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Abstract

The nuclear exit of messenger RNA (mRNA) molecules through the nuclear pore complex (NPC) 

is an essential step in the translation process of all proteins. The current limitations of conventional 

fluorescence and electron microscopy have prevented elucidation of how mRNA exports through 

the NPCs of live cells. In the recent years, various single-molecule fluorescence (SMF) 

microscopy techniques have been developed to improve the temporal and spatial resolutions 

of live-cell imaging allowing a more comprehensive understanding of the dynamics of mRNA 

export through native NPCs. In this review, we firstly evaluate the necessity of single-molecule 

live-cell microscopy in the study of mRNA nuclear export. Then, we highlight the application of 

single-point edge-excitation sub-diffraction (SPEED) microscopy that combines high-speed SMF 

microscopy and a 2D-to-3D transformation algorithm in the studies of nuclear transport kinetics 

and route for mRNAs. Finally, we summarize the new features of mRNA nuclear export found 

with SPEED microscopy as well as the reliability and accuracy of SPEED microscopy in mapping 

the 3D spatial locations of transport routes adopted by proteins and mRNAs through the NPCs.
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1. Introduction

1.1. Overview of the NPC and RNA export

The nuclear pore complex (NPC) is a large protein structure embedded in the nuclear 

envelope (NE), a double bilayer membrane that separates the nucleus from the cytoplasm in 

eukaryotic cells. The NPC is the sole known gateway mediating nucleocytoplasmic transport 
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of macromolecules [1,2]. The number of NPCs on the NE vary from hundreds (yeast) to 

thousands (human cells) [3–5]. With a molecular weight of ~ 60–120 MDa and dimensions 

of ~200 nm in length and ~50 nm diameter at the narrowest portion [6–9], the human 

NPC consists of approximately 30 different nucleoporins (Nups) organized into three major 

regions along the nucleocytoplasmic transport axis: 1) the cytoplasmic ring moiety with the 

cytoplasmic fibrils, 2) the nuclear ring moiety with the nuclear basket, and 3) the central 

framework [10,11]. Each of the Nups is present as 8-fold rotationally symmetric rings 

respective to the cross section of the NPC [7]. Moreover, about one third of these Nups 

are rich in phenylalanine-glycine (FG) repeats and together create a permeability barrier 

which allows the free diffusion of small cargo molecules (< 40–60 kDa) through the central 

channel of the NPC while restricting the passive diffusion of larger cargo molecules (> 60 

kDa) into or out of the nucleus. However, when these larger cargos carry nuclear localization 

signals (NLSs) or nuclear export signals (NESs), transport receptors (TR) will bind to 

these signals and facilitate their efficient entry to or exit from the nucleus through direct 

interactions with FG-Nups in the NPC. [6,12–14].

Ribonucleic acid (RNA) is an essential bio-macromolecule to the central dogma of current 

biology [15]. In regards to their cellular function, RNA molecules may be coding RNA 

(e.g. mRNA) that are synthesized in the nucleus during transcription of genes, non-coding 

RNAs that are involved in RNA processing [e.g. small nuclear RNAs (snRNAs)], as well 

as components of protein translation [e.g. ribosomal RNA (rRNA), transfer RNA (tRNA), 

and microRNA(miRNA)] [16]. These RNAs: mRNA, tRNA, rRNA, miRNA and snRNA 

typically require the signal-dependent facilitated export from the nucleus into the cytoplasm 

[17,18]. In particular, mRNAs mainly use a transport receptor heterodimer (NXF1/Nxf1, 

also known as TAP/p15 in mammalian cells) to facilitate translocation through the NPC. 

This process involves direct interactions between the TAP/p15 heterodimer and FG-Nups 

to facilitate transport of mRNPs through the NPC [19,20]. Meanwhile, a certain subset of 

mRNAs were found to transport through the NPC using another major transport receptor, 

CRM1 (Chromosomal Maintenance 1, also known as Exportin 1) [21]. Additionally, some 

non-coding RNAs, such as rRNAs and snRNAs, can also use Crm1-dependent pathways 

for their nuclear export, while miRNAs predominantly use Exportin-5 for nuclear export 

[22–28].

1.2. Limitations of conventional light microscopy and electron microscopy in studies of 
mRNA nuclear export

Undoubtedly, it is critical to understand the basic mechanism of mRNA nuclear export, 

which forms a cornerstone in cancer therapy, prophylactic vaccines, gene therapy, and 

protein replacement therapies [29–31]. However, there are still many unknowns in the 

basic nuclear export process of mRNAs. To further study this critical process, it is 

necessary to complement conventional fluorescence microscopy and electron microscopy 

(EM) mRNA studies by employing techniques that expand into previously unfilled technical 

niches. Conventional fluorescence microscopy has been widely used to visualize molecular 

dynamics in live cells, taking advantage of the capability to tag molecules of interest 

through fusion with fluorescent proteins or dyes. However, the Abbe diffraction limit for 

light microscopy restricts the spatial resolution to approximately half of the wavelength 
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of the emission light (~ 250 nm in the x and y dimensions and about ~ 750 nm in the 

z dimension if a 500-nm emission light is collected) [32–38]. Considering the dimensions 

of the NPC and the sizes of various large and small passage macromolecules, such as 

GFP (a cylinder with a length of ~ 4 nm and diameter of ~ 2–3 nm) and RNP complexes 

(up to ~ 25 nm when assuming a spherical shape) [39,40], it is impossible to distinguish 

individual macromolecules within the NPC by conventional light microscopy [41]. Although 

electron microscopy can achieve high resolution (up to < 1 nm), preparation of the sample 

via chemical fixation or freezing prevents EM from visualizing the real-time dynamics in 

live cells [42–45]. To break these limitations, single-molecule fluorescence microscopy has 

been developed and successfully applied to track single mRNPs exporting through the NE 

or the NPC in live cells, and achieved the refined features of mRNAs exiting the nucleus 

[39,46,47].

2. Description of method

2.1. Single-molecule fluorescence microscopy techniques applied to study mRNA transit 
across the NE

As shown in Table 1, wide-field epi-fluorescence single-molecule microscopy was firstly 

applied to track mRNPs containing mRNA with various sizes of 14 kb, 8 kb, and 

4.8 kb. Multiple mRNP particles were tracked in the nuclear and cytoplasmic regions 

simultaneously; the authors reported that mRNP particles may need 5–40 min to complete 

transcription and nucleocytoplasmic transport. Particularly, with the temporal resolution of 

1 s (dictated by the frame rate of the CCD camera) the nuclear export of mRNAs across 

the NE was tracked and found to have facilitated diffusion that is 15-fold faster than 

simple diffusion in nucleoplasm [46]. Later, registration epi-fluorescence single-molecule 

microscopy was used to simultaneously image fluorescently labeled mRNPs at the NE. In 

the setup, the emission fluorescence from mRNPs and the NE were separated by a dichroic 

filter and directed into two different cameras with an additional registration precision of ~ 25 

nm. With a 20 ms temporal resolution, they found mRNA export through the NE consisted 

of a docking stage (80 ms), a transport step (5–20 ms), and a release process (80 ms), 

totaling 180 ± 10 ms in export time [39]. Soon after, light-sheet microscopy was used to 

detect mRNA nuclear export at the single-molecule level as well. In light-sheet microscopy 

the illuminating light takes the form of a thin sheet at the optical plane that arrives at the 

sample perpendicular to the detection path. Reduction of photobleaching, phototoxic effects, 

out-of-focus fluorescence, and a higher signal-to-noise ratio (SNR) comprise the advantages 

of light-sheet microscopy. With a spatial resolution in x and y dimensions of 10 nm and a 

temporal resolution of 20 ms, the authors reported that export time ranged from 65 ms to 

several seconds while the success rate of mRNA export across the NE was ~25% [47].

2.2. SPEED microscopy illuminates individual mRNA molecules through single NPCs

The above studies have provided great insight into the dynamics of mRNA export by 

imaging single mRNP particles across the NE in live cells. However, we were further 

motivated to refine the imaging process of mRNP nuclear export by investigating more 

details inside the sub-micrometer NPCs. These details included the nuclear export time and 

efficiency for mRNP particles through the NPCs instead of the NE, the diffusion patterns of 
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mRNPs through the NPC’s sub-regions including the cytoplasmic side, the central scaffold 

and the nuclear basket of the NPC, and the three-dimensional (3D) probability density map 

of spatial export routes of mRNPs and their transport receptors within the NPC [40]. To 

answer these questions, our lab has developed single-point edge-excitation sub-diffraction 

(SPEED) microscopy and applied it to conduct single particle tracking (SPT) of single 

mRNP translocation through single NPCs in live HeLa cells by collaborating with the 

laboratory of Dr. Nils Walter at the University of Michigan-Ann Arbor. SPEED microscopy 

involves new technical developments in both microscopy imaging and single-molecule data 

analyses [50,51].

2.2.1. Small illumination point spread function and high detection speed of 
SPEED microscopy—As shown in Fig. 1, the average distance of ~ 400–600 nm between 

the nearest neighboring NPCs causes an overlapping of fluorescence signal from the 

fluorescence-protein-labeled NPCs illuminated by wide- or narrow-field epi-fluorescence 

microscopy [52,53], which allows a determination of NE’s middle plane but prevents 

a precise localization of individual NPCs. As a result, detailed interaction information 

between existing mRNAs and individual NPCs remained difficult to obtain. By using an 

inclined diffraction-limit illumination point spread function (iPSF) and a high-speed CCD 

camera in SPEED microscopy, we have shaped the iPSF to illuminate single NPCs and 

track single mRNPs within NPC’s sub-regions with high temporal and spatial resolutions. 

Technical advances of SPEED microscopy are briefly summarized in the following [40,51]: 

(1) Compared to wide-field and narrow-field microscopy, SPEED microscopy generated a 

diffraction-limited iPSF (~ 320 nm in x, y, and z dimensions with a 488-nm illumination 

laser) at the NE of live cells, which is smaller than the average distance between NPCs on 

the NE, allowing the excitation of single GFP-labeled NPCs in each dimension of the 3D 

Cartesian coordinate system (Fig. 1A and B). (2) The small iPSF of SPEED microscopy 

allows the imaging of single molecules within a small pixel area of the CCD camera, 

resulting in a very fast detection speed (up to 0.2 ms per frame). (3) The high optical density 

(100–500 kW/cm2) of the small iPSF also produce a high number of photons in a short 

time period from a single mRNP complex tagged with approximately ten copies of mCherry 

[50]. Notably, we could obtain more than 5000 photons from a single mRNP particle 

within 2 ms detection time. (4) The inclined iPSF greatly avoids out-of-focus background 

fluorescence and auto-fluorescence of the objective, resulting in a much improved SNR [54]. 

(5) Pinpointed illumination in live cells causes less photo-induced toxicity. Altogether, these 

features enabled SPEED microscopy to image single fluorophores with a spatiotemporal 

resolution of < 1 ms and < 10 nm. Moreover, these experimentally obtained high-quality 

2D sub-diffraction-limited data provide the input for the post-localization 2D to 3D 

transformation data process (Figs. 2 and 3).

2.2.2. Obtaining 3D transport routes for mRNAs and their transport 
receptors by using 2D to 3D transformation algorithms—Currently, it is still 

challenging to obtain 3D super-resolution information of structures and dynamics in live 

cells with a high spatiotemporal resolution. In SPEED microscopy, we have developed a 

new transformation algorithm, without using 3D super-resolution microscopy or real-time 

3D particle tracking, to achieve 3D sub-diffraction-limited information. It is necessary to 
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note that no z dimensional information is directly obtained for individual single molecule 

locations. Rather, this is a post-localization analysis that transforms 2D super-resolution 

images or 2D single-molecule localization distributions into their corresponding 3D spatial 

probability information. This method has been successfully applied to several sub-cellular 

organelles, such as the NPC and the primary cilia, because these sub-cellular structures have 

rotational symmetry [32,40,50,51,54–56].

As for nuclear export of mRNAs and their transport receptors, the 3D locations of their 

export routes have been revealed via the 2D-to-3D transformation algorithm by taking 

advantage of the structural rotational symmetry of the NPC and superimposing thousands of 

single-particle trajectories collected from multiple NPCs [5,32,57]. An assumption is made 

that single-molecule locations within the NPC are uniform in their rotational distribution for 

our 2D-to-3D transformations. This is based on the fact that an eightfold radial symmetrical 

structure has been revealed through EM studies [5], and additionally confirmed by single 

molecule study of the spatial distribution of single transiting molecules at the cross-section 

of NPC locating at the bottom of the NE [51]. Thus, the main advantage of this 2D-to-3D 

transformation algorithm is for elucidating the 3D density maps of dynamic transiting 

molecules through the NPC based on the fact that the NPC’s ultrastructure and rotational 

symmetry has been determined by other independent methods. Fig. 3 shows the mechanism 

of 2D-to-3D transformation. As molecules situate in or travel through the NPC, the obtained 

locations in the xy or the yz plane are in fact a projection of the actual 3D locations 

as indicated in cylindrical coordinates (Fig. 3A). In practice, it is much easier to obtain 

2D super resolution images of these targeted molecules in the xy plane than the xz plane 

because of the higher resolution in the xy plane compared to the xz plane. Furthermore, 

projecting the 2D molecular spatial locations into the x dimension from either the xy or the 

xz plane, the obtained two x dimension histograms in principle are identical (Fig. 3B and 

C). Therefore, the same information can be obtained from projections in either the xy and xz 

plane. Then, based on the two identical x-dimension histograms, the value in each column 

in the x-dimension histogram projected from the xy plane will be equal to the areas times 

the densities for each radial bin of the xz plane (Fig. 3D). Then, we obtain the densities in 

the radial dimension by solving the matrix equations (Fig. 3D) [58]. Finally, a complete 3D 

spatial density map of mRNA molecules within the NPC was generated by combining all 

the concentric rings plotted from the densities in radial distributions from each y-dimension 

sliced region (Figs. 3D and 9).

3. Description of the equipment

3.1. Microscopy

An Olympus IX81 microscope was used to perform our SMF experiments (Olympus). The 

microscope was equipped with 1.4 numerical aperture 100× oil-immersion apochromatic 

objective (UPLSAPO 100XO; Olympus). The stage clips (IX-SCL) were used to clamp the 

samples on Olympus IX-SVL2 stage. Optical axis plane movement was controlled by U-FH 

focus adjustment knob. Sample plane (x and y) movement was controlled by a mechanical 

IX-SVL2 stage. A 100 W halogen lamp was used for bright-field illumination. A 100 

W mercury lamp was mounted to the epifluorescence excitation port. The entire SPEED 
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microscope system was isolated from vibrations by mounting on a pneumatic isolator that 

was pre-mounted on a research grade optical table (Newport, Irvine, CA).

3.2. Laser illumination and filters setting

Three lasers were used in the above microscope system to provide the power necessary 

for rapid image acquisition of SMF signals. One set-up included a 35-mW 633-nm HeNe 

laser (Melles Griot). The other set-up included a 120-mWArKr tunable ion laser (561-nm) 

and a 50-mW argon-ion laser (488-nm) (both purchased from Melles Griot) running in 

single-line mode. Laser output was modulated with neutral density filters as necessary. 

Linearly polarized laser light was converted to circularly polarized light with a quarter

wave plate to allow homogeneous (polarization-independent) fluorophore excitation within 

the focal plane. An optical chopper (Newport) was used to generate an on-off mode 

of laser excitation. To minimize alignment problems in dual-color measurements, both 

green and red fluorescence emissions were collected by the same objective, filtered by a 

dichroic filter (Di01-R405/488/561/635–25 × 36; Semrock) and an emission filter (NF01–

405/488/561/635–25 × 5.0; Semrock).

3.3. CCD cameras

On-chip electron multiplying charged-coupled device (EMCCD) cameras were used for 

signal detection. CCDs provide wide-field spatial information that cannot be obtained with 

photomultiplier tubes or avalanche photodiodes. Since frame rates are largely limited by 

frame-transfer speed and the number of pixels, we chose a 128 pixel × 128 pixel CCD 

camera (Cascade128 +; Roper Scientific) to monitor the fast nucleocytoplasmic transport 

of macromolecules. For this camera, full-frame, continuous image acquisition occurs at 500 

frames per second (fps), with > 90% quantum efficiency. Faster frame rates can be obtained 

by limiting the acquisition area through software: e.g., for a 128 pixel × 20 pixel area, 2500 

fps can be acquired. Dark current is a major factor limiting image quality for EMCCDs, 

especially at high frame rates. A solution is used to cool down the detection chip. The 

Cascade128+ camera is cooled to −30 °C, leading to a dark current of ≤1 e−/p/s. To minimize 

alignment problems in dual-color measurements, both green and red fluorescence emissions 

were imaged by an identical Cascade 128 + CCD camera.

3.4. Imaging software

Basic image acquisition software is typically obtained with the microscope from the 

manufacturer. It is desirable to obtain a software package that not only will run the image 

acquisition by the microscope, but also will control motorized microscope functions such as 

a z-stepper, objective changer, filter changer, and emission path changer (e.g., eye to camera, 

or camera to camera) as well as instrumentation add-ons (obtained initially or through 

expansion), such as (in our case) a laser shutter, and motorized stage. We use the Slidebook 

(Intelligent Imaging Innovations) software package for data acquisition, instrument control 

and most image processing. We use Glimpse, a Matlab-based program written by Jeff 

Gelles and freely available from his lab website, to fit fluorescent emission spots with two

dimensional Gaussian distributions for particle tracking purposes [59]. Specific parameters 

for Glimpse include: excluding single-molecule fittings with Gaussian widths less than 
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half a pixel to avoid camera noise and greater than two pixels to avoid possible aggregate 

particles in the analysis.

4. Experimental procedures

4.1. Preparation of plasmid

4.1.1. Luciferase reporter plasmid bearing the MS2 stem loops—The ORF 

of IF2 (Initial Factor 2), PCR-amplified using a forward primer bearing SbfI and EcoRI 

restriction enzyme sites and a reverse primer bearing a NotI restriction enzyme site, was 

cloned into the corresponding SbfI and NotI sites in plasmid pmiR-GLO (Promega) to 

generate pmiR-GLO-IF2 (pmG-IF2).

Twenty-four copies of the MS2 stem loop from pSL-MS2_24x were cloned into the EcoRI

NotI restriction enzyme sites of the resultant plasmid, pmG-IF2, to generate pmG-MS2 (Fig. 

5A, Hint 1) [39,60].

4.1.2. MS2-coating protein (MCP) dimer fused to mCherry—pMCP-EGFP, a 

plasmid bearing the open reading frame (ORF) of the MCP fused to EGFP and an SV-40 

NLS were received as generous gifts from Robert Singer (Albert Einstein College of 

Medicine) [39]. The GFP ORF in pMCP-GFP was replaced with PCR-amplified mCherry 

ORF bearing AgeI and BsrGI restriction enzyme sites, to result in pMCP-mCherry.

The NLS was added to MCP-mCherry to promote its import into the nucleus and enhance 

sufficient labelling of mRNAs even at the desired low MCP expression level (Fig. 5B).

4.2. Preparation of labelling proteins

1. By means of conventional heat-shock bacterial transformation, strains of E.coli 
(JM109 or BL21 (DE3)) are engineered in order to express TapΔNLS-p15 

heterodimer proteins and are kept in stock at −80 °C. TapΔNLS-p15 plasmids 

containing the protein of interest contains a T7 promoter which can be activated 

by IPTG. 6x Histidine tags are present at either the N or C termini of the protein 

construct. Ampicillin resistance is additionally incorporated into the plasmid. A 

~50 μL of frozen stock of transformed E.coli cells are transferred to 5 mL of LB 

media with addition of 5 μL of ampicillin (100 mg/mL) and grown aerobically 

with shaking for 12–14 h at 37 °C at 225 rpm to create a starter culture.

2. The 5 mL saturated starter culture is then transferred into 1 L of LB media 

(containing 1 mL ampicillin) and shaken in a 37 °C incubator for 5–6 h or until 

an OD of ~ 0.6 is reached. An addition of 1 mL of 1 M IPTG (Isopropyl-D-1

thiogalactopyranoside) is then sterilely placed into the mixture to activate protein 

production and incubation continues for another 5–6 h. (Hint 2)

3. The culture is then spun in the cooling high-speed centrifuge at 12,000 rpm for 

15 min at 4 °C and the supernatant is discarded. Cells are then re-suspended in 

40 mL of CelLytic B (Sigma-Aldritch). The volume should be based on 10 mL 

per 1 g of a pellet.
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4. “protease inhibitor cocktail” is then added (400 μL of 0.2 mg/mL pepstatin A. 

400 μL of 0.2 mg/mL leupeptin; 400 μL of 2 mg/mL trypsin inhibitor). This is to 

inhibit protein degradation from the E.coli lysate.

5. For histidine tagged plasmids: 1 mL of Ni-NTA resin is prepared by removing 

the ethanol, it is stored via centrifugation at 12000 rpm for 1 min followed by 

aspiration of the supernatant and re-suspension with CelLytic B. This process is 

repeated three times. Afterwards the Ni-NTA CelLytic B solution is added to the 

protein mixture.

6. Stir the mixture in dark on ice for 30 min to allow an adequate time for the 

binding reaction between the histidine tag and Ni-NTA beads, spin at 10000 rpm 

for 60 min in the cooling centrifuge at 4 °C.

7. Perform column chromatography as follows: the first fraction of 12 fractions to 

be collected is a flow through of the supernatant mixed with Ni-NTA from the 

previous step. The second is 10 mL of Lysis buffer (50 mM Na-phosphate, 300 

mM NaCl, 20 mM imidazole, pH 8.0), the third is 10 mL of wash buffer (10 mM 

imidazole, 100 mM NaCl, pH 8.0), the fourth and the following fractions are 0.5 

mL of elution buffer (250 mM imidazole, 100 mM NaCl, pH 8.0)

8. Prepare an SDS-PAGE polyacrylamide gel and prepare the samples by mixing 4 

μL of a fraction and 1 μL of 5X SB (300 mM Tris 6.8, 25% BME, 10% SDS, 

50% glycerol). Before loading boil samples for 5 min. After loading, run the 

gel at 120 V for 60 min. The fractions that contain the highest concentration 

of protein and yielding the purest product can be identified. Depending on the 

protein of interest, the bands should be located respectively to the size of a 

protein using a protein standard as a reference. This fraction should be selected 

for further protein purification with MonoQ and Superdex 200 (Amersham 

Pharmacia) to ensure purity above 90%. (Hint 3)

9. Concentration may be performed by spinning the most concentrated fractions 

through a Nanosep filter (with a pore size of 30 kDa at 14 rpm for 5 min, 

washing it with elution buffer every time).

10. Determine the final protein concentration utilizing the BSA assay for further 

protein labeling procedure.

11. For proteins containing surface cysteine residues labeling can be accomplished 

with an excess of a cysteine-reactive organic dye (Alexa flour 647 maleimide dye 

from Invitrogen) for 2 h at room temperature in 50 mM sodium phosphate, 150 

mM NaCl after reducing with TCEP tris (2-carboxyethyl) for 20 min. Reactions 

can be quenched with 2-mercaptoethanol, and the protein solutions must be 

dialyzed to remove the free dye (Hint 4, 5).

12. Determine the concentration and labeling ratio of final labeled protein by 

Nanodrop spectrometry utilizing absorption at 280 nm and the corresponding 

absorbance for the dye used (Hint 6). The labeling ratio was about two Alexa 

Fluor 647 dye molecules per TapΔNLS/p15 heterodimer.
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4.3. Preparation of cell system

4.3.1. Preparation of live cell system

1. HeLa cells stably expressing GFP fused to the NPC scaffold protein POM121 

(HeLa POM121-GFP stable cell line) are used for our live cell system of single

molecule nuclear transport assays. Start a fresh culture of HeLa cell line from a 

stock by thawing at 37 °C and inoculating into a 25 cm2 culture flask with 5 mL 

DMEM (10% FBS, 10 mg/mL streptomycin, 100 U/mL penicillin). Incubate the 

cells at 37 °C within a 5% CO2 incubator for 24 h and split cells at least 3 times 

to ensure health.

2. Two days before the experiment, cells intended for a single molecule experiment 

should be spread on an autoclaved glass slide placed in a sterile Petri dish with 

1–2 mL DMEM (10% FBS, 10 mg/mL streptomycin, 100 U/mL penicillin). 

These Petri dishes with the glass slides then are placed into the incubator and 

kept for 48 h prior to the experiment.

3. One day before the experiment, we transfected Firefly Luciferase mRNA 

plasmid bearing 24 MS2 stem loops and pMCP-mCherry plasmid into the HeLa 

POM121-GFP stable cell line with TransIT-LT1 transfection reagent (Mirus) 

following quick reference protocol of TransIT-LT1 transfection reagent.

4. After transfection, previous culture media should be replaced with 1–2 mL Opti

MEM and placed into the incubator and kept for 24 h prior to the experiment.

4.3.2. Preparation of the permeabilized cell system

1. Refer to Step 1 of preparation of live cell system.

2. One day before the experiment, cells intended for a single molecule experiment 

should be spread on an autoclaved glass slide placed in a sterile Petri dish 

containing DMEM (10% FBS, 10 mg/mL streptomycin, 100 U/mL penicillin). 

These Petri dishes with the glass slides then are placed into the incubator and 

kept for 24 h prior to the experiment.

3. Once the Petri dish is mounted on the microscope, the cells are washed two 

times with 25 μL Transport buffer (20 mM HEPES-KON, 110 mM KOAc, 5mM 

NaOAc, 2 mM MgOAc, 1 mM EGTA, pH 7.3) (Hint 7).

4. The cells are then permeabilized for ~2 min with 25 μL 40 μg/mL digitonin 

in transport buffer and washed 2 times again with 25 μL transport buffer 

supplemented with 1.5% polyvinylpyrrolidone (PVP; 360 kDa) (Hint 8).

4.4. SPEED microscopy tracking of single mCherry-labeled mRNPs through single GFP
NPCs in live cells, and separately tracking of individual Alexa Fluor 647-labeled Tap/p15 
through single GFP-NPCs in digitonin-permeabilized cells

1. SPEED microscopy was used to conduct high-speed single molecule tracking of 

single mRNP and single TAP/p15 heterodimer complexes nuclear translocation 

through the NPC respectively in live HeLa cells and permeabilized HeLa cell 

[40,51].
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2. As shown in Fig. 6, equivalent to the illumination pattern of a 488-nm laser, 

the 633-nm or 561-nm laser is shifted about 237 μm (d) by a micrometer stage 

off the center of the objective to generate an inclined illumination point spread 

function at 45° to the perpendicular direction. An optical chopper on the path of 

the laser beam provided an on–off laser mode (Hint 9). The 488-nm, 561-nm, 

and 633-nm lasers are used to respectively excite GFP-NPCs, mCherry-mRNPs 

and Alexa Fluor 647-Tap/p15.

3. For experiments of the nuclear export of mCherry labelled mRNPs in live cells, 

Cells must be incubated with transport buffer (20 mM HEPES-KOH, 110 mM 

KOAc, 5 mM NaOAc, 2 mM Mg (OAc)2 and 1 mM EGTA (pH 7.3)) for 30 min 

before the experiments (Hint 10).

4. For experiments of the nuclear export of Alexa Fluor 647-labeled TAP/p15 in 

permeabilized cell system, cells must be permeabilized (see 4.3.2 preparation of 

permeabilized cell system).

5. Focus the microscope to the equator of the GFP-fused NE. Target one GFP

labeled NPC at the edge of the NE.

6. First a single GFP-NPC was imaged with a 10-mW 488-nm laser for 1–2 s. 

The fluorescent spot of the NPC can then be fitted to a 2D elliptical Gaussian 

function to determine the centroid position of the NPC (Hint 11).

7. For a live cell system, the illumination area was photobleached by utilizing a 

561-nm laser for 60 s until completely dark to improve signal to noise ratio for 

single-molecule tracking of mCherry-mRNPs.

8. If using a permeabilized cell system, add 0.1–1 nM Alexa 647-TAP/p15 into the 

transport buffer.

9. Set the 561-nm or the 633-nm laser to be 2–5 mW and the chopper with 5 Hz to 

generate 3:7 on-off ratio. A 561-nm laser was used to excite the mCherry-tagged 

mRNP in live cells, while a 633-nm laser was used to excite Alexa Fluor 647

labelled TAP/p15 in digitonin permeabilized cells (Hint 12).

10. Set the intensification and gain of the CCD to ~ 4000 and reduce the detection 

region to 128 pixels × 20 pixels. Use the “Stream” mode and set the exposure 

time to 0. With this setup, the CCD camera works on the speed of 400 μs/frame.

11. A series of videos of single-mRNP exports can be taken for 2 min per cell (Hint 

13).

12. An example of typical trajectory is seen in Fig. 7A and B. The fluorescent spot 

was fitted to a 2D symmetrical Gaussian function and determined the positions 

(Fig. 7C and D).

13. Combine all collected trajectories and generate the 2D localization distributions 

via histograms (Fig. 7E and F; Hint 14)

14. Repeat step 3–11 for a different NPC in another cell until a suitable number of 

locations are obtained (Hint 15).
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4.5. Copy number of GFPs per NPC and MCP-FPs per mRNP

1. Use SPEED microscopy to image single GFP and obtain the intensity of single 

GFP (Fig. 8).

2. Use the same setup to detect image of MCP-mCherry-mRNA (or MCP-GFP

mRNA) and GFP-NPC and determine their intensities (Fig. 8).

3. Our comparisons between the intensities of single GFP, GFP-NPC and mCherry

tagged mRNP revealed that there were ~ 8 copies of GFP in each NPC and ~ 10 

copies of MCP-mCherry per mRNP (Fig. 8).

4.6. Localization of the NE and a single NPC on the NE

1. The GFP-NE can be excited using wide-field epi-fluorescence microscopy (Fig. 

1C).

2. The pixel intensities within a row approximately perpendicular to the NE were fit 

with a Gaussian. The peak position of the Gaussian for a particular set of pixel 

intensities was considered the NE position for that row (Fig. 1D).

3. The peak positions of a series of such Gaussians were then fit with a second

degree polynomial, yielding the location of the NE within the entire image (Fig. 

1F).

4. Individual GFP-NPC was excited using SPEED microscopy (Fig. 1G, Hint 16)

5. The fluorescent spot (GFP-NPC) was fitted by a 2D Gaussian function in both x 

and y directions (Fig. 1H–J).

4.7. Localization precision of isolated fluorescent spots

The localization precision for fluorescent NPCs, as well as immobile and moving 

fluorescent mRNPs, was defined as how precisely the central point of each detected 

fluorescent diffraction-limited spot was determined. For fluorescent NPCs and immobile 

mRNPs, the fluorescent spot was fitted with a 2D elliptical and symmetrical Gaussian, 

respectively, and the localization precision was determined by the standard deviation (s.d.) 

of multiple measurements of the central point. For moving mRNPs, the fluorescent spot 

was fitted with a 2D elliptical Gaussian function, and the localization precision (σ) was 

determined as:

σ = F   16 s2 + a2 /9N + 8πb2 s2 + a2

12
2
/a2N2 (1)

where F is equal to 2, where N is the number of collected photons, a is the effective pixel 

size of the detector, b is the s.d. of the background in photons per pixel and

s = s0
2 + 1/3DΔt (2)

s0 is the standard deviation of the point spread function in the focal plane, D is the diffusion 

coefficient of substrate in the NPC and Δt is the image acquisition time [41,63–65].
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In our measurements, typically 3000 signal photons versus 15 noise photons were collected 

from individual 10-mCherry-labelled mRNPs at a detection frame rate of 500 Hz in living 

cells. Correspondingly, the localization precision was ~8 nm for the immobile single mRNPs 

and ~10 nm for moving mRNPs. Because of the inevitable vibration of NPCs in the NE of 

living cells, the localization precision of the NPC centroid was 5–11 nm within our 2-minute 

detection time in total for one single-molecule experiment. The system error of aligned red 

and green fluorescence channels was determined to be 3.0 ± 0.1 nm. Therefore, the overall 

tracking precision for mCherry-fused mRNP export through the GFP-labelled NPC in living 

cells was estimated to be ~11–15 nm.

4.8. Calculation of transport time and transport efficiency

1. Overlay of all the trajectories of molecules and a NE or NPC identified the 

location of all functional NPCs within the imaging area.

2. We defined two classes of trajectories for cargos that approached within 100 nm 

of the NE from the nuclear side. The first class consists of trajectories for which 

the first and last points are at least 100 nm away from the NE and both are on the 

nuclear side of the NE. This class of trajectories identifies those molecules that 

did not successfully cross the NE or NPC (abortive export, Fig. 7B and D). The 

second class consists of trajectories for which the first and last points are at least 

100 nm away from the NE, and the first is on the nuclear side of the NE while 

the last is on the cytoplasmic side. Therefore, this second class is considered that 

those molecules did successfully cross the NE or NPC (successful export, Fig. 

7A and C).

3. Export efficiency is the number of class 2 trajectories divided by the number of 

class 1 and 2 trajectories combined and is reported as a percentage.

4. Transport times or nuclear export times can be obtained by multiplying the 

amount of frames obtained for each class 1 and class 2 trajectories in which the 

single molecule is localized within the single NPC by the frame rate utilized.

4.9. Diffusion coefficients of mRNPs inside and outside the NPC

Briefly, Imaris (Bitplane) was used for particle tracking [66]. Only particles that lasted for 

more than nine frames were used for further analysis. All tracks were visually inspected 

to ensure that they arose from well-isolate particles. In-house MATLAB routines were 

used to calculate the MSD and diffusion coefficients. Brownian diffusion coefficients were 

calculated by fitting the MSD for the first three time intervals to the equation:

< r2 > = 4DΔt +  offset  (3)

where <r2> represents the MSD, D represents the diffusion coefficient, Δt represents time 

intervals, and the offset is noise correction. The MSD versus time plots were fitted using 

equations representing the appropriate diffusive motion as described [66].

Experimentally, mRNPs exhibited ~13% of their total spatial locations in the NPC center, ~ 

46% on the nucleoplasmic side and ~41% on the cytoplasmic side during the total ~12 ms 
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transport time. Correspondingly, they spent 1.6 ms in the center, ~5.5 ms on nuclear side and 

~4.9 ms on cytoplasmic side. The volume (V) in the NPC center (rcen, 25 nm in radius; Lcen, 

40 nm in length) is ~20 times smaller than that on either side of the NPC (rcyto = rnuc, 80 

nm in radius; Lcyt = Lnuc, 80 nm in length). The volume of a central channel (rh, 10 nm in 

radius) barely occupied by mRNPs on the nucleoplasmic side and at the central region was 

subtracted from the calculation of diffusion volumes in these two areas.

According to the following equations:

Rnuc
2 = 6Dnuctnuc

Rnuc
2 = V nuc/(4π/3)3 = 3 rnuc2 − rℎ

2 L/43
(4)

Rcen
2 = 6Dcentcen

Rcen
2 = V cen/(4π/3)3 = 3 rcen2 − rℎ

2 L/43
(5)

Rcen
2 = 6Dcytotcyto

Rcen
2 = V cyto/(4π/3)3

(6)

The diffusion constants of mRNPs on the nucleoplasmic side, the center and the cytoplasmic 

side of the NPC are Dnuc = 0.16 mm2s−1, Dcen = 0.07 mm2s−1 and Dcyto = 0.19 mm2s−1.

4.10. 2D to 3D transformation process to obtain 3D spatial mapping of nuclear transport 
routes for mRNAs and their transport receptors through native NPCS

1. When thousands of 2D localizations are obtained, select one region along the 

x-dimension, for example from −20 nm to 20 nm relative to the obtained NPC 

centroid (Fig. 7E or F). The number of the locations obtained in an optimized 

bin-size (7 nm) (Fig. 11) increments along the y-dimension must be generated 

for the chosen x–dimensional region in Fig. 7E or F. This data is then placed into 

the matrix equations.

2. Use Matrix equations to calculate the relative spatial probability density 

distributions for the r-dimension (Fig. 4).

3. Normalize the relative density data.

4. Draw concentric rings to represent circular slices of the NPC along the axis and 

fill the rings with grayscale color based on the relative density for r-dimension by 

Photoshop, like Fig. 3D. The highest density area should be white (100%), while 

the areas lacking density will be completely black (0%).

5. Repeat step 1–4 for other x-dimensional regions (Hint 17).
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6. Assemble the 3D structure by combining and stacking the generated ring picture 

(Fig. 9) obtained for each x-dimensional region with the program Amira.

4.11. The reproducibility of the 3D pathways of macromolecules through the NPC 
obtained by SPEED microscopy estimated by computational simulations [54]

We also determined the reproducibility of obtaining accurate 3D super-resolution 

information for mRNAs and TAP/p15 in the NPCs (Fig. 9 and Table 2) [67]. By using 

Monte Carlo simulations, we have demonstrated that two critical parameters, the single

molecule localization error of targeted molecules and the number of single-molecule 

locations, will determine the reproducibility of obtaining accurate 3D super-resolution 

information in the biological structures with rotational symmetry. Typically, the spatial 

localization of individual targeted molecules labeled with fluorophores was determined with 

non-zero localization error because of, primarily, background noise and limited photon 

collection in real experiments. To mimic typical transport routes of proteins in the NPC, 

our Monte Carlo simulations were performed where varying numbers of single-molecule 

locations were randomly simulated on an ideal radius (RI) (Fig. 10A and B). Then, 

single-molecule localization error (σLE) was added to RI by sampling an error value 

from a normal distribution with a standard deviation of σLE (Fig. 10C). Subsequently, 

the 2D-to-3D transformation algorithm was performed on only the y dimensional data of 

the simulated single-molecule localization distribution around RI to model the loss of z 

dimensional information during the 2D microscopy projection process. The peak position 

of the transformed 3D density histogram was then determined by Gaussian fitting to 

produce a measured mean radius (RM) which may deviate from the RI due to limited 

number of simulated locations and non-zero single-molecule localization error (Fig. 10D). 

We conducted 10,000 iterations of this process and obtained 10,000 RM values, in which 

the mean of the RM values converges on RI as expected (Fig. 10E). To quantify how 

reproducible a single experimental data set is, we set out to determine how many individual 

RM values from the whole distribution of RM fell within an acceptable range of RI. 

The acceptable range was defined as the RI ± σLE because, in principle, any single RM 

value can only be accurately localized within the range of approximately two standard 

deviations of its Gaussian fitting, similar to the concept of resolution stated by the Rayleigh 

Criterion (Fig. 10F). We expect that a high number of simulated single-molecule locations 

or low single-molecule localization errors would increase the number of iterations that fall 

within the acceptable range, thus resulting in a high reproducibility rate. To determine 

the reproducibility rate, we found that two critical steps should be correctly followed first 

in the process: first, optimize the bin size for each set of simulation parameters. This is 

accomplished by determining the smallest bin size that produces no statistical difference 

by Chi square analysis between the original 2D histogram and the back-calculated 2D 

histogram obtained by multiplying the 3D density histogram by the corresponding area 

matrix (Fig. 11). The second step is to account for the sensitivity of the inner bins of the area 

matrix when determining the accurate RM peak fitting (Fig. 12).

As a result, our simulation suggested that the high reproducibility is typically ensured by 

high number of points and high localization precision. For example, for the region of −100 

to −50 along the axial dimension, simulations suggest that 165 points in this region are 
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required to get 90% reproducibility of obtaining an accurate 3D path. Experimentally, we 

have collected 191 points and generated finally 91% reproducibility.

5. Hints

1. Clones containing the MS2 stem loops were created in SURE2 bacterial cells 

(Stratagene) to minimize recombination of the MS2 repeats with the bacterial 

genome. Still, we had to resort to a two-step cloning procedure, as linearized 

plasmids containing the MS2 stem loops often recombined with the genome of 

competent bacterial cells, thus resulting in clones bearing smaller plasmids.

2. IPTG is a lactose metabolite that triggers transcription of the lac operon, where 

the lacZ gene is replaced with the gene of interest and IPTG is then used to 

induce gene expression. This s used for proteins constructs under the power of 

T7 promoters.

3. The purification of the target protein should be more than 90% for single 

molecule-experiments.

4. Check the protein information to make sure there are surface cysteines available 

for labeling. For proteins without cysteines available, it could be labeled with 

another strategy.

5. The concentration of the free dye should be determined and be controlled to be 

less than 0.1% of the target dye.

6. If the labeling ratio > 1, the activity of the target molecule should be checked 

and the final concentration for the experiment should be calculate with labeled 

molecule. If the labeling ratio < 1, the final concentration for experiment should 

calculate by the real concentration of the labeled protein, which equal to the 

concentration of the protein

7. All the DMEM media should be removed prior to experimentation and replaced 

with transport buffer.

8. Monitor the permeabilization in real time using bright field imaging. This is 

accomplished by observing the intensity contrast between the nucleus and the 

other cellular components. Signal to noise ratio should improve significantly for 

fluorescence signal. The intact nucleus, together with a controlled cytoplasmic 

environment, provides a greatly simplified transport system that allows us to 

elucidate the complicated nuclear transport step by step.

9. Before single molecule experiments, the precision and photobleaching time of 

the single cargo molecule should be determined. Plate 10 pM cargo molecules 

on a glass cover slip to become immobile after 30 min due to non-specific 

absorption. The intensity and time course of the fluorescence can then be 

measured. The intensity could be transformed to determine the number of 

emitted photons to determine the precision. For example, the precision of four 

Alexa647 labeled Imp β1 could be 9 nm, which emit over 1100 photons per 
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frame. The photobleaching time should be controlled as more than twice the 

transport time of the targeted cargo.

10. Fluorescent cargo concentrations were > 100 nM in bulk experiments, and ~100 

pM for single molecule assays. At these concentrations, > 99% of the cargo 

was expected to form complexes with Importin α and Importin β1 and lone 

single-molecules are able to be imaged.

11. Examine the ratio of Gaussian widths in the long and short axis of the chosen 

GFP-NPC fluorescence spot. The ratio needs to fall in between 1.74 and 1.82. 

Within this range, an illuminated NPC only has a free angle of 1.4° to the 

perpendicular direction to the NE.

12. Be careful not to touch the sample. Take the image of the NE before and after 

experiment to help to determine if the cell was damaged.

13. The drift of the optical system should be determined before the experiment. 

The total detection time should be less than the time by which a large drift in 

precision can occur.

14. The position of the NPC could be rechecked with the NE and the symmetry of 

the y-dimension should also be monitored.

15. The single-molecule locations should be filtered based on localization precision 

and Gaussian width to remove imprecise points and positions that may not 

represent true single-molecules.

16. We focused on a GFP-NPC with ~eight copies of GFP-POM121, individual 

GFP-NPCs on the NE were selected when their fluorescence intensity was ~8

fold that of a single GFP. Second, we chose a fluorescent NPC on the equator 

of the nucleus such that the tangent of the NE at the location of this NPC was 

parallel to the y direction of the Cartesian coordinates (x, y) in the CCD camera.

17. The regions are determined by similar r-dimension distributions (peak positions) 

in each 5–10 nm (bin size may vary and an optimal bin size is chosen based on 

the optimization process in Fig. 11) binning of the data along the x-dimension.

6. Discussion

6.1. New features of mRNA export obtained by SPEED microscopy

First, the NPC was determined to operate as a major selectivity barrier for mRNPs. In our 

study, ~36% of all exporting events of mRNPs successfully export, crossing the barrier 

located in the nuclear basket and central scaffold region of the NPC, whereas the other 

64% of exporting mRNPs failed their export mainly before they passed the central scaffold 

region. It is likely that FG-Nups at the central scaffold region form the dominant selective 

barrier, but the exact reason for the abortive export events of mRNA are still not fully 

understood. Second, a refined nuclear export time of ~12 ms for mRNPs was obtained. The 

export time of mRNPs we found is much shorter than previous studies possibly due to much 

faster detection speed and the high localization precision for single NPC [40]. Indeed, for 

comparison, we repeated the measurements with a slower detection speed for nuclear export 
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of mRNPs, resulting in a longer nuclear export time for mRNPs [40]. Also, we found there 

are many slowly moving mRNPs at the periphery of NE, which could be mistakenly counted 

in nuclear export time of mRNPs if single NPCs could not be precisely localized [40]. Third, 

a new diffusion pattern of mRNPs in the NPC was revealed by this high-resolution 3D 

imaging approach. The diffusion coefficient of mRNPs in each sub-region of the NPC was 

directly determined as: ~0.16 μm2/s on the nucleoplasmic side, ~0.07 μm2/s in the central 

scaffold region, and ~0.19 μm2/s on the cytoplasmic side, revealing a fast-slow-fast diffusion 

pattern of mRNPs export through the NPC [40]. Fourth, a 3D export route revealed the 

actual paths of mRNPs through the NPC in live cells for the first time, the reliability and 

accuracy of which was supported by the reproducibility of obtaining 3D paths of mRNPs 

(Table. 2). Notably, mRNPs primarily interact with the periphery of, and seldom present in, 

the central axial channel that is reserved for small molecules to passively diffuse through 

the NPC within the NPC’s nuclear basket and central scaffold regions [40]. In summary, the 

great technical advances in SPEED microscopy brought more detailed dynamics of mRNP 

nuclear export into focus. In the near future, SPEED microscopy could be readily expanded 

for studying nucleocytoplasmic export of other types of RNAs, such as rRNA, microRNA 

and viral RNA.

6.2. Reliability of SPEED microscopy in distinguishing multiple transport pathways 
through the NPCs

In the past years, our applications of SPEED microscopy to study the nuclear transport 

kinetics and routes for proteins and mRNAs have distinguished two distinct pathways – the 

central passive diffusion path and the peripheral facilitated transport passageway in the NPC 

[2,32,40,50–51,58]. However, there might be additionally a combination of these two known 

pathways for macromolecules to transport through the NPC (one example is the routes of 

Tap/p15 at the NPC’s sub-region −50 nm to 0 nm as shown in Table 2). Therefore, we set 

out to test the reliability of SPEED microscopy in distinguishing three distinct distributions 

summarized in Fig. 13. We have simulated datasets from these three distinct distributions 

(peripheral, central and bimodal), and then compared the reconstructed distributions to 

the ground truth input distributions (obtained by simulating 1,000,000 points) via a 

categorization routine that compares the sum of the absolute valued residuals between the 

simulated data set and the ground truth data set (Fig. 13A–F). It is important to note that, 

prior to each simulation, the routine dynamically calculates an optimal categorization bin 

size for each set of parameters via a minimized Chi-square error algorithm (Fig. 11). When 

the simulation was applied to the 10-nm localization precision case, ~100–300 points were 

sufficient to distinguish the three distributions with > 90% success (Fig. 13G). Open source 

code for these simulations can be freely download [67]. Coupled with the simulations in this 

paper, we have shown that SPEED microscopy is able to collect sufficient quality data to 

characterize a reliable 3D spatial density distribution and localize the mean peak position for 

transport route through the NPC with high accuracy and reproducibility.

Currently, it is highly desirable but still challenging to obtain 3D super-resolution 

information of structures in fixed specimens as well as dynamic processes in live cells 

with a high spatiotemporal resolution. Without using 3D super-resolution microscopy or 

real-time 3D particle tracking that typically involves complex optical implements, SPEED 
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microscopy and its 2D-to-3D transformation algorithm provide an effective alternative 

approach to achieving 3D sub-diffraction-limited information in sub-cellular organelles that 

have rotational symmetry, such as NPC and primary cilia [51,56].
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Fig. 1. 
Illuminations of various single-molecule microscopy techniques. (A and B) Simplified 

optical diagrams illustrate the different excitation beam paths and the illumination volumes 

of the wide-field (light blue), narrow-field (cyan) epi-fluorescence microscopy and SPEED 

(blue) microscopy. GFP-labeled NPCs embedded in NE were highlighted inside (green) 

and outside (gray) the microscopy illumination volumes in the xy and xz planes [54]. (C) 

Overlapped fluorescence of GFP-NPCs on the NE under the illumination of wide-field or 

narrow field epi-fluorescence microscopy. The selected area is enclosed by a blue box in the 

image of the entire fluorescent NE. Scale bar, 1 μm. (D and E) The line-scan intensities for 

the pixels (red lines) in the epi-fluorescence image (C) are plotted in the x dimension (D) 

and y dimension (E). For the x dimension, a 2D line-scanning fitting is performed across 

the intensities (D). (F) The dark-green curve shows the determined position of the middle 

plane of the NE. The light-green and red curves are for reference at −100 nm and +100 

nm from the middle plane of the NE, respectively. (G) Only a single GFP-NPC was excited 

in the illumination volume of the SPEED microscopy. (H and I) The peak position of the 

2D line-scanning fitting for a GFP-NPC fluorescent spot in (G). (J) The 2D centroid of 

the single NPC determined by 2D Gaussian fitting. N, nucleus; C, cytoplasm. Figures were 

adapted from our previous publications with permissions [40].
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Fig. 2. 
Determination of the central axis of the NPC illuminated by SPEED microscopy. Diagrams 

are used to demonstrate the detailed steps in our data analyses. (A) The initial single

molecule tracking data (black points) are plotted around the NPC’s marker (red dot) 

collected with SPEED. (B) The collected data after filtering by using single-molecule spatial 

localization precision. (C) The filtered 2D single-molecule data shape the spatial location 

of the NE and a single NPC. The red dot represents the location of the NPC’s marker. 

But sometimes the marker’s position is not perfectly overlapped with the averaged central 

positions in either x or y dimension suggested by the 2D single-molecule data. Also, the 

2D single-molecule distribution also indicates the orientation of NPC. If the orientation of 

the NPC is within a free angle of 1.4° to the perpendicular direction to the NE [51], the 

2D single-molecule data will be proceeded further. If it is bigger, the data will be dropped. 

(D) The plot of projected locations of these 2D single-molecule data in the y dimension will 

indicate if a fine adjustment for the central cytoplasmic transport axis is needed or not. Here 

we just show an example that peak 1 (p1) and peak 2 (p2) are not symmetrical locating at 

−23 nm and 21 nm respectively. If the peaks are symmetrical, the step E will be skipped to 

move onto the 2D to 3D transformation directly. (E) The two peaks are averaged as p1 + p2
2 , 

resulting a fine adjustment in the NPC’s central cytoplasmic transport axis. The dotted red 

line has shifted to the corrected central position. (F and G) Similar to the y-dimensional 

data process, we next determine the precise location of the NPC’s central position along 

the x dimension by fitting the histogram of these 2D single-molecule locations within the 

NPC’s scaffold region projected into the x dimension (ranging from −20 nm to 20 nm, as 

clearly shown in the void region of the NE in (C) even if the NPC’s marker is a little bit off 

sometimes). (H) The 2D single-molecule data with the confirmed x and y axes will undergo 
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the 2D to 3D transformation (Fig. 3) to produce the 3D density map of mRNP’s nuclear 

export routes (red clouds).
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Fig. 3. 
A schematic demonstration, with simulated data, of the 2D to 3D transformation algorithms 

for molecules that diffuse through the NPC. (A) 3D spatial locations of randomly diffusing 

molecules inside the NPC can be coordinated in a cylindrical coordination system (R, Ø, 

Y) due to the cylindrical rotational symmetry of the NPC. The 3D molecular locations in 

the NPC (rainbow colored for Z position) are projected onto a 2D plane in a Cartesian 

coordination system (X and Y, shown as black points) by microscopy imaging (X and Z 

shown as gray points). (B) The cross-sectional view of all the locations shown in Fig. 3A 

(same as the gray points from the X and Z dimension). These locations can be grouped into 

the sub-regions between concentric rings. Given the high number of randomly distributed 

molecules in the NPC the spatial density of locations (ρi) in each sub-region (s(i,j)) between 

two neighboring rings will be rotationally symmetrical and uniform. These locations can 

be further projected into 1D along the X dimension. The locations along X dimension can 

be clustered in a histogram with j columns. The total number of locations in each column 

(A(i,j)) is equal to 2 * ∑i=j
n ρi * s(i, j), which is further explained in Fig. 4. (C) Histograms of 

2D projected data from microscopy experiments are identical to B, thereby allowing us to 

use the aforementioned formula to determine the density of each concentric ring. (D) Using 

the algorithms, 2D projected data can be used to reconstruct the 3D spatial distribution of 

proteins traveling through the NPC.
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Fig. 4. 
Matrix equation flowchart. (A(i,j)), area of the sub-region, (i), radial number, (j), axial 

number,(ρi), spatial probability density in each radial ring, (S(i,j)), area of the sub-region, 

(Nj), number of events, and (Δr), bin size. Eqs. (1)–(3) will determine the area of the 

sub-region given certain parameters (i.e. i = j). Equation (4) will determine the number of 

events in the given area. Once the sub-region area (A(i,j)) and events (Nj) are known, the 

spatial probability density in each radial ring (ρi) can be calculated.
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Fig. 5. 
Plasmid cloning and labeling. (A) pmG-MS2 with 24 MS2 stem loops at the 3elings. B) 

mRNP with MS2_24X formed and incubated with mCherry-MCP-NLS. (C) The mCherry

MCP-NLS binds ~10 copies to the MS2_24X region of the mRNP. This complex can be 

excited by the 561-nm laser (Fig. 6).
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Fig. 6. 
Optical schematic of the SPEED microscope setup [51]. A 488-nm, a 561-nm, and a 633-nm 

laser beams were co-aligned and then shifted together by ~237 μm (d) from the central 

optical axis of the objective to generate an inclined illumination volume at an angle of 45° 

to the perpendicular direction by using a micrometer stage. The 561-nm and 633-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 particles transiting the 

NPC sufficient time to escape from the illumination volume and for fresh fluorescent cargo 

to diffuse from the cytoplasm or the nucleus into the NPC.
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Fig. 7. 
Single-molecule trajectories and 2D spatial locations of mRNPs in single NPCs [40]. (A) 

A typical successful single mRNP export event captured by SPEED microscopy. A single 

mCherry-tagged mRNP (red spot) started from the nucleus, interacted with a single GFP

tagged NPC (green spot) and arrived in the cytoplasm. Numbers denote time in milliseconds. 

(B) A typical abortive single mRNP export event. A single mCherry-tagged mRNP (red 

spot) started from nucleus, interacted with a single GFP-tagged NPC (green spot) and 

returned to the nucleus. (C and D) Single-particle tracks (black open dots) and the centroid 

of the NPC (red open dot) were acquired by 2D Gaussian fitting to point spread functions 

in a series of images for either the successful event in A or the abortive event in B. (E) 

Experimentally determined 2D spatial locations of mRNPs in the NPC. A schematic of the 

NPC (light blue) is superimposed, and the central region of the NPC (−20 nm to 20 nm) 

is highlighted in yellow. (F) Experimentally determined 2D spatial locations of Tap/p15 in 

the NPC. A schematic of the NPC (light blue) is superimposed, and the central region of 

the NPC (−20 nm to 20 nm) is highlighted in yellow. C, cytoplasmic side of the NPC; N, 

nucleoplasmic side of the NPC.
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Fig. 8. 
Determination of intensity of single GFPs, copy number of GFP-POM121 per NPC 

and copy number of MCP-GFP per mRNP in live cells [40]. (A) Photobleaching curve 

of eight copies of GFP-POM121 in a single NPC. The steps were determined by the 

maximum likelihood ratio method [61,62]. The intensity of single GFP was determined by 

averaging the step-intensity of GFP-POM121 in the NPC of live cells. (B) Compared to 

the fluorescence intensities of single GFP, ~8 copies of GFP-POM121 were found in each 

NPC and ~10 copies of MCP-GFP per mRNP. MCP-mCherry-mRNA was constructed with 

the exact same procedure as MCP-GFP-mRNA, and thus ~10 copies of MCP-mCherry per 

mRNA were concluded.
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Fig. 9. 
3D mapping of nuclear transport paths for mRNP and TAP/p15 through the NPC [40]. (A) 

3D spatial probability density map of mRNPs (red, deeper shade indicates higher density), 

generated using a 2D-to-3D transformation algorithm, is shown in both a cut-away and a 

cross-section view superimposed on the NPC architecture (grey). Five regions with distinct 

spatial location distributions for mRNPs are marked with relative distances (in nm) from 

the centroid of the NPC. C, cytoplasmic side of the NPC; N, nucleoplasmic side of the 

NPC. (B) Cut-away and cross-section views of the 3D spatial probability density map for 

the TAP/p15 heterodimer (blue, deeper shade indicates higher density) superimposed on the 

NPC architecture (grey).
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Fig. 10. 
SPEED microscopy and 2D to 3D transformation reproducibility percentage using a 

simulation-based approach. For any given set of simulated data, the bin size is varied from 

1 nm to the precision that is 10 nm in this example. (A) Data sets were simulated in three 

dimensions. Color bar indicates z position of the simulated points. (B) Each data set was 

simulated first with an ideal 25-nm radius (RI). (C) Subsequently, a localization error (σLE) 

of 10 nm was added to each point. (C) Using a 5-nm bin size for demonstration, the 2D 

histogram of the simulated data set with a 25-nm radius and 10-nm localization precision 

was determined. (D) 10,000 data sets were simulated with an ideal 25-nm radius (RI) and 

a localization error (σLE) of 10 nm. The resultant 3D histograms were then each fitted with 

a Gaussian function to localize the mean position of each peak, which is designated as the 

mean radius RM. (E) The histogram for all the RM values was determined and the number 

of simulated data sets that fell within the acceptable range of RI ± σLE were counted. 

The acceptable range of RI ± σLE was chosen because, in principle, the Rayleigh criterion 

limited the resolution of any single 3D histogram to the spread of that distribution, which 

was due to the simulated localization error (σLE). After 10,000 simulations, the histogram 

for RM values converges on the mean (RI) from which they were originally sampled, while 

the spread of the RM histogram (σTR) converges on a value that is due to the number of 

simulated points in each distribution and simulated localization error. (F) Reproducibility 
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percentage was defined as the number of RM values that fell within the acceptable range of 

RI ± σLE divided by the total number of simulated data sets and multiplied by 100%.
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Fig. 11. 
Optimal bin size determination using Chi-square error analysis. For any given set of 

simulated data, the bin size is varied from 1 nm to the precision that is 10 nm in this 

example. (A) Data sets were simulated in three dimensions. Color bar indicates z position 

of the simulated points. Each data set was simulated first with an ideal 25-nm radius (RI). 

Subsequently, a localization error (σLE) of 10 nm was added to each point. Using a 5-nm 

bin size for demonstration, the 2D histogram of a simulated data set with a 25-nm radius 

and 10-nm localization precision was determined. (B) The 3D density histogram was then 

obtained via the 2D to 3D transformation algorithm and the peaks were fit with Gaussian 

distributions. (C) The 5-nm bin size area matrix was calculated and multiplied by the 

3D density distribution in (C) to reconstruct the 2D distribution. (D) The values of the 

reconstructed 2D distribution were then compared bin-by-bin to the original 2D distribution 

(as shown in A) using the Chi-square analysis equation where ‘o’ refers to the observed 

histogram values in (D), ‘e’ refers to the expected histogram values in (A), ‘i’ refers to 

the bin, and ‘n’ refers to the total number of bins with histogram values in them. (E) The 

Chi-square statistic and p-value were then plotted across the potential bin size values. A 

p-value ≤ 0.05 indicates that the 2D histograms in (A) and (D) are different from each other, 

suggesting the lack of enough data to allow sufficient sampling from each bin. A p-value > 

0.05 indicates that the 2D histograms are not statistically different and likely have enough 

data points to accurately measure the value in each bin. Chi-square analysis was performed 

10 times for each set of simulation parameters.
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Fig. 12. 
Sensitivity of inner bins necessitates slight correction of peak position during simulation. 

(A)–(C) Simulated single molecule data and corresponding 3D density histogram for 

simulation with 25 nm radius, 0 nm localization error, and 500 points. Red dashed lines 

indicate mean peak fitting. (B) Simulated single molecule data and corresponding 3D 

density histogram for simulation with 25 nm radius, 5 nm localization error, and 500 

points. Red dashed lines indicate mean peak fitting. (C) Simulated single molecule data and 

corresponding 3D density histogram for simulation with 25 nm radius, 5 nm localization 

error, and 1 million points. Red dashed lines indicate mean peak fitting. (D) Table showing 

the calculation to obtain each bin of the 3D density histogram. (E) Table showing that even 

one million points does reconstruct a precise 25 nm peak fitting due to the fact that the 

inner radial bins have smaller area and are slightly more sensitive to changes in density. 

(F) Correction required for each precision up to 10 nm for a 25 nm radius. This correction 

process was performed before each simulation to accurately localize the RM density peak 

and correlate it to the ideal RI from which the data was simulated.
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Fig. 13. 
Route categorization simulations to confirm the high reliability of 3D mapping of transport 

routes for mRNAs and Tap/p15. (A) For each set of simulation parameters (distribution type, 

localization precision, peripheral radius, central radius, % transit in each route of a bimodal 

distribution, and number of single molecule locations), 1000 datasets were generated in the 

Y, Z dimensions. Displayed here is a representative dataset from a peripheral distribution, 

localization precision of 5 nm, peripheral radius of 23 nm, central radius of 0 nm, 

50% central route localization and 500 single molecule locations to clearly visualize the 

distribution from the Y, Z scatter data. Y, Z coordinates can also be transformed to analogous 

R,θ coordinates. (B) The bin size optimization algorithm was performed according to in Fig. 

11 using the given simulation parameters. (C) The Y-dimensional histogram was obtained 

with the optimized bin size for every dataset. (D) The 2D-to-3D transformation algorithm 

was performed on every dataset. (E) The resultant 3D density histograms were compared 

via SAR to the central, peripheral, and bimodal ground truth distributions, which were 

obtained by simulating a dataset with all the same parameters except for 1,000,000 single 

molecule locations. The lowest SAR indicates which distribution a given dataset is most 

similar to and, thus, which ground truth distribution it is classified as. (F) The count of all 
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classifications for the ground truth peripheral parameters set of 5 nm localization precision, 

23 nm peripheral radius, 0 nm central radius, and 100 single molecule locations. (G) 

Simulation results for the peripheral, central, and bimodal distributions with parameters of 

10 nm localization precision, 22 nm peripheral radius, 0 nm central radius, 26% central route 

localization, and 10–20 nm bin sizes obtained from optimization algorithm.
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