpr from zero to eight, which is fitted with the linear function (red line).
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live cells can generate NPCs containing different copies of BSK-
Nups. For example, we treated Nupl153-NG-AID DLD-1 live
cells with 1 mM auxin for a decreased time of 25 min rather than
the standard 60 min (Fig. 34). Using the aforementioned single-
molecule counting approach, we found that cells treated with the
shorter incubation time contained NPCs possessing differential
copies of Nup153, in which one to eight copies of Nup153 can be
identified (Fig. 3 B and C). Similarly, after treating AID-NG-Tpr
DLD-1 and Nup50-NG-AID DLD-1 cells for ~8 and 40 min,
respectively, we obtained NPCs containing a copy number from
one to eight for either Tpr or Nup50 (Fig. 3D).

With these NPCs containing different copies of BSK-Nups, we
set out to answer a long-standing question: what are the mini-
mum copies of a Nup in an NPC that can maintain its normal
functions in mediating nucleocytoplasmic transport? By following
the aforementioned imaging and analysis approach used in char-
acterizing the nuclear export of mRNPs through the NPCs, we
determined the export kinetics of mRNPs through the NPCs
containing one to eight copies of Nup153. When Nupl53 in-
creased from zero to four to five copies in the NPC, as shown in
Fig. 4 E and F, the successful export efficiency of mRNPs in-
creased notably from ~8 to ~28%, while its export time remained
almost unchanged. Interestingly, further increasing the copies of
Nup153 incrementally from five to eight within the NPC did not
further increase the successful nuclear export efficiency of
mRNPs; instead, the export efficiency remained at ~31%, which is
functionally the same as what was observed in eight-copy Nup153
NPCs (SI Appendix, Table S3). Moreover, the relationship be-
tween the successful export efficiency of mRNPs and the copy
number of Nup153 is not linear; rather, the relationship follows a
sigmoid function mode including three possible phases (Fig. 3E):
1) lag phase: slight increases in mRNP’s export efficiency as the
copy number of Nup153 increases from zero to one or two per
NPC; 2) intermediate phase: a logarithmic growth in the successful
export efficiency of mRNPs as the copies of Nupl53 increased
from two to five per NPC; and 3) plateau phase: the successful
export efficiency of mRNPs is recovered to its normal level as the
copy number of Nup153 increased from five to eight per NPC.

Similarly, we found that the entrance frequency of mRNPs in-
creased from 0.3 + 0.1 to 1.2 + 0.2 per pore per second as the copy
number of Tpr changed from zero to eight (SI Appendix, Table S4).
Unlike the correlation between the successful export efficiency of
mRNPs and the copy number of Nup153, the relationship between
the nuclear entrance frequency of mRNPs and the copy number of
Tpr within the NPC is a linearly dependent relationship (Fig. 3G).

3D Nuclear Export Routes of mRNPs through DLD-1 NPCs at the
Absence of Nuclear Basket Proteins. To further explore whether
the export route of mRNPs through the NPC are affected by the
absence of BSK-Nups, we first superimposed the spatial localiza-
tions of individual mCherry-mRNPs as they export through the
NPC to obtain the 2D spatial localization distributions of mRNPs
within, and around, the NPC. Next, the NPC centroid was indi-
rectly determined (SI Appendix, Methods and Materials and Fig.
S12) due to the absence of a fluorescent NPC. As shown in
Fig. 4 A-D, thousands of mRNP spatial localizations from over
100 mRNP nuclear export events were obtained at different
compositions of BSK proteins within the nuclear basket in live
DLD-1 cells. This includes the presence of all BSK-Nups (17
NPCs of 17 different cells), ATpr (26 NPCs of 26 different cells),
ANup153-ANup50 (13 NPCs of 13 different cells), and ANup50
(14 NPC:s of 14 different cells). As expected, 2D single-molecule
trajectories of mRNPs were mainly located within the NPC and
were relatively sparse at the NE (Fig. 4 A-H), a distribution that
agrees with previous measurements (46). The 2D spatial distri-
butions of mRNPs are projected from their 3D movements
through the NPC. Thus, an accurate understanding of their export
routes through the NPC requires a 3D"view of their spatial
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distributions within the NPC. To this end, a previously developed
2D to 3D transformation algorithm for calculating the 3D spatial
probability density maps for either passive diffusion of small
molecules or transport receptor—facilitated translocation of pro-
teins and mRNAs through the NPC was employed (SI Appendix,
Figs. S12-S15 and Table S5) (64, 65). Monte-Carlo simulations
previously developed by our laboratory group were employed to
verify high reproducibility for all axial dimension subregion 3D
transport routes (66) (SI Appendix, Table S5).

Demonstrated in Fig. 4Q, passive diffusion of signal-
independent GFP mainly uses the NPC’s central axial channel,
while the transport receptor Tap-pl5 directly interacts with FG-
Nups that mainly occupy the periphery around the central chan-
nel. Referencing these two distinct pathways, the 3D spatial lo-
cations of mRNPs within the NPC in the presence of all BSK
proteins are mainly located at the peripheral regions of the central
channel, a distribution pattern that is remarkably similar to the
facilitated transport pathway (Fig. 4 I and M and Movie S3). An
overlay of the 3D paths of mRNP and Tap-p15 reaffirmed that
Tap-pl5 functions as a major transport receptor by facilitating
mRNP transport through the NPC (Fig. 4R and Movie S7). In the
ATpr NPCs, the path of mRNPs clearly changed in the nuclear
basket but remained unaltered as they passed through both the
central scaffold and the cytoplasmic fibrils (Fig. 4 J and N and
Movie S4). In ANup153-ANup50 NPCs, similarly, the changes in
mRNP pathways only occurred in the nuclear basket; however, the
absence of Nupl53 and peripheral Nup50 caused ~80% of
mRNPs to shift their major dwelling positions to the central axial
channel (Fig. 4 K, O, and S and Movies S5 and S8). This suggests
that mRNPs may passively diffuse into the central channel due to
a lack of FG repeats in the ANup153-ANup50 nuclear basket.
Conversely, the ANup50 NPCs exhibited no significant alterations
in the mRNP’s nuclear export route, which holds true for all three
subregions of the NPC (Fig. 4 L and P and Movie S6).

Discussion

By combining multiple advanced imaging and biological tech-
niques, in this study, we have demonstrated an approach to count
and alter copy numbers for BSK-Nups in live cells. With the
altered copies of BSK proteins in the NPC, we further studied
the relationship between the copy number of the BSK proteins
and the nuclear export of mRNPs. Our research aims are to
answer several critical questions: first, whether these BSK-Nups
play equal roles in the nuclear export of mRNPs; second,
whether these FG-Nups could compensate for one another’s
absence during the export process of mRNPs; and third, whether
the impact of BSK-Nups’ absence on mRNP export is limited to
the nuclear basket or extended over the entire nuclear pore. It is
worth noting that the model mRNP used in this study is firefly
luciferase mRNA fused with 24 MS2 stem loops, which is be-
lieved to export through the NPCs with the assistance of trans-
port cofactors of Tap-P15 in human cells. Our studies can only
represent the best knowledge for these model mRNAs, and it
requires further work if the revealed mechanism here could be
expanded to other types of mRNAs or export of mRNAs that are
mediated by different transport receptors such as Crml.

Based on the measured export kinetics and 3D maps of export
routes of mRNPs in the ANup153-ANup50, ANup50, and ATpr
NPCs in live DLD-1 cells, we found that these BSK-Nups played
unequal roles and cannot compensate for one another’s absence
in the nuclear export process of mRNPs. In our measurements,
the absence of Tpr in the NPC directly caused almost 75% of
incoming mRNPs from the nucleus to fail to dock at the nuclear
basket. Meanwhile, the result also suggested that Tpr’s function
was not compensated by Nup153 or Nup50 even if they pos-
sessed their full copies when Tpr was depleted in the NPC. This
conclusion was further enhanced by observing that the docking
frequency was fully recovered only when the full complement of
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Fig. 4. Export routes of mRNPs in the whole NPC under different conditions. (A-D) 2D spatial localizations of mRNP diffusion in and around integral NPCs,
ATpr NPCs, ANup153 NPCs, and ANup50 NPCs, respectively. The centroid of the NPC was firstly determined directly from labeled NPC and then further refined
by single-molecule tracking data described in Determinations of NPC’s Centroid on page 10 and 11 of the S/ Appendix as well as SI Appendix, Fig. S12. Based
on the NPC structure obtained by EM study, we defined the axial length of nuclear basket, central scaffold, and cytoplasmic fibril as 80 nm, 40 nm, and 50 nm,
respectively. C, cytoplasm; N, nucleus; proj, projection. (E-H) 2D probability density map of mRNP diffusion in and around integral NPCs, ATpr NPCs, ANup153
NPCs, and ANup50 NPCs, respectively. C, cytoplasm; N, nucleus; proj, projection. Color bar shows density from low to high. (/-L) An axial view of 3D probability
density maps is shown for mRNPs in NPC, including the nuclear basket, central scaffold, and cytoplasmic fibril under four conditions. C, cytoplasm; CF, cy-
toplasmic fibril; CS, central scaffold; N, nucleus. Color bar shows density from low to high. (M-P) The corresponding cross section of 3D probability density
maps is shown for mRNPs in each subregion of NPCs under four conditions with distances between radial density peaks. (Q) The superimposed 3D probability
density maps of GFP (green) and TAP-p15 (red) demonstrating the distinct routes of passive diffusion and facilitated transport in the NPC. The corresponding
cross section of 3D probability density maps is shown for each subregions of NPCs with distances between radial density peaks. C, cytoplasm; CF, cytoplasmic
fibril; CS, central scaffold; N, nucleus. Color bar indicates density from low to high. (R) The overlapping 3D probability density maps of mRNPs (blue) and TAP-
p15 (red) showing their highly overlapped routes. The corresponding cross section of 3D probability density maps is shown for each subregion of the NPC with
distances between radial density peaks. C, cytoplasm; CF, cytoplasmic fibril; CS, central scaffold; N, nucleus. Color bar shows density from low to high. (S) The
superimposed 3D probability density maps of mRNPs (blue) in ANup153 NPC and GFP (green) indicating mRNPs passively diffuse into the central axial region
in the nuclear basket. The corresponding cross section of 3D probability density maps were shown for each subregions of NPCs with distances between radial
density peaks. C, cytoplasm; CF, cytoplasmic fibril; CS, central scaffold; N, nucleus. Color bar shows density from low to high.
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Tpr copies was present in the NPC. Furthermore, we also found
that the absence of Tpr in the NPC slightly altered the nuclear
export route of model mRNPs after the mRNPs had entered
the nuclear basket. These results together support previous
conclusions that Tpr is involved in the quality control and re-
tention of unspliced mRNAs in the nucleus (66-68). However,
we did not observe changes in successful export efficiency of
model mRNPs in the absence of Tpr that evidence to Tpr’s
major influence is potentially limited to the docking step in the
nuclear basket.

On the other hand, our data showed that Nup153 dominated
the transit process for nuclear mRNPs through the NPC fol-
lowing docking at the nuclear basket but did not influence the
docking frequency of mRNPs into the nuclear basket. This is
based on the following measurements: 1) ANup153 caused the
successful nuclear export efficiency for mRNPs to drop from ~31
to ~8% but left mRNP’s docking frequency at the nuclear basket
unchanged. 2) ANupl53 not only altered mRNP’s transit effi-
ciency through the nuclear basket but also extended the changes
through the central scaffold and the cytoplasmic side of the NPC.
3) ANup153 caused the export routes of ~80% of mRNP mol-
ecules to shift into the axial central channel of the nuclear basket
from the periphery, suggesting the changed diffusion patterns for
these mRNPs to be a result of changing from facilitated trans-
port to passive diffusion. The change in mRNP’s diffusion pat-
tern might also explain the reduction in its successful nuclear
export efficiency at ANup153, since the facilitated translocation
enables large molecules to efficiently move through the NPC
comparing to the passive diffusion. 4) The successful nuclear
export rate for mRNPs was recovered as the copy of Nup153
increased from zero to approximately half of its full copies. 5)
The presences of the full copies of Tpr or Nup50 while Nup153
is absent in the NPC did not rescue the nuclear export effi-
ciency of mRNPs and the export route of mRNPs. 6) Nup50
was found to play negligible roles in the docking frequency,
nuclear export rate, and nuclear export route for mRNPs, as its
absence from the NPC did not cause any noticeable changes in
the aforementioned processes. Together, in light of the exper-
iments of ANup153, these results revealed that it is Nup153,
not Nup50, that played the major role in regulating mRNP’s
nuclear export rate and export patterns. This conclusion is
consistent with previous conclusions that Nup153 plays critical
regulation and gating roles in the nucleocytoplasmic transport
(46, 49, 52).

The distinct and critical roles that Tpr and Nup153 played in
the nuclear export of mRNA could be rooted in the spatial lo-
cations of Tpr and Nupl53 within the NPC as well as their
structural features. First, EM data revealed that Tpr is the FG Nup
in the NPC that extends farthest into the nucleus (9, 10). For nu-
clear mRNPs, Tpr could be an available FG Nup interacting with
mRNA’s transport receptors, providing the primary docking sites,
and functioning as a quality-control step. Second, based on the
structures of these BSK-Nups, Nup153 contains 26 FG repeats.
That is much more than Tpr (three FG repeats) and Nup50 (five
FG repeats) (69-71). Correspondingly, Nup153 alone and the pair
of Nup153 and Nup50 respectively contribute ~77 and ~91% of the
total FG repeats in the nuclear basket. As a result, ANup153 could
jeopardize the majority of binding sites for mRNPs in the nuclear
basket, which impedes the facilitated diffusion of mRNPs within the
nuclear basket and induces the observed reduced rate of successful
nuclear export of mRNPs through the NPC.

Additionally, we found that the nuclear export time of mRNPs
was not significantly impacted by the absence of any BSK-Nups
in our experiments. Given the facilitated diffusion mode adopted
by mRNPs to move through the NPCs, their nuclear export time
is mainly determined by their diffusion coefficients and the
properties of the local microenvironment in the NPC (SI Ap-
pendix, Methods and Materials). Since neither of these factors
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could be noticeably changed in the absence of these BSK-Nups,
the nuclear export time of mRNPs had almost no changes when
these BSK-Nups were removed from the NPCs. It is also worth
noting that the successful nuclear export rate (product of en-
trance frequency, successful nuclear export efficiency, and
number of NPCs) determined at the single-molecule level might
be different from the bulk nuclear export rate for mRNPs
measured through other approaches, such as fluorescence re-
covery after photobleaching, because the former only quantifies
the transport through individual NPCs that are relatively active
during the detection, while the latter combines the effects of
active and inactive NPCs and also the concentration, diffusion,
and unspecific bindings of targeted molecules in both the nucleus
and the cytoplasm besides the nuclear export behaviors through
the NPCs (40-43, 53, 72).

Next, our studies also explored answers to two more questions:
1) what is the minimum required copy number for the export
functionality of Tpr and Nup153 to fully recover in the nuclear
export of mRNPs? And 2) what is the relationship between the
copies of these BSK-Nups and the nuclear export kinetics of
mRNPs? Our results revealed that Tpr and Nupl53 are again
distinct with regard to these questions. First, the entrance/
docking frequency of mRNPs increased linearly when the copies
of Tpr increased from zero to eight in live DLD-1 cells (Fig. 3G).
As shown, Tpr needs to have its full copy number in the NPC to
ensure its full function in handling the entrance frequency of
mRNPs. However, Nup153 can recover nuclear export efficiency
for mRNPs back to the maximal rate when its copy number in-
creased to half of its full complement. Moreover, the relation-
ship between Nup153’s copy number and the successful export
efficiency of mRNPs follows a sigmoid function rather than a
linear correlation. When this correlation was fitted to a sigmoid
function, the relationship curve seems to include three phases:
lag phase, intermediate phase, and plateau phase (Fig. 3E). In
the lag phase, when Nup153 is completely absent from the nu-
clear basket, Nup50 cannot be present either, thereby leaving
only Tpr within the nuclear basket. As a result, Tpr is the only
source for FG-repeat domains in the nuclear basket. However,
Tpr’s three FG repeats per copy as well as its spatially distant lo-
cation, the Tpr protein situated farthest toward the nucleoplasm,
would be unlikely to provide enough binding sites to facilitate
mRNP movement through the nuclear basket. Interestingly, when
Nup153 began to increase its copies from zero to one or two, the 26
FG repeats contained in each copy of Nup153 and the 5 FG repeats
per Nup50 together increase the concentration of FG repeats in the
nuclear basket. As a result, the successful nuclear export efficiency
through the nuclear basket for mRNPs started to increase during
the lag phase. In the intermediate phase, Nup153’s copy increased
from two to four, and the concentration of FG repeats in the nu-
clear basket would have been increased rapidly. Notably, we found
that the rate of successful nuclear export for mRNPs fully recovered
at approximately four to five copies of Nup153. In the plateau
phase, as the copy number of Nup153 continued to increase from
five to eight, the successful nuclear export rate of mRNPs did not
further increase. This suggests that the successful export rate of
mRNPs may have already reached its maximum rate. These in vivo
observations agree with previous in vitro tests and computational
simulations that have shown that Nup153 and other FG-Nups could
form an effective selectivity barrier only as its concentration reaches
a certain level (73-76). Finally, we noticed that the sigmoid function
that fit the relationship between the successful nuclear export rate
of mRNPs and the copy number of Nup153 shares much in com-
mon with the logistic curve previously used to simulate the corre-
lation between NPC’s effective selectivity barrier and concentrations
of FG domains (74).
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Materials and Methods

In our experiments, we used CRISPR/Cas9-tagged Nup153-NG-AID,
AID-NG-Tpr, and Nup50-NG-AID, TIR1-, and TIR1+ DLD-1 cell lines by fol-
lowing the procedure published in Aksenova et al. study (53). All CRISPR/
Cas9-tagged cell lines have been genotyped and tested for tagging and
degradation by Western blot analysis and immunofluorescence to prove
that all copies Nup gene have been fused with NG and AID tag and degrade
properly. Depletion of Nups was achieved by the cultivation of cells in
complete media and 5% CO, atmosphere at 37 °C in the presence of 1 mM
auxin (Sigma Aldrich). Firefly luciferase mRNA was extended by 24 MS2 stem
loops on the 3’ end, and each loop was the binding target of an MCP dimer
fused to mCherry. High-speed single-molecule microscopy was performed
with an Olympus IX81 equipped with a 1.4-NA 100x oil-immersion
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