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Dynamics of nuclear export of pre-ribosomal
subunits revealed by high-speed
single-molecule microscopy in live cells
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and Weidong Yang'-#*

SUMMARY

We present a study on the nuclear export efficiency and time of pre-ribosomal
subunits in live mammalian cells, using high-speed single-molecule tracking and
single-molecule fluorescence resonance energy transfer techniques. Our findings
reveal that pre-ribosomal particles exhibit significantly higher nuclear export ef-
ficiency compared to other large cargos like mRNAs, with around two-thirds of
interactions between the pre-60S or pre-40S and the nuclear pore complexes
(NPCs) resulting in successful export to the cytoplasm. We also demonstrate
that nuclear transport receptor (NTR) chromosomal maintenance 1 (CRM1) plays
a crucial role in nuclear export efficiency, with pre-60S and pre-40S particle
export efficiency decreasing by 11-17-fold when CRM1 is inhibited. Our results
suggest that multiple copies of CRM1 work cooperatively to chaperone pre-ribo-
somal subunits through the NPC, thus increasing export efficiency and decreasing
export time. Significantly, this cooperative NTR mechanism extends beyond pre-
ribosomal subunits, as evidenced by the enhanced nucleocytoplasmic transport
of proteins.

INTRODUCTION

Ribosome biogenesis begins in the nucleolus with the formation of a pre-90S ribosome. This is then fol-
lowed by a division into two daughter subunits, the pre-60S and pre-40S. These pre-ribosomal subunits
then transition from the nucleolus to the nucleoplasm, by associating with various ribosomal proteins
(RPs or r-proteins) and assembly factors along the way.'* At the time of nuclear export, the pre-60S and
pre-40S are among the largest endogenous molecules to transport across the nuclear envelope (NE)
and will have a molecular weight and diameter of ~2.5 MDa; ~25 nm and ~1.4 MDa; ~16 nm,
respectively.’”’

The primary factor regulating import and export from the nucleus is the nuclear pore complex (NPC).*""
The structure embedded in the NE serves as a gateway for all import and export processes, including the
transportation of pre-60S and pre-40S pre-ribosomal subunits. The NPC is a megadalton structure
comprised approximately 30 different proteins, known as nucleoporins (Nups), with each Nup containing
between 8 and 32 copies in an 8-fold radial stoichiometry.'”'® Approximately one-third of these Nups
contain intrinsically disordered regions rich in phenylalanine-glycine (FG) repeats.'"'® These FG-Nups
work together to create a hydrophobically dense environment that acts as a selectivity barrier for transiting
molecules,'®"?” with the greatest concentration of FG repeats located in the internal periphery of the cen-
tral scaffold region.23 Smaller molecules (<40-60 kDa, < ~8 nm diameter) are known to passively diffuse
through the central channel of the NPC, whereas larger molecules (>60 kDa, > ~8 nm diameter) are selec-
tively inhibited.’’** However, molecules such as the pre-60S and pre-40S subunits can overcome this se-
lective inhibition through facilitated diffusion, which involves the assistance of nuclear transport recep- Department of Biology,
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almost all FG-Nups in the NPC and is dissociated during the small GTPase Ran cycle at the cytoplasmic end
of the pore.?"~?¢ Additionally, CRM1 recognizes pre-60S complexes via the NES signal carried by Nmd3, an
export adaptor protein incorporated into the pre-60S complex.”® Another factor, Rrp12p, is a nuclear
export factor that interacts with several FG-Nups and utilizes the RanGTP cycle to facilitate the export of
pre-60S particles through the NPC. Lastly, the Tap-p15 heterodimer (known as Mex67p-Mtr2p in yeast)
may contribute to the translocation of pre-60S particles through the NPC and acts independently of the
RanGTPase cycle.””"”® However, while Tap-p15 has been implicated, there is little direct evidence for it
directly contributing to the export of pre-ribosomal subunits. Compared to pre-60S particles, fewer studies
have investigated the nuclear export of pre-40S particles, but Rio2 has been reported to contribute to their
export in human cells.”” In yeast, CRM1 is considered the major transport receptor for exporting pre-40S
particles through the NPC, while Rrp12 is a major export factor.’*? Ltv1p and DIM2 also function as an
adapter for CRM1 recruitment in pre-40S export.’’ Several studies have identified CRM1 as a major trans-
port receptor for both pre-ribosomal subunits; however, none have quantified the molecular-level conse-
quences of inhibiting CRM1-dependent nuclear export for these particles.

Pre-ribosomal subunit export from the nucleus through the NPC has been studied extensively in biochemical
and structural analyses.s'é'go"w'33’37 However, due to the multifunctional roles of r-proteins outside of the ribo-
some, it is difficult to examine the transport kinetics of pre-ribosomal subunits within mammalian NPCs.*%*”
Therefore, a method for tracking intact pre-ribosomal subunits in nucleocytoplasmic export is necessary to
develop a more specific understanding of their behaviors. In this study, high-speed single-molecule micro-
scopy combined with fluorescence resonance energy transfer (FRET) was used to visualize single intact
pre-60S and pre-40S subunits as they interacted with NPCs in live cells. This approach excluded dynamic in-
formation resulting from r-protein behaviors outside the scope of export and specific interactions with NTRs

at the NPC, providing highly specific information regarding only the dynamics of export.

Our studies showed that about two-thirds of pre-60S or pre-40S subunits interacting with NPCs successfully
exported from the nucleus. Additionally, inhibiting CRM1-dependent pre-60S and pre-40S nuclear export
directly revealed, for the first time, the impact of CRM1 on pre-ribosomal export, demonstrating a 10-17-
fold decrease in export efficiency of pre-60S and pre-40S particles when CRM1 is inhibited. This provided
significant insight into the role of CRM1 in the export of pre-ribosomal subunits and how large complexes
can exportwith high efficiency. Furthermore, single-molecule trajectories of pre-ribosomal subunits further
indicate high probability of completing nuclear export after passing through the nuclear basket and NPC
center, which serve as selectivity barriers for these particles. This enabled us to propose a model for the
nuclear export of pre-60S and pre-40S subunits, in which multiple copies of CRM1 work cooperatively to
chaperone pre-ribosomal subunits overcoming these barriers, thus increasing export efficiency and
decreasing export time. Expanding this study to quantify nucleocytoplasmic kinetics for other large
cargoes such as viral capsids, proteasome components, and synthetic vectors for drug or gene therapy de-
livery in various cell systems is of interest. This could provide valuable insights into the general mechanisms
of nuclear transport beyond pre-ribosomal particles and could potentially have significant implications for
drug and gene therapy development.

RESULTS

Microscopy setup, labeled pre-ribosomal particles, and identified nuclear export signals

To capture single molecules transporting through the sub-micrometer regions of the NPC, single-point
edge-excitation sub-diffraction (SPEED) microscopy was utilized.'”?° SPEED microscopy was designed
to image a single NPC from neighboring NPCs in live cells with either an inclined or a vertical illumination
patterns in the focal plane’®*" (Figures 1A=1E). This unique microscopy method facilitates the collection of
dynamic information for molecules transiting through biological channels and cavities with rotational sym-
metry at high spatiotemporal resolutions of <10-20 nm and 0.4-2 ms.”>*"~** Optical lenses can be inserted
on the optical path of excitation light to convert the microscopy imaging from SPEED mode to narrow-field
fluorescence microscopy (Figure 1B). Single-molecule FRET (smFRET) measurements were conducted in
either SPEED or narrow-field mode by collecting the FRET signal from a donor-acceptor fluorophore
pair (Figures 1A, 1C, and 1F-11).

A novel labeling strategy was employed to resolve and isolate intact pre-60S and pre-40S particles from

single r-proteins interacting with single NPCs. The objective was to ensure that the particle being tracked
is indeed assembled pre-ribosomal subunits and not lone r-proteins or contaminated irrelevant protein

2 iScience 26, 107445, August 18, 2023

iScience



iScience ¢? CellPress
OPEN ACCESS

A B NPC or FRET Donor m
z 1
Excitation Laser I

y

488 nm

Narrow-field

Narrow-field Microscopy

Optical Lens

Pre-Ribosome

mcherry <P Subunit

S0A 50A

Pre-60S Pre-40S

-Labeled NE

Dual View System

E GFP- & mCherry-Labeled

. AXIaI . Lateral Pre-Ribosome Subunit C
R V) A S .\ Successful
o = )
: \ w W Event
J‘@ NPCES : NPC / .
SPEED Microscopy"'.. y ‘ 7 ﬂ
Vertical lllumination) ™, Z : . Photobleached
(Vertical lllumination) ™, L/ ! L. 7 Abortive B itiah ol N
X . X Event NE Scaffold Protein
F G
LB w{ Oms
eins S ¢ 16 ms
Bl e
> 200
“1'N C
X (nm)
I 600
H " 8 ms
200 .
= [ ]
L E °l Oms Y 4
> 200
4ms
-400 N c
X (nm)

Figure 1. Experimental Setup for tracking single pre-ribosomal subunits through the NPC

(A) The structures of the pre-60S (left, PDB: 6LU8) and pre-40S (right, PDB: 6G4S) are displayed based on previous cryo-EM studies, indicating the relative
distance between the FRET pair utilized. GFP (green) is tagged at the C-terminal end of RpL3 (light blue) or RpS13 (light green), while mCherry (red) is tagged
at the C-terminal end of RpL23 (dark blue) or RpS11 (light green).

(B) A simplified schematic of the SPEED, FRET, and narrow-field fluorescence microscopy setups is presented, with optical lenses on the excitation laser
optical path used to convert microscopy imaging from SPEED mode to narrow-field mode. RM and DM refer to the reflection and dichroitic mirrors,
respectively.
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Figure 1. Continued

(C) A narrow-field illuminated live cell expressing FRET-pair labeled pre-ribosomal subunits (red dots) and GFP-labeled NE (green ring) is shown, with purple
pseudo-colored nucleoli.

(D) A simplified diagram demonstrating the vertical single-point illumination (blue beam) of SPEED microscopy to image a single NPC in the axial and lateral
planes.

(E) An illustration of a successful or abortive nuclear export event of FRET-pair labeled pre-ribosomal subunits through a GFP-labeled NPC is provided.
(F) A frame-by-frame depiction of a typical successful nuclear export event of the pre-60S subunit (red spot) through a single NPC (green spot) imaged by
SPEED microscopy is displayed (Video S1).

(G) The plotted 2D trajectory of the successful event shown in F is provided.

(H) A frame-by-frame depiction of a typical abortive nuclear export event of the pre-60S subunit (red spot) through a single NPC (green spot) imaged by
SPEED microscopy is displayed (Video S2).

(1) The plotted 2D trajectory of the abortive event shown in H is presented. The nucleoplasm and cytoplasm are referred to as N and C, respectively. The scale
bars are 1 um. Videos of the pre-60S (Videos S1 and S2) and pre-40S (Videos S3 and S4) nuclear export events are presented in the supplementary.

complexes. To achieve this, a fluorescent FRET-pair labeling approach was used, with two selected neigh-
boring r-proteins labeled with GFP and mCherry. These r-proteins come into proximity once assembled
into pre-ribosomal subunits and remain assembled during translation of proteins in the cytoplasm. As
shown in Figure 1A, two protein pairs, roL3-GFP/rpL23-mCherry and rpS13-GFP/rpS11-mCherry, were cho-
sen to label pre-60S and pre-40S particles, respectively. The distance between each paired protein is less
than the Férster distance of GFP and mCherry (~5.2 nm) when in proximity, indicating more than 50% en-
ergy transfer between donor and acceptor. The r-proteins rpS13 and rpS11 were specifically chosen for pre-
40S particles as they have been shown to co-precipitate with pre-40S RNA more than any other measured
40S proteins and are considered essential to subunit formation.*>™*” Similarly, large-subunit proteins L3
and L23 are loaded onto the forming large ribosomal particle at two different intermediate stages of as-
sembly prior to nuclear export through the NPCs.*® To avoid tracking lone r-proteins or contaminated pro-
tein complexes, r-proteins were carefully selected based on their moonlight functions, and rpL23 and rpS19
were selected as their described moonlight functions are in the nucleus and nucleolus.® C-terminus tags
were used for all the chosen r-proteins as N-terminus tagged r-proteins showed abnormal distribution
upon expression in living cells.*” Epifluorescence imaging in live cells showed that the FRET pair r-proteins
are retained within each pre-ribosomal subunit from complex formation in the nucleolus to complex matu-
ration in the cytoplasm (Figures 1B and 1C). This design to track nuclear export of assembled pre-ribosomal
subunits is further validated by the completely different transport kinetics obtained for lone-labeled r-pro-
teins examined in this study.

Prior to single-molecule tracking experiments, we also analyzed protein-protein interactions involving pre-
ribosomal r-proteins, accessory proteins, and NTRs using a Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) analysis.50 (Figures S1 and S2, Additional Methods in Suppl. Info.). The analysis
revealed the association of various proteins with pre-60S and pre-40S subunits and allowed us to identify
proteins containing an NES using NES prediction software. After applying filters, we identified 7 and 8 po-
tential NESs in the pre-60S and pre-40S ribosomal subunits, respectively. Specifically, pre-60S subunits
contained NES-positive ribosomal proteins such as rpL3, rpL30, and rplL35, as well as accessory proteins
including elF6, TMA16, LLPH, and NMD3. For pre-40S subunits, the NES-positive ribosomal proteins
were rpS3A, rpS6, rpS16, rpS17, and rpS19, while the NES-positive accessory proteins were BYSL, TSR1,
and LTV1 (Figures S3A and S3B, Table S1).

Visualizing single intact pre-ribosomal subunits undergoing nuclear export using high-speed
single-molecule microscopy

We were able to localize individual NPCs at the NE of live Hela cells by using cells that stably express
POM121-GFP, a structural nucleoporin (NUP) located at the central scaffold of the NPC. We used the
SPEED microscopy vertical illumination setup to capture the location of POM121-GFP with an exposure
time of 1-3 s, achieving a spatial localization precision of <3nm (Figure 1D).'"?° To prevent potential inter-
ference from POM121-GFP as a donor in FRET measurements, we photobleached the fluorescence of
POM121-GFP immediately before detecting smFRET signals in our experiments. This photobleaching
also reduced background noise, enabling the subsequent single particle tracking of pre-40S or pre-40S
particles as they pass through the native NPC.

We tracked smFRET signals using low expression levels of the acceptor in the FRET pair (rpL23-mCherry or
rpS11-mCherry) while particles interacted with a single NPC (Figure 1E). After tracking the particle
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trajectories through the NPC, we analyzed and categorized them into three distinct groups: successful,
abortive, and incomplete events. A successful event is when a particle transits from the nucleoplasm
through the NPC to the cytoplasm (Figures 1F and 1G). An abortive event is when a particle enters the
NPC from the nucleoplasm but then returns to the nucleoplasm (Figures 1H and 11). Incomplete events
occur when the trace starts in the nucleoplasm but does not extend into the cytoplasm or return to the
nucleoplasm. We discard incomplete events and exclude them from the final analysis. We determine the
export efficiency by dividing the number of successful export events by the total number of successful
and abortive events. Additionally, we obtained the transport time of pre-ribosomal particles through the
NPC by determining the dwelling times within the NPC, which provided a mean export time for the com-
plex under investigation.

Transport efficiencies of pre-60S or pre-40S particle through NPCs in live cells

To ensure sufficient statistical power, we collected and analyzed hundreds of single-molecule traces. For
the pre-60S particles, we obtained 369 single-molecule export events from eight discrete NPCs in eight
different cells, of which 67 + 3% were classified as successful (Figures 2A and S4). For the pre-40S, we re-
corded 261 export events from eight discrete NPCs in eight separate cells, of which 64 + 3% were classified
as successful (Figures 2C and S4). Both pre-60S and pre-40S particles showed peak locations at the center
of the NPC, approximately 2 nm from the NPC center labeled by POM121-GFP (Figures 2A and 2C).
Notably, the last interaction before successfully exiting the NPC occurred primarily in the cytoplasmic re-
gion of the NPC (20 nm-70 nm on the x axis) and to a lesser extent in the central scaffold region (—20 nm-
20 nm on the x axis) for both particles (Figures 2B and 2D). However, most of the abortive export traces for
both pre-60S and pre-40S were concentrated at the nuclear basket region of the NPC (=100 nm——20 nm in
the x-dimension), with only a small portion extending into the central scaffold region (=20 nm-20 nm on the
x axis) but not beyond. The deepest penetration analyses of abortive events for both pre-60S (Figures 2E
and 2F) and pre-40S (Figures 2G and 2H) confirmed that the central scaffold region of the NPC was the
furthest distance they could explore. These findings suggest that both pre-60S and pre-40S particles
have a higher probability of completing their nuclear export once they traverse the NPC's nuclear basket
and center to reach the cytoplasmic side of the pore, where dissociation into the cytoplasm is to occur.

Furthermore, we assessed the nuclear export efficiency and time for RoL23-mCherry, RpS19-GFP, and GFP-
CRM1 in live cells using single-molecule microscopy (Figures 2L and 3, Table S2). While it is possible that
these two ribosomal proteins may be traveling alone or in complexes, and CRM1 may be moving with or
without cargos in live cells, all three molecules exhibited a nuclear export efficiency of approximately
50%, which is consistent with the previously reported times for NTRs or facilitated transport.'”?>*? Howev-
er, this efficiency is significantly lower than the nuclear export efficiency observed for both pre-ribosomal
subunits. Furthermore, when compared to other large cargos such as mRNA with a nuclear export effi-
ciency of approximately 36% and adeno-associated viral particles with a nuclear import efficiency of about
17%,%"°° pre-ribosomal subunits demonstrate a much higher efficiency in traversing the NPCs. These find-
ings collectively suggest that these large pre-ribosomal particles may employ a distinct transport
mechanism.

Finally, we were also interested to explore whether large pre-ribosomal particles occupy the entire central
channel of the NPC during transport, given their comparable size. Our analysis of 2D probability density
maps of successful nuclear export trajectories showed that both pre-ribosomal particles were concentrated
along the central nucleocytoplasmic transport axis and appeared to occupy a large portion of the channel
(Figures 2J and 2K). However, their occupancy pattern in the NPC differed from the passive diffusion route
taken by small molecules like free GFPs, although there was some overlap™ (Figure 21). To further distin-
guish between these routes, live-cell trafficking studies using 3D super-resolution microscopy imaging
will be required.

Transport time of pre-60S and pre-40S particles through the NPC in live cells

We used single-molecule traces of pre-ribosomal particles to determine the successful nuclear export time
and the dwelling time for abortive events for both pre-ribosomal subunits (Figures 1G, 11, and 3A-3D). As
shown in Figures 3A and 3C, the successful nuclear export time was foundtobe 13 + 1 msand 9 + 1 ms for
pre-60S and pre-40S, respectively (Figures 3A and 3C). The smaller size and more exposed NESs of pre-40S
may account for its shorter nuclear export time (Figures 4A and 4B, Table S2). Similarly, the dwell time for
abortive export events of pre-40S particles is shorter than that of pre-60S, although the difference is smaller
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Figure 2. Single-molecule trajectories, probability density maps, and successful export efficiency of pre-ribosomal particles through the NPCs
(A) Superimposed single-molecule trajectories from 138 successful transport events for pre-60s. Each event is color-coded ranging from 0 ms to 32 ms, with
32 ms being the longest event. Histogram of successful events for pre-60s by the X (nm) dimension, fitted by a Gaussian function yielding a peak position
at —2 + 66 nm on the nuclear side of the NPC.

(B) Last recorded step of the successful events for pre-60s particles before exiting the NPC superimposed over an NPC illustration (gray), with a histogram of
X (nm) data yielding a peak position at 46 + 49 nm.

(C) Single-molecule trajectories from 173 successful transport events for pre-40s. Each event is color-coded ranging from O ms to 18 ms, with 18 ms being the
longest event. Histogram of successful events for pre-40s by the X (nm) dimension with a peak position at =2 + 76 nm on the cytoplasmic side of the NPC.
(D) Last recorded step of the successful events for pre-40s particles before exiting the NPC, with an X (nm) peak position of 37 + 44 nm.

(E) Single-molecule trajectories from 72 abortive events for pre-60s with an X (nm) peak position of —49 + 50 nm.

(F) Deepest penetration into the NPC from the recorded abortive events in E, with X (nm) peak positions at —24 + 27 nm and 14 £ 17 nm.

(G) Single-molecule trajectories from 83 abortive events for pre-40s with an X (nm) peak position of —48 + 68 nm.

(H) Deepest penetration into the NPC from the recorded abortive events in G, with a peak position of 7 + 17 nm.

(I) Freely diffusing GFP 2D probability density map of successful and abortive events from previously published research article,”” used with permission.
Normalized to the background.

(J) Pre-60S 2D probability density map of successful and abortive events from A and E, normalized to the freely diffusing GFP shown in I.

(K) Pre-40S 2D probability density map of successful and abortive events from C and G, normalized to the freely diffusing GFP shown in |.

(L) Nuclear export efficiency of intact pre-60S (blue), intact pre-40S (green), single pre-60S associated r-protein, rpL23 (blue with black lines), single pre-60S
associated r-protein, rpS19 (green with black lines), and associated NTR CRM1 (gray) live cell nuclear export efficiency. The dotted black line indicates the
0 nm position in the X-dimension and the center of the NPC. The dark gray shaded region outlines the —20 nm-20 nm position and outlines the approximate
distance of the central scaffold region. The light gray shaded region indicates the —100 nm to —20 nm and 20 nm-100 nm region of the NPC. N, nucleoplasm.
C, cytoplasm. p values were calculated by two-sided Welch's t test for comparison with pre-ribosomal subunits. p < 0.05, *.
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Figure 3. Nuclear transport time for pre-ribosomal particles and ribosomal proteins

(A) Nuclear export time distributions for successfully transported pre-60S particles fitted by a Hill function, with a transport time of 13 + 1 ms.

(B) Nuclear export time distributions for abortive pre-60S transport events, fitted by a Hill function with a transport time of 12 £ 1 ms.

(C) Successful and (D) abortive nuclear export time distributions for pre-40S particles with transport times of 9 + 1 ms and 10 £ 1 ms, respectively, fitted by
Hill functions.

(E) Nuclear export time distribution for single pre-60S r-protein, rpL23, fitted by an exponential decay function, with a transport time of 6 + 1 ms.

(F) Nuclear import time distribution for all rpL23 import events fitted by an exponential decay function, with a transport time of 2 + 1 ms.

(G) Nuclear transport time distributions for single pre-40S r-protein, rpS19, export (G) and import (H) events with transport times 3 + 1 msand 2 + 1 ms,
respectively, fitted by an exponential decay function.

(1) Nuclear transport times for successful export events of pre-60S (blue), successful export events of pre-40S (green), abortive events of pre-60S (gray),
abortive events pre-40S (gray), export and import events of RpL23 (blue with black lines) and export and import events of RpS19 (green with black lines).
(J) Nuclear transport times of previously published molecules””": (1) Alexa Fluor (AF) 488 labeled 3-kDa Dextran, (2) AF647 labeled insulin, (3) AF647 labeled
10-kDa Dextran, (4) AF647 labeled a-lactalbumin, (5) AF647 labeled GFP, (6) AF647 labeled cargo complexes of IBB-2xMBP-M3/ImppB1, (7) AF647 labeled
cargo complexes of NLS-2xGFP/Impa/ImpB1, (8) AF647 labeled complexes of IBB-2xMBP-M3/ImpB2, and (9) mCherry labeled mRNP. Error bars indicate the
SE for nuclear transport times. The hydrodynamic radius was calculated using the Stokes radius formula.”’ Panels A-D nuclear export time distributions best
fit to a Hill function. Panels E-H nuclear transport time distributions best fit to an exponential decay function. P-values were calculated by two-sided Welch's
t test for comparison with pre-ribosomal subunits. Not significant, n.s., p < 0.0001, ****. The shaded gray region shown in J represents a 95% confidence
interval. The black dotted line is a projection of the best line fit for the black data points.
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(A-E) Single-molecule trajectories and nuclear export time of pre-60S through single NPCs were quantified at various LMB concentrations: (A) 0 nM, (B)

10 nM, (C) 20 nM, (D) 40 nM, and (E) 200 nM. Successful (i-ii) and abortive (iii-iv) nuclear export events were demonstrated separately, and each event was
color-coded ranging from 0 ms to its longest time in ms. A frequency count histogram of successful or abortive events in relation to interaction time (ms)
within the NPC was fit with a Hill equation, generating the time constant (1) and R2 value. The fitting line is shown in red and the dark gray region indicates a
95% confidence interval, while the light gray region indicates a 95% prediction interval.
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(Figures 3B and 3D). The export time observed for pre-ribosomal particles through the NPCs is 2-6 times
longer than the nuclear import and export time measured for r-proteins RpL23 and RpS19 in live cells
(Figures 3E-3H). It is noteworthy that, for both r-proteins, their nuclear export time is always longer than
their nuclear import time, which may suggest that they import alone but export by chance to associate
with complexes.

The exponential decay function was a good fit for the nuclear transport time of r-proteins (Figure 3E-3H).
However, the dwell times of pre-60S and pre-40S particles within the NPCs were not well described by the
commonly used exponential decay function in nucleocytoplasmic transport studies.”*“° Instead, these
dwell times were better described by either a Hill function or an inverse sigmoidal function, both of which
yielded almost identical export times (Figures 3A-3D). In this study, we ultimately used the Hill function to
obtain export times for pre-ribosomal subunits. In contrast to exponential decay, an inverse sigmoidal func-
tion typically has a plateau at the initial stage prior to the start of decay. Additionally, a Hill function is useful
in capturing biomolecular interactions that exhibit cooperativity between two binding molecules. These
findings may suggest that pre-ribosomal subunits, being large particles that have multiple NESs requiring
multiple NTRs, have a distinct transition model different from protein cargos typically bearing single NES,
and support the existence of two likely states of transport, including initial docking at and transporting
through the NPC.

Remarkably, we observed a significant deviation from the best fit trendline when comparing the nuclear
transport times of pre-60S and pre-40S particles to those of passively transiting and facilitated cargo mol-
ecules in previous studies.®” Based on their hydrodynamic radius,”' pre-60S and pre-40S were predicted to
have transport time of ~30 ms and ~20 ms, respectively, which were almost two times longer than the
export time that we observed (Figure 3J). The export time fitted by Hill function that is shorter than antic-
ipated, together with the high export efficiency, further supports the possibility that pre-ribosomal parti-
cles likely have a unique mode of transport that involves multiple NTRs working cooperatively.

Nuclear export of pre-ribosomal particles inhibited by Leptomycin B

Potential NESs have been identified in the pre-60S and pre-40S subunits (Figures S3A and S3B, Table S1),
with seven and eight sites respectively, which can be recognized by multiple CRM1 to enhance nuclear
export. To inhibit CRM1 activity, we used Leptomycin B (LMB), a CRM1 inhibitor, and designed experi-
ments to study the effect of LMB on pre-ribosomal particles. Live cells were firstly incubated with titrated
concentrations of LMB (0 nM-200 nM), and any changes in the subcellular localization of FRET-pair-labeled
pre-ribosomal particles were examined in fixed cells. Employing the epifluorescence mode of the SPEED
microscopy setup, we compared the spatial distributions of labeled pre-ribosomal subunits under different
concentrations of LMB (0 nM, 10 nM, 20 nM, 40 nM, and 200 nM). By analyzing the fluorescence intensity
differences between the nucleus and cytoplasm in 50-60 cells for both pre-60S and pre-40S, we plotted
the intensity ratio and found that more pre-ribosomal particles were restricted in the nucleus as the
concentration of LMB increased from 0 nM to 40 nM, with a trend reaching saturation at 200 nM
(Figures S3C-S3F).

Next, we further quantified the nuclear export time and efficiency of pre-ribosomal subunits in live cells un-
der the LMB treatments at the single-molecule level (Figures 4, 5, and 6). The results showed that LMB treat-
ment led to a drastic reduction in nuclear export efficiency and a significant increase in nuclear export time
for both pre-60S and pre-40S particles. Specifically, for pre-60S, the nuclear export efficiency was 66 + 3%,
37 +4%,25 + 3%, 17 + 3%, and 6 + 2% at LMB concentrations of 0 nM, 10 nM, 20 nM, 40 nM, and 200 nM,
respectively (Figure 6A, Table S2). The nuclear export time was 13 + 1ms, 16 + 1ms, 20 £+ 2ms, 19 £+ Tms,
and 19 + 3ms, respectively (Figures 4, 6B, and 6C, Table S2). Similarly, for pre-40S, the nuclear export ef-
ficiency was 68 + 3%, 38 + 4%, 23 + 3%, 15 + 3%, and 4 + 2%, and the nuclear export time was 9 + Tms,
11 + 1ms, 14 + 2ms, 17 £+ 2ms, and 19 + 2 ms at LMB concentrations of 0 nM, 10 nM, 20 nM, 40 nM, and
200 nM, respectively (Figures 5 and 6A-6C; Table S2).

The nuclear export efficiency of both pre-ribosomal subunits decreased significantly in a dose-dependent
manner, with an approximately 11-fold decrease for pre-60S and a 17-fold decrease for pre-40S as LMB
concentration increased from 0 nM to 200 nM (Figure 6A; Table S2). Single-molecule trajectories of abor-
tive export events confirmed these results, showing an increasing number of export events blocked at the
nuclear basket of the NPC before entering the central scaffold region as more LMB was added (Figures 4-iii
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Figure 5. Effect of LMB on single-molecule trajectories and nuclear export kinetics of pre-40S through single NPCs
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(A-E) Single-molecule trajectories and nuclear export time of pre-40S through single NPCs were quantified at various LMB concentrations: (A) 0 nM, (B)
10 nM, (C) 20 nM, (D) 40 nM, and (E) 200 nM. Successful (i-ii) and abortive (iii-iv) nuclear export events were demonstrated separately, and each event was

color-coded ranging from 0 ms to its longest time in ms. A frequency count histogram of successful or abortive events in relation to interaction time (ms)
within the NPC was fit with a Hill equation, generating the time constant (1) and R2 value. The fitting line is shown in red and the dark gray region indicates a

95% confidence interval, while the light gray region indicates a 95% prediction interval.
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and 5-iii). Interestingly, single-molecule trajectories of successful export events revealed that the spatial

location of the interaction sites between pre-ribosomal particles and the NPC shifted away from the center
of the NPC scaffold toward the nuclear basket as LMB consumed more CRM1 at higher concentrations
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(Figures 4-i and 5-i). This shift indicates that abundant CRM1 is required to assist large pre-ribosomal par-
ticles in traversing the NPC's nuclear basket and center to reach the cytoplasmic side of the pore before
being released into the cytoplasm.

While the export efficiency decreased precipitously, the export time only increased by approximately 50%
as LMB concentration increased from 0 nM to 40 nM and remained unchanged until 200 nM for both sub-
units. These findings suggest that LMB-induced inadequate CRM1 has a more severe impact on nuclear
export efficiency than nuclear export time for pre-ribosomal particles. Inadequate CRM1 may cause longer
initial docking times for large cargo at the nuclear basket, but subsequent transport or diffusion time
through the center and cytoplasmic side of the NPC were less affected. However, the lack of CRM1 can
compromise interactions between CRM1 and FG Nups throughout the NPC, leading to significantly
reduced nuclear export efficiency.

Enhancement of nuclear transport efficiency for protein cargos by multiple NTRs: In vitro and
in vivo examples

Our investigations propose a model for the nuclear export of pre-60S and pre-40S subunits, in which mul-
tiple copies of CRM1 function cooperatively to chaperone pre-ribosomal subunits through the NPC, lead-
ing to increased export efficiency and decreased export time. Previous studies have also shown that multi-
valent binding of NTRs can enhance nuclear transport of protein cargos or viral particles that bear multiple
nuclear localization sequences (NLSs) or NESs.**“° For instance, the use of a maltose-binding protein
(MBP) dimer (IBB-2xMBP-M3) as the cargo protein, containing both an IBB domain and an M3 domain,
has demonstrated that the simultaneous binding of IBB-2xMBP-M3 to two different NTRs can result in
more efficient import.> Specifically, Importin B1 (Imp 1) binds to the IBB domain and ImppB2 binds to
the M9 domain in M3. In contrast, binding to only one NTR does not enhance import efficiency. To quantify
this observation, we used high-speed single-molecule SPEED microscopy to determine the nuclear import
efficiency and time for IBB-2xMBP-M3 binding to one or two different NTRs in permeabilized cells. Note-
worthy, permeabilized cells are a valuable tool for studying intracellular processes in a controlled environ-
ment, providing insights that cannot be obtained using intact cells.

To ensure that >99% of the cargo formed complexes with ImpB1, ImpB2, or both at any given time in per-
meabilized cell systems, we oversaturated the NTR concentration (STAR Methods). The transport kinetics
of the IBB-2xMBP-M3 cargo were quantified with the addition of ImpB1, ImpB2, or a combination of both
NTRs. We observed no significant difference between nuclear import efficiencies obtained for IBB-2xMBP-
M3 in the presence of lone ImpB1 or ImpPB2, at 52 + 3% and 48 + 3%, respectively. However, the nuclear
import efficiency for the protein cargo in the presence of both NTRs was significantly enhanced to 65 + 3%
(Figure S5 and Table S1). Additionally, the nuclear import time for IBB-2xMBP-M3 decreased by ~30% in
the presence of both NTRs. These quantitative results support the model that multiple NTRs can work
cooperatively to improve nuclear transport rate.

We further bolster these findings with an example of nucleocytoplasmic transport of Smad proteins in live
cells, both in the presence and absence of transforming growth factor 1 (TGF-B1).>" Receptor-regulated
Smad proteins (R-Smads), such as Smad2, and the common signaling transducer Smad protein, Smad4, can
form hetero-complexes and transport through NPCs to accumulate in the nucleus under the stimulation of
TGF-B. Without ligand stimulation, Smad2 or Smad4 proteins are predominantly present in the cytoplasm.
To facilitate their nuclear import or export, Smad2 contains one NLS, two NESs, and a hydrophobic corridor
domain that interacts with FG Nups. Smad4, on the other hand, contains one bipartite NLS recognized by
Importin 7 and Importin 8, and one NES recognized by CRM1. Upon TGF-B1 stimulation, a heterotrimer
comprising two Smad?2 proteins and one Smad4 protein is formed in the cytoplasm, which is equipped
with two NLSs, one bipartite NLS, and two hydrophobic corridor domains to facilitate nuclear import. How-
ever, all NESs are concealed within the cytoplasm, and none are exposed on the surface of the hetero-
trimer. Upon reaching the nucleus, the heterotrimer dissociates into individual monomers, each of which
performs nuclear export independently using the export signals they carry.

By employing high-speed single-molecule SPEED microscopy and FRET techniques (STAR Methods), we
monitored the complete process of TGF-B1-induced Smad2/Smad4 heterocomplex formation and disso-
ciation, as well as their nuclear transport efficiency through NPCs in live cells.”* Our experiments revealed
that the formation of Smad2/Smad4 heterocomplexes equipped with multiple importing signals
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recognized by more NTRs resulted in a nuclear import efficiency of 43 + 3%, which is 2-fold higher than the
26 + 4% and 22 + 5% observed for Smad2 and Smad4 monomers, respectively. Subsequently, we found
that Smad2 and Smad4 monomers equipped with one or two NESs recognized by CRM1 possessed a nu-
clear export efficiency of 42 + 4% and 47 + 5%, respectively, which is approximately four times higher than
the low nuclear export efficiency of 12 + 2% for their heterotrimers containing concealed NES due to
conformational changes (Figure S5 and Table S2). Our observations suggest that multiple NTRs can
enhance the import or export efficiency of endogenous protein cargoes in live cells.

DISCUSSION

In this study, we utilized high-speed single-molecule tracking microscopy combined with FRET techniques
to investigate the transport dynamics of individual intact pre-ribosomal subunits through NPCs in live
cells. Our results provide strong evidence that pre-60S and pre-40S particles exit the nucleus with high
export efficiencies exceeding 65%, and with export times that are significantly lower than anticipated
based on their hydrodynamic radius alone. We have shown that the association of multiple CRM1s en-
hances the efficient nuclear export for these pre-ribosomal particles, which is supported by computational
analysis of both r-proteins and accessory proteins, experimental observations from LMB drug inhibition,
and 2D single-molecule trajectories of export events. These findings provide significant support for a
model of nuclear export through the NPC for pre-ribosomal subunits, where pre-60S and pre-40S achieve
superior export efficiency and decreased export time due to the involvement of multiple CRM1s. Interest-
ingly, this mechanism may not be restricted solely to large cargoes, such as pre-ribosomal particles.
Indeed, nucleocytoplasmic transport assays conducted on both permeabilized and live cells suggest
that the involvement of multiple NTRs in nuclear import or export can enhance the efficiency of protein
transport as well.

The administration of LMB, a drug that blocks the binding of CRM1 to NES-carrying cargo, had a significant
impact on the nuclear export rate of both pre-ribosomal subunits in a dose-dependent manner. The export
time for both pre-ribosomal subunits was prolonged by roughly 50%, and the export efficiency was reduced
by 11-fold to around 6% for pre-60S and 17-fold to approximately 4% for pre-40S at high LMB concentra-
tions. These findings suggest that of the NTRs, including CRM1, TAP-p15, and the export adaptor Rrp12 for
pre-60S, and CRM1 and Rrp12 for pre-40S,?/2830-3447.¢8 CRM1 plays a significant role in driving efficient
nuclear export for pre-ribosomal subunits. While TAP-p15 and Rrp12 have been suggested to play a
role in the export of these pre-ribosomal subunits, there is limited direct evidence that clearly outlines their
individual functions in the export of these subunits. This is primarily due to the necessity of these transport
receptors in cellular viability, as attempts to knock them out resulted in cell death (Figure Sé), making it
challenging to evaluate their specific contributions.?®*”’° However, accumulating evidence strongly impli-
cates that CRM1 is the primary driver of nuclear export for pre-60S and pre-40S.

Even though nearly two-thirds of pre-ribosomal particles interacting with NPCs are successfully exported
through the NPC and into the cytoplasm, one-third of them are returned to the nucleoplasm. Through a
comparison of 2D single-molecule localizations of successful and abortive nuclear export events for pre-ri-
bosomal subunits, it was discovered that these subunits have a high likelihood of completing their nuclear
export once they traverse two critical subregions of the NPC, namely the nuclear basket and the NPC cen-
ter. Failing to pass through these regions results in abortive events, and these regions appear to function as
selectivity barriers for pre-ribosomal particles within the NPC. It is noteworthy that recent studies have indi-
cated that the nuclear transport of protein complexes facilitated by a single NTR is mainly restricted by the
NPC central region rather than the nuclear basket and center,'”*” implying that very large cargos such as
pre-ribosomal subunits may have somewhat different transport mechanisms. Within the context of this
model for pre-ribosomal subunits, we can infer that as the concentration of CRM1 is depleted under
LMB treatments, the pre-ribosomal particle initially docks within the nuclear basket, where it either recruits
additional CRM1 to continue exporting through the NPC or fails to do so and returns to the nucleoplasm.

The transport of pre-ribosomal particles through the NPC has been extensively studied in yeast cells,
providing significant insights into this process in these organisms.”®*%31:33343637 However, relatively
few studies have examined pre-ribosomal particles in metazoan cells, with one notable exception.
Recently, Ruland et al. evaluated the transport kinetics of pre-60S particles in mammalian cells using a com-
bination of biochemical data and narrow-field HiLo microscopy.*® Remarkably, the transport times re-
ported by Ruland et al. largely agree with those reported in this study. However, the functional forms of
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the curves that fit the transport times differ. While Ruland et al.’s data could be fit by an exponential decay
function, the transport times reported in this study are better described by a Hill or sigmoidal function, sug-
gesting distinct docking and exporting steps. This difference can be partially attributed to the temporal
resolution at imaging, with Ruland et al. using an imaging speed of 14 ms and this study using a faster
2 ms imaging speed.

In addition, Ruland et al. reported that approximately one-third of pre-60S and NPC interactions resulted in
a successful export, while this study achieved a higher export efficiency by using an FRET-based labeling
strategy for pre-60S and pre-40S. The difference in export efficiency can be likely explained by different
labeling strategies used in the studies. This study observed single-molecule isolation and identification
by using the inherent properties of FRET to temporally and spatially separate and localize FRET-pair-
labeled pre-ribosomal subunits, ensuring that only assembled pre-ribosomal subunits were tracked.
Notably, this study is also the first to characterize pre-40S nuclear export dynamics at the single-molecule
level in mammalian cells. Despite the disagreement between the two studies, the agreement in export ef-
ficiency between pre-40S and pre-60S within this study and between this study and Ruland et al. regarding
export time suggests that these data are reliable and consistent.

Future directions for this project will include mutational studies on identified NES of selected candidate
r-proteins/accessory proteins to further solidify the conclusion that the transport of pre-ribosomal subunits
is aided by multiple NTR binding. This will involve building protein binding assays with mutated NES, which
will serve as an asset for the scientific community. Since Exportin 5 has been identified as having an essen-
tial role in pre-60S export,®* we are also interested in expanding our research to discretely evaluate the
roles of other export receptors, including Exportin 5. In addition to pre-ribosomal particles, the NPC has
been shown to be capable of transporting other large cargoes (>15 nm), such as viral capsids, proteasome
components, and synthetic vectors for drug or gene therapy delivery.*>°*’! Therefore, we are interested in
expanding this study to quantify nucleocytoplasmic kinetics for these large particles in various cell systems.
This will provide valuable insights into the general mechanisms of nuclear transport and could potentially
have significant implications for drug and gene therapy development.

Limitations of the study

In this study, the primary use of smFRET signal is to spatially and temporally separate and localize FRET-
pair-labeled pre-ribosomal subunits, ensuring the tracking of assembled pre-ribosomal subunits during
nuclear export in live cells. However, it is important to acknowledge the inherent capabilities of smFRET
that make it a powerful tool for investigating biomolecular interactions, dynamics, and conformational
changes with exceptional sensitivity and single-molecule resolution. While our current manuscript does
not fully exploit these advantages of smFRET to explore potential conformational changes in the large
pre-ribosomal subunits during their nuclear export, we acknowledge the significant potential for further
investigation. To accurately determine such changes, our future plans involve enhancing our microscopy
imaging techniques to reduce background noise, minimize fluorophore photobleaching, and differentiate
between genuine conformational changes and photophysical artifacts. Additionally, we intend to explore
the potential of utilizing the virtual three-dimensional (3D) imaging capabilities offered by SPEED micro-
scopy.'7? The implementation of 3D imaging will allow us to address unresolved questions concerning
the spatial occupancy of large cargos within the sub-micrometer NPC during the nuclear export of pre-ri-
bosomal subunits. It will also provide insights into how these large cargos navigate transport routes while
coexisting with the passive diffusion of small molecules, as well as the facilitated transport of proteins and
mRNAs. By leveraging the 3D imaging capabilities of SPEED microscopy and the conformational determi-
nation provided by smFRET, we anticipate unraveling the more intricate dynamics of nucleocytoplasmic
transport and shedding light on the interplay between different molecular species within the NPC.
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact: Weidong Yang, weidong.yang@temple.edu.

Material availability

This study did not generate any new material.

Data and code availability

@ All python’? code and single-molecule localization data from candidiates used in this study are publically
available at the Weidong Yang Lab GitHub repository (https://github.com/YanglLab-Temple).

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines

Live Hela cells stably expressing POM121 conjugated to GFP at the C terminus (RRID:CVCL_A%H3) for sin-
gle-molecule microscopy experiments and live wild type Hela (ATCC, CCL-2) for confocal experiments.

METHOD DETAILS
Cell culture and protein expression

Experiments on pre-40s and pre-40s nuclear export were conducted in live Hela cells (American Type Cul-
ture Collection) stably expressing POM121 conjugated to GFP at the C terminus (RRID:CVCL_A%H3). Cells
were incubated with 5% CO, at 37°C in DMEM (Gibco) with 10% (v/v) FBS (Gibco), and 1% (v/v) penicillin-
streptomycin (10,000 U/mL, Gibco). Cells were co-transfected or singly transfected with plasmids contain-
ing the open reading frame for rpL3-GFP and rpl23-mCherry, or rpS11-GFP and rpS13-mCherry. A second-
ary FRET pair, rpS19-GFP and rpS25-mCherry, was used to confirm the results of pre-40S. GFP tagged Imp
B1 or Crm1 were transfected to the Hela cells and single-molecule tracking of Imp B1 or Crm1 through the
NPCs was conducted after completely photobleaching the fluorescence of GFP-Pom121 in the NPCs of live
cells. These single-molecule experiments in live cells were conducted 24 hours after transfection.

For microscopy imaging in permeabilized cells, flow chambers were constructed with a top cover-slip and
two lines of silicone grease as spacers. Cells were washed with transport buffer (20mMHEPES, 110 mM
KOAc, 5 mM NaOAc, 2 mM MgOAc, 1 mM EGTA, pH 7.3), permeabilized for two minutes with
40 pg/mLdigitonin in transport buffer and washed again with transport buffer supplemented with 1.5% pol-
yvinylpyrrolidone (PVP; 360 kDa). PVP was included in all transport buffer solutions after digitonin treatment
to prevent osmotic swelling of the nuclei. Nuclear transport assays for transport receptors CRM1, Tap-p15,
and nuclear export adaptor Rrp12 were conducted in digitonin-permeabilized cells supplemented with
1.5% polyvinylpyrrolidone (PVP; 360 kDa). Import assays for IBB-2xMBP-M3 were conducted similarly to
the transport receptor assays in digitonin-permeabilized cells. Concentrations used for all fluorescently
labeled molecules were ~0.1 nM.

For live cell leptomycin B experiments, incubations were done at 37°C for 3 hours prior to imaging at the
concentrations listed in the main text. We used a three-hour incubation time of LMB, which falls within the
typical range of one to four hours, to achieve efficient inhibition of CRM1 while minimizing off-target effects
and cellular toxicity.

Controlled expression level of acceptors for single-molecule tracking experiments in live cells

Transfection conditions were optimized through titration to achieve a lower molar concentration of
mCherry acceptor labeled r-proteins in living Hela cells. 0.8 ng of plasmid DNA was utilized for mCherry
containing r-proteins RplL23 and RpS13 compared to 1.2 pg of plasmid DNA used for the GFP donor
labeled RpL3 and RpS11. Transfection was achieved using the transfection reagent, TransIT LT-1 (Mirus
Bio), at a 1 pg plasmid DNA to 2 pl transfection reagent ratio. Similarly, 1.0 pg of plasmid DNA containing
GFP labeled CRM1 was transfected using TransIT LT-1 into Hela cells stably expressing POM121
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conjugated to mCherry at the C terminus for control experiments. Detailed protocol for nuclear export of
Smad proteins can be found at the subsection titled “"Materials and Methods for Nucleocytoplasmic Trans-
port of Smad Proteins in Live Cells".

Optical setup of SPEED microscopy and FRET visualization of pre-60S and pre-40S
The optical setup of SPEED technique has been described in previously published articles.'”?%*"/% |n
short, the microscope is an Olympus IX81 equipped with a 1.4-NA 100X oil-immersion apochromatic
objective (UPLSAPO 100x, Olympus), a 120-mW ArKr tunable ion laser (Melles Griot), an on-chip multipli-
cation gain charge-coupled-device camera (Cascade 128+, Roper Scientific) and the Slidebook software
package (Intelligent Imaging Innovations) for data acquisition and processing. 488nm, 561nm and
633nm lasers were utilized to excite either GFP, mCherry and Alexa Fluor 647 respectively. To capture
FRET emissions, a dichroic mirror (506 long pass) and an emission filter (595 Long pass) were utilized.
For dual-channel FRET tracking, a DV2 system (Photometrics) was used to split GFP and mCherry signal
for simultaneous detection on the same CCD camera using the filters sets mentioned above. A background
subtraction was conducted using ImageJ for each channel and intensity values were normalized for each
channel per individual video. To avoid any possibility of POM121-GFP acting as a donor in FRET, the fluo-
rescence of POM121-GFP is photobleached just before single-molecule detection of FRET signal in all our
experiments using a high laser power of 5 mW. Immediately following photobleaching, a few seconds, the
optical setup is switched to the candidates imaging parameters and imaged. Imaging of the single NPC is
performed over 1-2 minutes with a standard video being ~30 seconds to account for the possibility of
cellular drift.

The localization precision for fluorescent NPCs and particles

For NPCs labeled by POM121-GFP, the fluorescent spots were fitted to a 2D elliptical Gaussian function,
and the localization precision was determined by the s.d. of multiple measurements of the centroid posi-
tion. However, for moving molecules such as pre-ribosomal subunits, the diffusion of the particle during
image acquisition must be accounted. The localization precision for moving substrates (o) was determined

a?N?

2
by the algorithm ¢ = \/F [16(52;,3\12/12) (S22’ /12) |\ here Fis equal to 2, Nis the number of collected pho-

tons, ais the effective pixel size of the detector, and bis the s.d. of the background in photons per pixel, and
s = 1/ss+1 DAt, where sqis the s.d. of the point spread function in the focal plane, D is the diffusion coef-

ficient of substrate in the NPC, and At is the image acquisition time.""*""® For localizing the GFP-NPC
centroid, repeated measurements generate precisions for the centroid of a single NPC with 1-3 nm preci-
sion in permeabilized cells and 5-11 nm in living cells based of the standard deviations obtained during our
single-molecule tracking experiments. For moving molecules through the NPCs captured within ~300 nm
in the focal plan, the localization precision is calculated to be based on the above equations and the pa-
rameters determined experimentally (a=240 nm, b=2, so=150 + 50 nm, D is in the range of 0.1 -
0.8 um?/s for the tested substrates). For the Alexa-dye-labeled transport receptors in permeabilized cells,
the localization precision was determined to be < 10 nm. For the FRET signal of pre-ribosomal subunits in
single-channel setup, the localization precision was calculated to range from 15-35 nm.

Quantification of export efficiency

Using the plugin GDSC SMLM’* for Fiji,”? single molecule localizations were fit. These single molecule fit-
tings are zero normalized and subsequently evaluated for successful or abortive export by overlying them
with the localized centroid of the NPC. A successful event is defined as a contiguous trace initiating within
the nucleoplasm (<-100 nm from the central plane of the NPC), passing through the NPC scaffold region,
and terminating within the cytoplasm (>70 nm from the central plane of the NPC). An abortive event is
defined as a contiguous trace originating within the nucleoplasm, entering the NPC and then returning
to, and terminating in, the nucleoplasm. All other observed events are adjudicated as incomplete and dis-
counted from further analysis as the most probable cause of an incomplete trace is photobleaching of the
fluorophore or movement out of the focal plane. Export efficiency is defined as Export Efficiency =

successful export events
successful+abortive events’

10-30 complete events, and 2-4 videos are required for a single NPC. For a detailed protocol, please refer
to Nature Protocols.”’

A typical 30-second video, with a temporal resolution of 2ms, yields approximately
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Epi-fluorescence microscopy imaging of LMB-dependent subcellular distributions of pre-
ribosomal particles

Wild type Hela cells were co-transfected with either RpL3-GFP and RpL23-mCherry or RpS13-GFP and
RpS11-mCherry to visualize preé0S or pred0S, respectively. Live cells were incubated with titrated concen-
trations of LMB (0 nM, 10nM, 20nM, 40nM and 200 nM) at 37°C for 3 hours before fixation. To prepare for
imaging, the transfected Hela cells were fixed using a 1% paraformaldehyde solution for 10 minutes. Im-
aging was conducted using a microscope with a 1.0 NA 60X Olympus water dipping objective and a Mer-
cury lamp with the previously mentioned FRET filtered sets. The cytoplasmic and nuclear membranes were
selected using bright-field images and the ImageJ particle picker plugin. The mean FRET intensity from the
cytoplasm or nucleus of individual cells was analyzed and compared under various LMB concentrations.

Protein purification and labeling

All purified proteins were expressed in E. coli cells (NEB, BL21 (DE3) cells) using a é6X histidine tag and pu-
rified through Ni-NTA Superflow (Qiagen) and by size exclusion chromatography (UltiMate 3000 HPLC
Thermo Scientific). Alexa Fluor 647 maleimide dye (Invitrogen) was used to label proteins at surface
cysteine residues. Cysteines were reduced for 30 minutes with excess of TCEP (tris-carboxyethylphosphine)
in 100X molar excess. Then Alexa647 maleimide dye was introduced for 2 hours in 50 mM sodium phos-
phate, 150 mM NaCl with pH 7.5. To quench the reaction beta-mercaptoethanol was applied. Free dye
was extracted through centrifugal filtration. The final labeling ratio was determined to be 0.7 Alexa Fluor
647 per Rrp12 molecule. For IBB-2xMBP-M3 the labeling ratio was 1.2 Alexa Fluor 647 per protein molecule.
Tap-p15 had a labeling ratio of 2.2:1 and CRM1 had a labeling ratio of 1:1.

Materials and methods for nucleocytoplasmic transport of Smad proteins in live cells

We used cDNAs of RFP-Smad2 and EGFP-Smad4, which were gifts from Ali H. Brivanlou (Rockefeller Uni-
versity, New York, USA) and Xiaohong Fang (Chinese Academy of Sciences, Beijing, China), respectively.
Hela wild-type (WT) cells were obtained from the American Type Culture Collection and cultured in
DMEM (ThermoFisher) supplemented with 10% Fetal bovine serum (FBS) and 1% Penicillin-streptomycin
(PS). Our earlier publication®’ described the cell line stably expressing POM121-GFP. Qur experimental
design is to label the N-termini of Smad4 and Smad?2 proteins with enhanced green fluorescence protein
(EGFP) and red fluorescence protein (RFP), respectively, in live Hela cells. Specifically, we transfected
EGFP-Smad4 and RFP-Smad2 into WT Hela or Pom121-expressed Hela cells using Lipofectamine 2000 (In-
vitrogen) according to standard protocols. For TGF-B1 treatment, we treated C2C12 cell line and Hacat cell
line with 5 ng/mI TGF-B1 (Peprotech) in OPTI-MEM (ThermoFisher) for 1 hour, as this timing shows a peak of
nuclear accumulation for Smad2 and Smad4.> Similarly, our cells were treated with 5 ng/ml TGF-B1 in
OPTI-MEM for 1 hour before imaging.

To inhibit phosphorylation of Smad and prevent Smad trimerization, we used SB-431542, which has been
shown to be effective. We treated cells without stimulation of TGF-B1 with 1 uM SB431542 for 4 hours to
serve as a negative control. For microscopy imaging in live-cell imaging, we replaced the medium with
transport buffer (20 mM HEPES, 110 mM KOAc, 5 mM NaOAc, 2 mM MgOAc, and 1 mM EGTA, pH 7.3)
for 30 mins before detection.

Our high-speed single-molecule tracking microscope included an Olympus IX81 equipped with a 1.4-NA
100x oil-immersion apochromatic objective (UPLSAPO 100x, Olympus), a 50mw 488nm semiconductor
laser (Coherent OBIS), a 50mw 561nm laser (Coherent OBIS), an on-chip multiplication gain charge-
coupled-device camera (Cascade 128+, Photometrics) and a Slidebook software package (Intelligent Im-
aging Innovations) for data acquisition and processing. EGFP and RFP were excited by 488 nm and
561 nm lasers, respectively, with the 488nm laser combined with an excitation filter (FFO1-469/35, Semrock)
and the 561nm laser combined with an excitation filter (FF01-531/40, Semrock). The two lasers were colli-
mated and focused into an overlapped illumination volume in the focal plane. The green fluorescence
emission was filtered by a dichroic filter (FF497-Di01, Semrock) and an emission filter (FF01-525/39, Sem-
rock), while the red fluorescence emission was filtered by an emission filter (FF01-593/40, Semrock). The
two fluorescence images were captured by the CCD camera (Cascade 128+).

For FRET measurements, a 5-mW 488nm laser was used for excitation. The donor and acceptor fluores-
cence were both collected by the same objective and split by a Dual View DV2 system (Photometrics), which
included a dichroic mirror (565dcxr, CHROMA). The donor and acceptor channels were further filtered by
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520 £+ 15 nm band-pass (CHROMA) and 593 nm long-pass (FF01-593/LP-25; CHROMA) filters, respectively.
The bleed-through signal of GFP and RFP signals with our band-pass filter is negligible, as the crosstalk
index with the GFP-RFP pair in our setup is less than 10%. Single molecules were detected at 2ms per frame,
and a 3um diameter circle area was illuminated during the experiment. The illumination intensities at the
sample plane were approximately 70 kW/cm? for both the 488 nm and 561 nm lasers.

STRING analysis of of protein-protein interactions between the pre-ribosomal r-proteins and
accessory proteins to NTRs

To evaluate the’ significance of protein-protein interactions between the pre-ribosomal r-proteins and
accessory proteins to NTRs, CRM1, Rrp12, and Tap, a STRING analysis was conducted™ (Figures ST and
S2). This analysis provides evidence that 47 r-proteins and 8 accessory proteins are associated with the
pre-60S ribosomal subunit,” while 43 are associated with CRM1, 22 with Rrp12, and 23 with Tap. Of the
33 r-proteins and 4 accessory proteins associated with the pre-40S ribosomal subunit,” 35 were associated
with CRM1, 25 with Rrp12, and 15 with Tap. As many accessory proteins may interact with the pre-ribosomal
particles at some point throughout the maturation process, only accessory proteins associated with the
complex prior to nuclear export, as defined by previously published cryo-EM results,*” were selected.

In light of the significant interactions CRM1 has with numerous r-proteins and accessory proteins within the
pre-ribosomal subunits, proteins were selected based upon the presence of the nuclear export signal
(NES), the major recruitment signal of CRM1.”? Computational analysis using NES prediction software,
NetNES 1.178 and LocNES,”® revealed several r-proteins and accessory proteins on the pre-60S and pre-
40S subunits contained some form of NES (Table S1). False positive NES predictions were then removed.
These false positives consist of a single amino acid fallaciously marked by the system as an NES to NESs
located centrally within the subunits, as determined by cryo-EM.*” Internally positioned NESs would be
inaccessible by CRM1 and would not likely participate in CRM1-mediated nuclear export.”? After filtering,
7 and 8 potential NESs were observed for the pre-60S and pre-40S subunits, respectively. NES-positive
r-proteins for the pre-60S subunit include rpL3, rpL30, and rpL35, while NES-positive accessory proteins
include elF6, TMA16, LLPH, and NMD3 (Figure S3A). NES-positive r-proteins for the pre-40S subunit
include rpS3A, rpSé, rpS16, rpS17, and rpS19, while NES-positive accessory proteins include BYSL,
TSR1, and LTV1 (Figure S3B).

QUANTIFICATION AND STATISTICAL ANALYSIS

Experimental error is reported as mean + standard error of the mean. P-values for nuclear transport assays
were obtained via one-tailed, two sample binomial z-tests for proportions. They were calculated by two-
sided Welch’s t test for comparison with pre-ribosomal subunits. Not significant, n.s., P < 0.0001, ****,
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