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ABSTRACT 

 

SINGLE-MOLECULE STUDIES ON NUCLEAR PORE COMPLEX STRUCTURE 

AND FUNCTION 

 

Joseph Kelich 

Doctor of Philosophy 

Temple University, 2018 

Thesis Advisor: Weidong Yang, Ph.D. 

 

Nuclear pore complexes (NPCs) are large macromolecular gateways embedded in 

the nuclear envelope (NE) of eukaryotic cells that serve to regulate bi-directional 

trafficking of particles to and from the nucleus. The NPC is made up of over 30 unique 

proteins, each present in multiples of eight copies. The two primary protein components 

of the NPC can be simplified as scaffold nucleoporins which form the main structure of 

the NPC and the phenylalanine-glycine (FG) motif containing nucleoporins (FG-Nups) 

which anchor to the scaffold and together create the selective permeability barrier within 

the pore. Both the nuclear export of key endogenous cargoes such as mRNA, and pre-

ribosomal subunits, and the nuclear import of nuclear proteins as well as some viral 

particles are mediated by the NPC’s selectivity barrier. Remarkably, other particles that 

are not qualified for nucleocytoplasmic transport are repelled from the NPC, unable to 

translocate. Advances in fluorescence microscopy techniques including single-molecule 

fluorescence and super-resolution light microscopy have made it possible to label and 

visualize the dynamic components of the NPC as well as track the rapid 

nucleocytoplasmic transport process of importing and exporting cargoes. The focus of 

this dissertation will be on live-cell single-molecule fluorescence microscopy application 

in probing the dynamic components of FG-Nups in native NPCs as well as tracking the 

processes of nucleocytoplasmic transport for pre-ribosomal subunits and viral particles.  
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Scaffold nucleoporins have been well studied with electron microscopy to reveal 

their spatial positions and structure. The locations and dynamics of FG-Nups, however, 

remain comparatively unknown within their native environment due to the lack of 

secondary structure of these FG-Nups. Using single-molecule microscopy and a live cell 

HaloTag labeling system, the dynamic positions for all 11 known mammalian FG-Nups 

were recorded. It was determined that FG domains organize into an ~300-nm long 

hourglass shaped toroidal channel ~46-nm in peak diameter. FG-domains were found to 

orient primarily inwards towards the central axis of the NPC (Pom121, Nup98, Nup62, 

Nup54, Nup58), extending outwards towards the cytoplasm/nucleoplasm (Nup153, 

Nup50, TPR), or both (Nup358, hCG1, Nup214) in respect to their anchoring positions at 

the pore. FG-domains anchored on the cytoplasmic and nuclear faces exhibited less 

confined diffusional behavior and longer extension capabilities. While all FG-domains 

measured were found to share some occupied space with one another, the GLFG motif 

containing Nup98 was found to share the most spatial overlap with all other FG-Nups. 

From this live cell data, we provide a new model for FG-organization as well as insights 

into the mechanisms of nucleocytoplasmic transport. 

In addition to sequestering genetic material, the NE provides a barrier separating 

nascent pre-ribosomal subunits, which are assembled in the nucleus from matured 

ribosomes which translate proteins in cytoplasm. It is known that assembled pre-

ribosomal particles must export through NPCs to reach the cytoplasm, where their final 

assembly steps are completed. However, the dynamics of nuclear export for pre-

ribosomal subunits through NPCs remain undetermined. Since ribosomal particles are 

amongst some of the largest cargo to transit through the pore, with their diameters 
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approximately half the size of the NPCs central channel, it has been hypothesized that 

their may need to be conformational changes occurring on these particles to help 

facilitate their export.  To shed light on the export process for pre-ribosomal subunits, 

high-speed single-molecule microscopy was combined with Förster resonance energy 

transfer (FRET) to determine the nuclear transport kinetics and determine whether 

conformational changes occur during the nuclear export of pre-60S and pre-40S in live 

mammalian cells. We found that over half of pre-ribosomal subunits that interact with 

NPCs successfully exit the nucleus. This transport process was found to occur rapidly 

within 8-14 ms. From trajectory analysis it was determined that the NPC imposes the 

strictest restriction of these particles within the nuclear basket and central region, Lastly 

FRET analysis suggests pre60s and pre-40s pre-ribosomal particles may undergo 

conformational changes when crossing through the NPC. 

Apart from facilitating nuclear export of key cellular components such mRNA 

and ribosomal particles, the NPC is also responsible for importing various viral particles. 

One therapeutically relevant virus that has been hypothesized to enter the nucleus via 

NPCs is the Adeno-associated virus (AAV). This virus has been modified and developed 

as a promising human gene therapy vector. Recombinant AAV vector (rAAV) conducts 

its transduction of host cells by crossing at least three physiological barriers including 

plasma membrane, endosomal membrane, and NE. Thus far, the AAV transduction 

mechanism has not been explored thoroughly at the single viral particle level and 

contradicting data exists on whether or not AAV particles enter the nucleus via NPCs. To 

shed light on the nuclear import process of AAV, high-speed single-molecule microscopy 

was utilized to track single rAAV2 particles introduced to live human cells. It is revealed 
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that rAAV2 particles are indeed imported through nuclear pore complexes (NPCs) rather 

than nuclear membrane budding into the nucleus. It was found that only ~17% of the 

rAAV2 that approach and interact with NPCs from the cytoplasm successfully reach the 

nucleoplasm revealing that the NPCs act as a strict selective step for AAV delivery. 
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CHAPTER 1 

INRODUCTION 

1.1 Nuclear pore complex background 

The structure and positioning of nuclear pore complexes (NPCs) allow for incredible 

and necessary feats essential for cell survival. These elaborate macromolecular structures 

embedded in the nuclear envelope (NE) facilitate a multitude of functions. The most 

noteworthy and obvious functions of NPCs involve the regulation of molecular transport 

between the two main compartments of the eukaryotic cell: the nucleus and cytoplasm. 

NPCs have been described as forming selectively permeable barriers at the interface of 

nucleoplasm and cytoplasm (Adam 2001; Guo and Amemiy 2005; Terry et al. 2007). 

Intriguingly, these gatekeepers are capable of preventing the passage of certain large 

particles (>40kDa) while allowing others that are marked for import/export the right of 

passage. Even while this permeability barrier is maintained for large particles, the NPC 

remarkably still allows the passive diffusion of small particles such as water molecules, 

ions, sugars, and small proteins (Panté, and Aebi 1993; Wente and Rout 2010). Traffic 

through NPCs is bidirectional, and differing transport mechanisms exist to coordinate the 

import and export of various cargoes into the nucleus (Adam 2001; Ribbeck and 

Görlich 2001). Some of the most abundant cargoes to transit through the NPC are 

proteins, which must be imported and/or exported from the nucleus. Other endogenous 

cargoes include pre-ribosomal subunits which must be exported from the nucleus after 

assembly to reach their final locations in the cytoplasm and mRNA-containing particles 

called mRNPs (ribonucleoproteins) which must exit the nucleus to become translated in 
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the cytoplasm (Köhler and Hurt 2007, Pemberton et al. 1998) Aside from the mentioned 

endogenous cargoes, exogenous viral particles have the potential to transit through 

nuclear pores. Viral genetic information must reach the nucleus in some manner to 

complete a viral infection. In some cases even entire capsid complexes must conquer the 

pore to reach the nucleus for successful integration and propagation of the virus (Kelich 

et al. 2015, Whittaker et al. 2000). Similarly viral RNAs and other materials must be 

exported from the nucleus after integration has occurred (O'Neill et al. 1998, Greber et 

al. 1997, Ojala et al. 2000). 

NPCs themselves while large compared to lone proteins, are still too small 

to be visualized with conventional light microscopy. Being around 200 nm in length, this 

is below the diffraction limit of resolvable structures for conventional fluorescence 

microscopy techniques including standard wide-field and confocal light 

microscopy setups at ∼250 nm in x and y plane and ∼750 nm in z dimension (Leung and 

Cho 2011; Ma and Yang 2010). Furthermore the NPC is composed of various sub-

regions that fall even further below the diffraction limit including the cytoplasmic fibrils, 

central scaffold, and nuclear basket. Thus imaging techniques that can break 

this diffraction limit with extremely low precision are required to discern spatial 

components of these various regions.  Regarding the NPCs composition, NPCs 

are altogether composed of over 30 different protein components referred to as 

nucleoporins (Nups); each of these is believed to be present in multiples of eight copies 

due to the eightfold symmetry of the structure. Of these nucleoporins ∼10% can be 

considered transmembrane, ∼50% are structural or scaffold Nups, and ∼40% are regarded 

as FG-Nups. The first two types compose the primary structure of the NPC and anchor it 
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to the nuclear envelope.  The unique biophysical properties of FG-Nups are thought to 

create the selectively permeable barrier within the NPC that allows for the signal-

independent passive diffusion of small molecules under ~40kDa, as well as serving as a 

barrier repelling larger particles. That is unless those larger particles bind to karyopherins 

(transport receptors). Transport receptors function to ferry cargo across the pore that 

otherwise would be repelled in their absence.  Current opinion describes this mechanism 

as being reliant on hydrophobic interactions between the hydrophobic pockets found 

within the heat-repeat motif containing structures located on transport receptors, and the 

hydrophobic regions on and near the FG motifs within FG-Nups (Terry and Wente; 2009, 

Yang; 2013) FG-Nups have proven to be critical in regulating the essential export 

processes of mRNAs and ribosomes, as well as for the nuclear import of nuclear bound 

proteins such as transcription factors and other DNA binding proteins.  

While the relatively immobile scaffold Nups have been well studied through cryo-

EM and super-resolution techniques (Alber et al., 2007, Beck et al., 2004, Chatel et al., 

2012, Ma et al., 2017), it remains more difficult to capture a complete picture of the FG-

Nup barrier due to the dynamic and disordered nature of the proteins involved. Through 

previous electron microscopy studies, the structural components of the NPC has been 

shown to organize in an eightfold rotational symmetrical formation with an axial internal 

diameter ranging from ~50nm. Emanating from the cytoplasmic sub-region eight 

cytoplasmic filaments have been reported to extend out ~30nm-90nm into the cytoplasm. 

On the other side of the pore, at the nuclear face is a basket structure that has been 

measured to extend out into the nucleoplasm ~50-75nm. The total length and molecular 

weight of the mammalian NPC is described at ~200nm and ~110MDa, respectively (Beck 
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et al., 2004, Cronshaw et al., 2002, Maimon et al., 2012, Rout and Blobel, 1993). These 

measurements however may not represent a complete picture for NPC structure.  It is 

possible that the NPC may have a much larger effective range considering that FG-

domains may be more mobile within the pore compared to the scaffold nucleoporins.  

1.1.1 FG-organizational models 

Regarding FG-Nup organization, numerous contradicting models exist which are 

largely drawn from indirect methods (shown in Fig. 1). The selective phase/hydrogel 

model describes a situation where the FG-domains within the pore form a sieve-like 

meshwork that forms from interlinking FG-domains throughout the NPC’s channel.  In 

this model, particles are blocked from passing through this barrier until transport 

receptors interact with and dissolve the FG-FG crosslinking to allow transport (Ribbeck 

an Görlich; 2001). This model is based on the fact that FG domains have been shown to 

form hydrogels in vitro and that transport receptors can diffuse faster through these gels 

than more inert proteins (Labokha et al., 2013). The Oily spaghetti model presents a 

different scenario in which FG domains exist as long extended chains that loosely occupy 

the pore. As cargo is moved through the pore, the FG domains that occupy the central 

channel will be pushed away. This model assumes a relatively empty channel within the 

axial center of the pore, surrounded by a layer of FG domains (Macara, 2001) unlike the 

hydrogel model that argues that the FG meshwork would occlude the channel. The 

application of Atomic Force Microscopy (AFM) to study tethered FG domains revealed 

interesting data that led to another model to describe FG behavior within the pore: the 

entropic brush model. Using AFM, FG domains were determined to display steric 

repulsive forces and are mobile, although primarily in an extended conformation. The 
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authors have proposed that these extended FG domains may form an entropic barrier 

serving to repel away particles incapable of binding to the FG barrier (Lim et al., 2006). 

More recently, a bimodal distribution of classes have been described for FG domains 

through findings based on Stokes Radii analysis, NMR, and molecular dynamic 

simulations: a more cohesive state that is presumed to form a meshwork permeability 

barrier, and a non-cohesive state that is predicted to behave more so like an entropic 

brush to repel non-interacting particles away (Adams and Wente; 2013, Yamada et al., 

2010.) Taking this information into account, it is possible that the NPC’s FG domains 

organize in a hybrid manner utilizing both cohesive and less-cohesive properties to 

conduct semipermeable transport. With this understanding, a “forest” model is proposed 

in which some FG domains are elongated as “trees” while others adopt a “shrub” 

conformation occupying spaces closer to their anchoring site (Yamada et al., 2010)  

Figure 1. Current FG-organizational models 
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Current models showing FG-organization are show. The hydrogel model suggests 

a gel like meshwork throughout the pore, while the Virtual gating/polymer brush model, 

also known as entropic brush model, suggests less cohesive behavior from FG-domains 

in which they extend out more rigidly to serve as entropic barriers for cargo molecules. 

The forest model contains two zones, one corresponding to more, cohesive “shrub” FG-

domains (zone 2) in which FG-domains do not reach far from their anchoring site, and 

the other (Zone 1) corresponding to the “Tree” FG domains which may extend further.  

The reduction of dimensionality model highlights a less densely occupied channel in the 

axial center of the pore. In this model, FG-domains form a hydrophobic surface along the 

periphery of the NPC.  Figure is a modified version of a figure provided in (Wälde and 

Kehlenbach, 2010) 

Little direct evidence on FG-organization exists to thoroughly distinguish 

between and advance upon FG-organizational models. Electron microscopy techniques 

using domain specific gold labeling has provided spatial data for several FG-Nups 

(Chatel et al., 2012, Krull et al., 2004), however this static imaging technique may not be 

capturing the full behavior of the intrinsically disordered FG-Nups as under different 

imaging conditions EM revealed completely different distributions for some FG-Nups 

including Nup153. A live cell imaging approach is necessary to provide a map 

representing the dynamic spatial locations for these disordered proteins because FG-Nups 

have been proven to undergo dynamic conformational changes and behaviors in response 

to binding karyopherins and other NPC associated proteins (Paulillo et al., 2005, 

Sakiyama et al., 2016). Atomic force microscopy has revealed a highly dynamic picture 

for FG-Nups on the cytoplasmic side of the pore in which they retract and elongate on the 
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millisecond scale (Sakiyama et al., 2016) For this reason, an imaging technique with high 

temporal resolution is also needed to capture the full activity and positioning of these 

disordered and dynamic proteins. Recently our lab has used fluorescently labeled 

transport receptors (karyopherins) and yeast FG segments to probe the mammalian FG 

selectivity barrier using single-point edge-excitation sub-diffraction (SPEED) 

microscopy, and indirectly revealed a mapping of the transport pathways representing FG 

spatial locations within the pore (Ma et al., 2016). While these probes helped paint a 

rough image of where FG-domains locate in the pore as a whole, the individual spatial 

locations for each individual FG-Nup have not been determined.  At this time, there is no 

complete representation of the spatial locations for all FG-Nups. Current literature 

describing the locations of FG-Nups is based upon the combination of various EM and 

super-resolution studies conducted on different organisms including Saccharomyces 

cerevisiae, Xenopus oocytes, Dictyostelium discoideum and various mammalian cell 

lines (Beck et al., 2004, Chatel et al., 2012, Maimon et al., 2012, Rout and Blobel; 1993).  

1.1.2 Nucleocytoplasmic transport 

Serving abundant and diverse functions, many proteins must reach inside the nucleus 

to conduct their proper roles in the cell. Ribosomal proteins, for example, are constructed 

in the cytoplasm like all other proteins. However, ribosomes themselves are formed 

within the nucleus at nucleoli, where ribosomal proteins meet the RNA scaffolding 

together forming pre-ribosomal subunits. Thusly, ribosomal proteins must conquer the 

NPC permeability barrier in order to be assembled (Köhler and Hurt 2007). Many other 

proteins unrelated to ribosomal function too must be imported into the nucleus to achieve 

their function. These include components of intranuclear bodies, tumor suppressors, 
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transcription regulators, and any other protein that interacts with the genetic material 

(Rexach and Blobel 1995, Silver 1991, Soniat and Chook 2015) Additionally proteins 

may be exported from the nucleus to avoid function or to serve alternative functions in 

the cytoplasm (El-Tanani et al. 2016). Not often is a protein’s nuclear or cytoplasmic 

localization permanent. Depending on external stimuli or phase change in the cell cycle, 

many proteins shift cellular locales. This infers tight regulation is required at the NPC 

level to account for these changes in locale. An instance of this sort can be seen for the 

tumor-suppressor protein p53, for example, is predominantly nuclear in localization 

during the G1 cell cycle phase but becomes cytoplasmic during S and G2 phases. That is, 

unless a stress response is induced, then p53 will remain sequestered in the nucleus to 

activate apoptosis and/or other stress response pathways (Stommel et al. 1999). 

Getting more into the mechanisms surrounding the transport through NPCs, it is a 

current opinion that two categories of transport occur through the pore: passive diffusion 

and facilitated transport. It has been determined diameter as well as the molecular weight 

of the particle plays predominant roles in determining whether or not a particle could 

passively diffuse through the NPC or not. ∼40 kDa and 8 nm diameter are the generally 

accepted cutoffs (Ma and Yang 2010, Stanley et al. 2017). These numbers have been 

backed up by numerous experiments looking at different-sized dextran particles, globular 

proteins, gold particles, etc. If a particle is above this size and/or weight cutoff, the 

particle has a difficulty passing through, that is, unless it becomes bound to a nuclear 

transport receptor (Rout et al. 2003; Suntharalingam and Wente 2003; Yang 2013). This 

class of proteins also termed karyopherins is large proteins that structurally are composed 
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of heat repeat motifs or armadillo repeats that can interact with the hydrophobic pockets 

of the FG-Nups composing the NPC selectivity barrier (Terry and Wente 2009). 

Transport receptors shuttle back and forth between the nucleus and cytoplasm 

ferrying along a cargos through the NPC. These transport receptors bind to either nuclear 

export signals (NES) or nuclear import signals (NLS) present on the surface of potential 

cargoes an NPC-bound cargo. After binding to their cargo and forming an export/import 

complex, transport receptors allow for an interactions with FG-Nups facilitating 

movement through the NPC (Terry and Wente 2009; Weiss 2002). The exact mechanism 

for this facilitation is not known although several models exist. Two leading theories 

include the “affinity model” which argues that transport receptors and their cargo are 

passed along from FG-Nup to FG-Nup in a directional manner following an increase in 

binding affinity between the transport receptor and type of FG-Nup toward either the 

nucleus or cytoplasm (Ben-Efraim and Gerace 2001). Another theory considers the fact 

that certain FG-Nups have multiple conformations: a collapsed and extended state (Milles 

and Lemke 2011; Lim et al. 2006). This model argues that upon transport receptor 

binding, the long extended FG-Nup collapses inward on itself pulling the transport 

receptor-cargo complex along for the ride. Transport receptors frequently contain alpha 

helical repeats (known as heat repeats) or similar motifs, including armadillo repeats that 

are believed to interact with the hydrophobic regions of the FG-Nups (Rout et al. 2003; 

Suntharalingam and Wente 2003; Sharma et al. 2012; Yang 2013). Certain transport 

receptors operate in an energy-dependent way, requiring Ran-GTPase. This helps to 

create directional movement either to or from the nucleus through the NPC. Ran exists in 

two states: Ran-GTP and Ran-GDP. The former exists primarily in the nucleus because 
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guanine nucleotide exchange factor (GEF), which facilitates the switch of Ran’s GDP for 

GTP, is located within chromatin. Conversely, in the cytoplasm, two proteins, RanBP1 

and Ran-GAP, work to separate the transport receptor from the cargo by encouraging 

hydrolysis of GTP creating GDP. The binding of either state of Ran to transport receptors 

has been shown to lead to conformational changes resulting in a change in binding 

affinity to either NES or NIS and possibly to FG-Nups. For example, a Ran-GTPase-

dependent transport receptor responsible for nuclear export binds NLS-containing cargo 

strongly in the nucleus when bound to Ran-GTP. However, upon reaching the cytoplasm, 

where Ran-GDP is formed, triggering of cargo release is stimulated because the RAN-

GDP-induced conformation of the transport receptor loses affinity to its cargo’s NES. For 

import a reverse situation occurs (Nigg 1997). 

1.2 Advanced fluorescence microscopy applied to study NPC structure 

1.2.1 Measuring scaffold protein structure of the NPC 

In 2012 Chatel et al. demonstrated for the first time that components of NPC’s three 

main sub-regions, cytoplasmic filaments, central core, and nuclear basket, could be 

distinguished through a non-EM, fluorescence-based technique. Through structured 

illumination microscopy (SIM), the authors confirmed the presence of Nup98 within the 

central regions of the pore located between components of the cytoplasmic filaments and 

nuclear basket. Nup358 was targeted via antibody to localize the cytoplasmic filaments, 

and Nup153 was targeted to represent the nuclear basket locale of the NPC. The 

distinction of these three separate NPC components by SIM was a great advancement 

over typical wide-field fluorescence microscopy setups in which Nup98 and Nup153 
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appear co-localized (Chatel et al. 2012). The principles behind SIM’s ability to surpass 

the diffraction limit in precision lie in both the optics and image processing of the setup. 

In this method, the excitation light is structured through a grating pattern to create moiré 

fringes when illuminating the sample. From a series of images generated when rotating 

the illumination pattern, normally inaccessible spatial information can be extrapolated 

mathematically.   

The first single-molecule-based super-resolution technique to be applied to study the 

NPC structure was dSTORM (direct stochastic optical reconstruction microscopy). 

Löschberger et al. revealed measurements of the NPC’s central channel as well and 

specifically mapped the radial distribution of the transmembrane ring Nup Gp210 in 

isolated Xenopus laevis oocyte nuclear envelopes with precisions ∼15 nm. dSTORM in 

this case relies on the photoswitching of fluorophore dyes Alexa Fluor 647 or ATTO520 

to resolve single-molecule positions. When exposed to laser illumination, a portion of the 

dyes will be switched to a temporary dark state, while others will emit photons. By 

limiting the amount of “on” fluorophores at a given time in this manner, single proteins 

tagged with these dyes can be resolved more accurately. Because dSTORM is used with a 

wide illumination, the technique allows for the simultaneous imaging of many NPCs 

embedded in the nuclear envelope. Through antibody targeting and dSTORM imaging, 

the authors similarly provide the radial distribution for Gp210, revealing eightfold 

symmetry in the groupings of the protein and a wide peak diameter of 164 nm. Although 

not a live cell study, it still paves into new territory demonstrating that NPCs are perfect 

candidates for the use of super-resolution techniques. dSTORM is also able to be 

combined with scanning electron microscopy (SEM) in a complementary manner. By 
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superimposing dSTORM single-molecule data onto electron micrographs, spatial 

information of the targeted nucleoporin can be obtained in relation to the overall NPC 

structure and nuclear envelope provided by SEM (Löschberger et al.2014). 

1.2.2 Advances in Labeling 

Thus far all most mentioned studies probing the NPC with fluorescence utilize 

antibody recognition to target nucleoporins and ultimately attach a fluorescent label. Due 

to the large sizes of antibodies at ∼10-15 nm and ∼150 kDa, there is an unavoidable error 

introduced to the spatial localizations. Of another note, the cells must become disrupted 

to allow the antibody to reach its target. Several alternative strategies have been 

developed to label Nups. Researchers have since utilized mCherry fusion proteins to map 

the radial dimension of several structural Nups. mCherry fluorophores genetically fused 

to Nups were expressed in cells and were chemically induced to blink in a manner similar 

to Alexa Fluor 647 and other typical STORM dyes. This study revealed rings of 103, 114, 

and 111 nm in diameter for the outer scaffold ring component Nup107 and diameters of 

82, 80, and 63 nm for the C-terminal position of the transmembrane ring Nup POM121 

(Winterflood and Ewers 2014). Nanobodies make another attractive antibody alternative 

that is much smaller in size. Being only ∼13 kDa in weight, these nanobodies can pass 

through NPCs and bind nucleoporins throughout the pore. By fluorescent nanobody 

labeling and the averaging of many single-molecule positions, Szymborska et al. mapped 

the radial distributions for members of the Nup107 outer ring complex with final 

precisions as low as 1 nm. Diameters varied for each ranging from ∼118 nm for Nup133 

to ∼81 nm for Seh1 (Szymborska et al. 2013). Unfortunately, plasma membrane 
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permeablization is still required for nanobodies to reach their intracellular target. Live 

cell labeling strategies including the use of SNAP and HaloTags allow for the use of 

optically stable and bright cell permeable dyes such as those provided by Janella Fluor. 

These however, have not yet been applied to study the NPC.   

Just recently, Gottfert et al. have applied stimulated emission depletion (STED) 

microscopy to image the NPC's structure. STED miscroscopy utilizes a unique optical 

approach to break the diffraction limit and image samples with high spatial 

resolutions. Briefly, STED microscopy generates a reduced emission point spread 

function by combining a doughnut shaped STED laser and a normal excitation laser to 

interact with fluorophores. This is achieved by the STED laser initiating the fluorophores 

to be "turned off" within the doughnut shaped region, leaving the fluorophores located 

near the focal center un-altered and collected. These two lasers are then scanned over the 

sample revealing sub-diffraction spatial information to be accumulated. However, during 

this scanning process, flourophores are repeatedly exposed to intensive STED laser light 

resulting in inevitable photobleaching, less signal photons and thusly lower image 

resolution. Gottfert et al. demonstrate a newly modifed STED procedure called 

MINFIELD to limit the photobleaching through restriction of the scanning mode 

to subdiffraction-sized regions. Their technique results in a 100 fold reduction in 

photobleaching and can reach resolutions <25 nm. By combining this optical technique 

with small nanobodies and low fluorophore to protein ratios, the scaffold Nup Nup93 was 

imaged in the radial dimension revealing a ring distribution with a diameter ∼70 nm 

indicating that STED has potential to well-resolve scaffold Nups within the NPC 

(Göttfert et al. 2017).      
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1.2.3 Mapping Scaffold Nups in the axial and radial dimension 

Following up on these studies, Ma et al.  introduced a method to map both the axial 

and radial distributions for scaffold Nups within a single NPC of digitonin-permeabilized 

cells. The technique involves a combination of single-point edge-excitation sub-

diffraction (SPEED) microscopy and nanobody-specific labeling. A labeling strategy 

using anti-GFP nanobodies was utilized in a similar manner to Szymborska. To map the 

radial distribution, a small point illumination pattern that is smaller than the nearest 

distance between NPCs is positioned to the bottom of the nucleus to excite a single NPC. 

For the axial view, the laser center is moved to the edge of the nuclear envelope at the 

NPC equator to excite a single NPC from a side perspective. A second laser is then used 

after nanobodies are introduced to visualize single binding events within each localized 

NPC. By combining multiple images of each binding event, precisions as low as 3 nm 

could be achieved. Nups from three distinct structural layers were measured including the 

transmembrane-layer Nup, Pom121, an outer ring Nup, Nup37, and an inner spoke-ring 

Nup, Nup35. By combining data from multiple NPCs together, an eightfold symmetrical 

grouping of positions was seen reminiscent of EM data for each measured Nup in the 

radial dimension. Diameters were revealed of ∼118, ∼90, and ∼64 for POM121, Nup37, 

and Nup35, respectively. Along the axial dimension, each distribution was seen as having 

either one or more layers. For Pom121 only a single layer was witnessed at the center of 

the NPC axis. While for Nup37 and Nup35, two distinct layers were detected separated 

by greatly varying distances of 36 ± 3 nm and 7 ± 3 nm, respectively. This information 

combined with fluorescence intensity data provides evidence toward obtaining the final 

copy number of each of these Nups present within a single NPC. This information has 
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previously only been estimated by SDS-PAGE and proteomic approaches. For Pom121, 

eight copies are predicted per NPC. For Nup37 it is 32 copies, and for Nup 35, it is 16 

copies per NPC. This microscopic approach can be applied to other Nups as well as other 

components of macromolecular complexes (Ma et al. 2017) 

1.2.4 Previous studies probing the FG-barrier within the NPC 

As previously mentioned, FG-Nups compose and regulate the selectively permeable 

barrier that exists within NPCs. These Nups contain domains rich in FG motifs and 

display little to no secondary structure within their FG-containing domains. Their 

intrinsically disordered nature makes them more difficult to map than the relatively 

immobile scaffold nucleoporins. EM studies have been done revealing peak positions of 

several gold-tagged FG-Nups, but generally the data sets are of low number. It remains 

unknown how accurate these electron micrographs are in visualizing the native 

distribution of these FG-Nups as the cells are no longer living and are may have 

been disrupted during the fixing process. 

The permeability barrier can be perceived as a dynamic structure always 

accommodating cargoes and interacting with transport receptors all the while rejecting 

other cargoes and allowing the passive diffusion of small molecules. It has been proven 

through the advanced fluorescence technique single-molecule FRET that FG-

nucleoporins in vitro exist in both collapsed and extended states depending on altered 

conditions (Lim et al. 2007; Miles and Lemke 2011). It has been proposed that collapse 

may be triggered from transport receptor binding, and may occur under physiological 

conditions. Additionally fluorescence anisotropy measurements revealed that FG-Nups 
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have at least two domains of varying disorder and that the extent of flexibility varies 

between Nups (Mattheyses et al. 2010).    FG-Nups are most likely rapidly undergoing 

conformational changes. Because of this, a live cell imaging technique is needed to see 

the full and accurate distribution.  

Using fluorescent WGA as a probe, dSTORM images revealed small rings within the 

radial dimension of the NPC around 41 nm in diameter. These rings are a representation 

of the glycosylated Nups within the pore. It is known that nearly if not all of FG-Nups 

become glycosylated under physiological conditions, so this data provides a good rough 

estimate for where the permeability barrier is most dense located. Of interest, this radial 

distribution bears an empty center. While consistent with several EM studies, this data 

provides evidence for a model in which the FG-Nups that compose the permeability 

barrier within the NPC are concentrated around the periphery of the NPC channel (Yang 

et al. 1998; Löschberger et al. 2014; von Appen and Beck 2016). This model would seem 

to disagree with the selective phase or hydrogel model for the permeability barrier where 

passively diffusing molecules were suggested to pass through small holes within a 

sievelike meshwork of FG domains located throughout the diameter of the central 

channel (Frey et al. 2006) 

Using SPEED microscopy combined with a new axial to radial dimension 

transformation algorithm, Ma et al. mapped the spatial distribution of probes known to 

pass through the pore and interact with FG-Nups.  To accomplish this fluorescently 

tagged transport receptors as well as labeled isolated yeast FG segments were used as 

probes. It is known that transport receptors bind FG domains as they transport through 

the NPC. Additionally FG segments have shown to have cohesive properties, binding 
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transiently and rapidly with each other. Thus the spatial positions recorded by tracking 

various transport receptors and FG domains should represent the binding (or interaction) 

sites between the probe and native FG-Nups, and together reveal a relatively complete 

distribution of the FG permeability barrier. Several conclusions were drawn from this 

study: the first being that the FG-Nup barrier is spatially inhomogeneous and possesses 

distinct concentrations of FG repeats in different sub-regions of the NPC. This is evident 

from the differing positions provided between all tested probes. Second, each tested 

transport receptor possesses a unique interaction zone within the FG-Nup barrier and that 

CRM1 and importin beta 1 may outcompete other tested transport receptors. Lastly, 

transport receptors and transporting yeast FG-domains avoid an axial channel 10–17 nm 

in diameter (Ma et al. 2016) potentially indicating FG-domains too avoid this region. 

Even though the distribution of FG-Nups has been roughly provided through WGA, FG, 

and transport receptor probes, a more specific approach is still required to paint a more 

complete and comprehensive final mapping. This dissertation will partially focus on 

meeting these requirements.  

1.3 Advanced fluorescence microscopy applied to study nucleocytoplasmic 

transport 
 

1.3.1 Revealing Protein nuclear transport mechanisms by single-  

        molecule tracking 

  

Back in 2001 an approximate rate of trafficking for transport receptors through NPCs 

has been estimated by employing confocal microscopy. This study revealed that ∼800 

transportin molecules may transit through a single NPC every second. Experiments were 

performed with and without the presence of cargo that recognizes the M9 NLS on 
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transportin ultimately revealing that around 17 MDa of mass can be transported through a 

single NPC every second and that the ratio of transport receptor to cargo molecule plays a 

role in determining the rate of nuclear import, with more transportins recruited to cargo 

resulting in quicker translocation times than fewer transportins. While this data is 

extremely helpful in estimating the burden of NPCs, the individual kinetics of single 

proteins or cargoes transiting through the NPC were not revealed as the methods rely on 

quantification of bulk fluorescence accumulation in the nucleus (Ribbeck and Görlich 

2001). 

It was not until 2004 that a single-molecule approach was applied to study the 

transport receptor-protein nucleocytoplasmic transport mechanism. Previously this has 

been a challenge as the interaction times between transport receptors and the NPC are 

extremely rapid, requiring just several milliseconds for complete passage through the 

channel. At this timescale it is essential to reduce background fluorescence as the quick 

recording times required allow for less photon collection. In order to reduce background 

noise and thus visualize single transport receptor-protein complexes transiting through 

NPCs, a pinhole was introduced to the fluorescence microscope yielding a narrow-field 

illumination pattern. Alexa Fluor maleimide-labeled proteins were introduced in 

permeabilized cells and tracked accordingly using the bright-field image of the nuclear 

envelope as a reference point. Musser et al. through these methods, revealed a dwell time 

of ∼10 ms for 2xGFP+ importin beta 1 complexes. Additionally import trajectories 

appear to reveal a random walk pattern for cargo transiting through the NPC, meaning a 

cargo complex may travel back and forth within the confines of the pore several times 

before exiting into the prospective cellular compartment. Using the obtained data, the 
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authors estimate a maximum capacity of 100 molecules transiting through a single pore 

every second assuming only a single transport complex interacts with the NPC at a time. 

This is nearly tenfold less than the number estimated through the abovementioned bulk 

fluorescent study. Consistent with the data obtained, the authors argue that several 

transport complexes may traffic through an NPC at a time. This would explain the tenfold 

larger estimate for the amount of traffic in a single NPC obtained from the bulk 

fluorescence study (Yang et al. 2004). 

In a follow-up study by Kubitscheck et al., the transport receptor NTF2 which is 

responsible for nuclear import of Ran and transportin was studied at the single-molecule 

level revealing more information as to how they interact with NPCs. In this study instead 

of using a bright-field image of the nuclear envelope as a reference point, POM121, a 

transmembrane Nup located approximately at the central plane of the NPC was tagged 

with GFP and expressed in mammalian cells to reveal a fluorescent ring representing the 

nuclear envelope at the approximate centroids of all NPCs embedded within it. For these 

experiments a wide-field microscopic setup was used to track lone Alexa Fluor-labeled 

NTF2 molecules introduced at very low concentrations. Dwell times at NPCs were 

measured to be 5.8 ms for NTF2 and 7.2 ms for transportin. Interestingly, when NTF2 

and transportin were tracked with the addition of cargo molecules, the NPC dwell times 

became shorter indicating a quicker passage of transport for receptor-cargo complexes 

compared to transport receptor alone (Kubitscheck et al. 2005). This could be a result of 

conformational changes in the transport receptor as a result of binding to cargo, which 

may alter the affinity of the transport receptors binding to FG-Nups that make up the 

permeability barrier within the pore. 
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1.3.2 Revealing Nuclear Transport Efficiency for transport receptors and  

 cargo complexes 

      

The previously mentioned studies revealed the relative nuclear transport kinetics 

of certain transport receptors through the pore. They import from the cytoplasm to 

nucleus in several to 10 ms and vice versa. A key aspect of the transport process however 

was not yet understood: how efficiently do transport receptor-cargo complexes cross 

through the pore? To answer this question, Yang and Musser utilized single-molecule 

narrow-field fluorescence techniques tracked the movement of nuclear cargo complexes 

before, during, and after their interactions with NPCs. Intriguingly, approximately half of 

the importin beta 1-cargo complexes to approach the pore and interact resulted in a 

successful import, while the other half (50%) were returned to the cytoplasm failing to 

complete passage into the nucleus. It must be noted however that when concentrations of 

importin beta 1 were increased to extremely high levels in permeabilized cells, the import 

efficiency has the potential to become as high as 80%. This information suggests a direct 

modulation in the ability of a cargo complex to conquer the NPC barrier corresponding 

with transport receptor concentration. At endogenous concentrations, nuclear import 

efficiency was reported at 50% after experiments using living mammalian cells tracking 

microinjected fluorescently labeled cargoes. These data suggest a model in which “pore 

occupancy” can affect the success of trafficking through the NPC. The number of 

importin beta molecules bound to an NPC can affect the process (Yang and Musser 

2006). 

1.3.3 Mapping Transport Complex Dissociation by Single-Molecular FRET  
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Forster resonance energy transfer (FRET) has been referred to as a “molecular 

ruler” because it has become a standard go-to technique for measuring any proximity 

change occurring between two molecules or two parts of the same molecule. Additionally 

it can be employed as a detector of binding events (Piston and Kremers 2007, Roy et al. 

2008). This technique involves excitation of a donor fluorophore usually by means of a 

laser while recording the signal from the acceptor fluorophore. The acceptor signal 

correlates directly with nonradiative energy transfer from the donor. This is made 

possible by the necessary spectral overlap that must exist between the experimenters 

chosen donor-acceptor pair. The emission wavelength of the donor must overlap 

significantly with the excitation wavelengths of the acceptor for a signal to occur. The 

distance between the FRET pair is extremely sensitive with FRET efficiency being 

dependent on the inverse sixth power of their proximity. FRET’s reliance on fluorescence 

techniques to excite a donor fluorophore and thusly transfer energy to an acceptor makes 

it ideal for combining with single-molecule fluorescence microscopy. In this manner 

spatial data on where the complex is in regard to the cell can be obtained in addition to 

any conformational change or binding event. 

To determine where dissociation occurs for a transport receptor-cargo complex, 

Sun et al. employed the use of single-molecule FRET. A FRET pair was assigned to the 

cargo molecule NLS-2XGFP and importin alpha. Importin alpha is a cofactor that serves 

as an intermediate between cargo molecules and importin beta 1 in many instances. By 

monitoring the fluorescence of the complex and corresponding FRET signal, dissociation 

between cargo and importin alpha could be detected as the complex was tracked through 

the nuclear import process. The associated spatial data for the dissociation events 
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revealed that the majority of dissociation events occur within NPCs with a bias to the 

nuclear basket side and that it is not a spontaneous process. This data is consistent with 

the previous suggestion that Nup50 plays a role in dissociating importin alpha from cargo 

molecules. The dissociation at the NPC was additionally shown to be dependent on the 

protein CAS’s concentration as well as the presence of Ran-GTP. With no CAS present, 

0% of cargo complexes dissociated at the NPC. CAS itself can be considered an exportin 

or export transport receptor. It is known to facilitate the export of importin-α from the 

nucleus (Sun et al. 2008). 

1.3.4 Mapping spatial transport routes for cargo complexes through the  

        pore with SPEED 

 

While the general kinetics of proteins and transport receptors that ferry them 

along have been revealed, a spatial visual representation of the process has been lacking.  

Ma et al. using SPEED microscopy combined with axial to radial dimension 

transformation algorithms, provided probability density maps of representing the pathway 

transport receptors take through the pore. In this study spatial locations for importin beta 

1 were collected as it transported through the pore revealing a ringlike distribution within 

the radial dimension of the NPC while seldom occupying a vacant axial channel. The 

peak position was revealed to be 23 ± 1 nm relative to the central axis. In a similar 

manner, the cargo molecule 2XGFP was tracked in the presence and absence of the 

transport receptor and necessary cofactors for facilitated transport. Remarkably, in the 

absence of the transport complex, the cargo molecule was largely inhibited from crossing 

the pore being held up at the axial center of the pore. In stark contrast, when transport 

complexes were added, the complex took a path nearly identical to importin beta 1 alone. 
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For the first time, transport receptors are shown to avoid an axial channel within the 

NPC, instead preferring a route along the periphery of the NPC (Ma and Yang 2010). 

Soon after through the same techniques, it was shown that passive diffusion of small 

proteins such as GFP occupy the axial channel avoided by transport receptors revealing 

two spatially distinct modes of traffic through the NPC. Small molecules <40 kDa that do 

not require transport receptors to enter or leave the nucleus occupy a channel 10–17 nm 

in diameter at the axial center along the pore axis (Ma et al. 2012).  

1.4 Background on the assembly and nuclear export of ribosomal subunits 

The life of eukaryotic ribosomal subunits begins in the nucleus with a series of highly 

demanding processes, such as ribosomal RNA (rRNA) processing and protein complex 

assembly (Schäfer, 2003, Zemp and Kutay, 2007). Specifically, eukaryotic cells assemble 

different rRNA with many ribosomal proteins and non-ribosomal factors to form pre-90S 

ribosomes. Subsequently, cleavage of the 35S pre-rRNA induces the pre-90S ribosome to 

split into two daughter subunits, pre-60S and pre-40S, during its pathway from the 

nucleolus to the NE (Schäfer, 2003). These subunits must meet strict requirements in 

their compositions before being exported from the nucleus to the cytoplasm, whereupon 

maturation is completed and translation may begin (Schäfer, 2003, Tschochner, 2003) 

Meanwhile, thousands of the NPCs embedded in the NE function as the gatekeeper and 

the sole passageway for nuclear export of these pre-ribosomal particles. 

Pre-60s (~ 2.5 MDa, ~ 30 nm in diameter) and Pre-40s (~1.4 MDa, ~ 25 nm in 

diameter) ribosomal subunits are amongst some of the largest cargos to pass through 

NPCs (Anger, 2013). Because of their large sizes, after being assembled in the nucleus, 
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these large pre-ribosomal particles cannot passively diffuse through the NPC 

independently. Instead, they require transport receptors to facilitate their export through 

the NPC. Numerous experiments have shown that pre-60S particles utilize at least three 

different transport receptors. Meanwhile, two major transport receptors have been linked 

to pre-40s nuclear export (Lo and Johnson, 2009, Oeffinger, 2004, Thomas and Kutay, 

2003) Chromosomal region maintenance 1 (CRM1), a major transport receptor that 

promotes the export of cargoes containing leucine-rich nuclear export signals (NESs), 

was the first identified transport receptor for pre-60S particles (Fornerod, 1997, Stade, 

1997). CRM1 recognizes pre-60S complexes by the NES signal carried by Nmd3, an 

export adaptor protein incorporated into the pre-60S complex (Ho and Johnson, 2000). It 

has been reported that CRM1 interacts with almost all FG-Nups in the NPC and is 

dissociated during the small GTPase Ran cycle at the cytoplasmic end of the pore 

(Fornerod, 1997, Stade, 1997). Similarly, the transport receptor Rrp12p may also utilize 

the RanGTP cycle to facilitate the export of pre-60S particles through the NPC by 

interacting with several FG Nups. Perhaps this facilitation of transport is achieved 

through transport receptors shielding the hydrophilic surfaces located on the RNA with 

-helical domains, as the FG domains within the NPC are largely 

hydrophobic (Oeffinger, 2004). Rrp12’s (the mammalian homolog) role in mammalian 

cells is still not tested. Distinct from the above transport receptors, the Tap-p15 

heterodimer (also known as Mex67p-Mtr2p in yeast) is suggested to function as another 

transport receptor independent of the RanGTPase cycle. It has been shown to be 

additionally responsible for the translocation of pre-60S particles through the NPC 
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(Strasser, 2000). However, this function has not yet been well studied in mammalian cells 

although its role in nuclear export of mRNA is well characterized. In contrast to the pre-

60s particles, fewer studies on the nuclear export of pre-40S have been conducted. To 

date, CRM1 and Rrp12 are considered the major transport receptors for the export of pre-

40S particles through the NPC in yeast (Peña, 2017, Rouquette, 2005). Additionally, 

Ltv1p might function as an adapter for CRM1 recruitment in pre-40S export (Rouquette, 

2005). Importantly, recent experiments indicated that the nuclear export of both pre-

ribosomal subunits in yeast and HeLa cells could be considered defective when transport 

receptors were mutated or the cells were treated by certain drugs, such as Leptomycin B 

(Sun, 2013).
 

Although information of ribosomal proteins and pre-ribosomal subunits have been 

obtained from various biochemical and structural studies
 
mentioned above, the basic 

transport kinetics for the nuclear export of pre-60S and pre-40S subunits remain 

unknown. Also, it previously has been proposed that these large subunits may need to 

undergo conformational change to squeeze through the pore, or that the NPC itself may 

undergo a conformational change to accommodate such a large particle
 
(Zemp and Kutay, 

2007). In this study, we combined a high-speed single-molecule tracking microscopy 

with Forster resonance energy transfer (FRET) technique to visualize both pre-60s and 

pre-40s as they interact with NPCs in live cells. Our approach revealed that both pre-

ribosomal subunits export through the NPC within ~ 8-14 ms, and that ~ 60% of subunits 

that interact with the pore successfully reach the cytoplasm. Moreover, this nucleus-

exiting rate of success is heavily dependent on CRM1. Finally, these large pre-ribosomal 
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particles may undergo dynamic conformational changes as they conquer the permeability 

barrier within the NPC.  

1.5 Background for Adeno-Associated Virus nuclear import 

At this point in time, very few viruses have been studied at the single-molecule and 

super-resolution level in living cells. With new technologies available, viral particles 

make great study candidates for nucleocytoplasmic transport, and the findings will 

undoubtedly provide insights into viral life cycles and potential treatment options. 

Adeno-associated virus has shown to be a promising vector for gene therapies treating 

numerous diseases. It is an ideal candidate for this because of its ability to infect many 

cell types (different serotypes have been shown to work better for different tissues), its 

lack of immune response in humans, and its predictable site-specific integration into the 

human chromosome 13 (Berns and Giraud, 1996, Samulski et al. 1991). Challenges 

however still exist, namely, efficiency of the whole infection process leading to 

integration. It is generally understood that the intact capsid particle must cross the nuclear 

envelope to reach the nucleus for successful integration to occur. However there have 

been contradicting studies on whether NPCs provide the gateway or if a nuclear envelope 

budding approach is taken. The AAV capsid is of a large size at ∼23 nm in diameter and 

over 5 MDa in molecular weight, being close to half the entire diameter of the NPC 

central channel (Zincarelli et al, 2008). Early single-molecule studies of AAV viral 

infection revealed that the infection proceeds at a much quicker rate than expected. AAV 

particles were seen within the nucleus in as little as 15 min after initial treatment. 

Additionally it was revealed that around 13% of AAV particles that entered the plasma 

membrane successfully crossed to make it into the cytosol, meaning this physiological 
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barrier poses a rate-limiting step in the infection cycle (Seisenberger et al. 2001). To 

further understand the AAV nuclear import process and to determine whether NPCs serve 

as the gateways for these particles SPEED microscopy is employed to track single AAV 

particles as they infect live mammalian cells and enter into the nucleus.  

Specific aims for this dissertation 

1.6.1 Mapping FG-Nucleoporin organization and dynamics within the  

         nuclear pore complex of live cells 

 

1. Develop a labeling strategy and imaging technique to map individual FG-

nucleoporins in live cells 

2. Determine the spatial distribution for each FG-Nups N and C terminal domain 

within the NPC in X and R dimensions.  

3. Determine extension length) for FG-Nups anchored to the NPC 

4. Determine the orientation of FG-domains for each FG-Nup relative to the non-FG 

terminus 

5. Determine which FG-Nups (if any) have the capacity to extend across the NPC. 

How often do nuclear oriented Nups reach the cytoplasmic side and vice versa? 

6. Determine the amount of spatial overlap or shared space between each FG-Nup 

7. Combine all FG-Nup spatial data to draw a bigger picture for FG-Nup 

organization within the NPC and create a final model. 

 

1.6.2 Nuclear export dynamics of pre-ribosomal subunits through nuclear   

         pore complexes revealed by high-speed single-molecule microscopy 

 

1. Tracking single assembled pre-ribosomal subunits in live cells 

2. Determine the transport kinetics for pre-ribosomal export through nuclear pore 

complexes 

3. Determine the rate of success for the nuclear export of ribosomal subunits 

(nuclear export efficiency) 

4. Determine if a conformational change occurs within ribosomal subunits or the 

NPC itself during this export process.  

 

1.6.3 Single-molecule tracking of nuclear import of Adeno-Associated Virus 

1. Determine whether AAV particles enter the nucleus via the NPC 

2. Determine the transport kinetics for AAV Import through nuclear pore complexes 

3. Determine the rate of success for the nuclear Import AAV particles into the 

nucleus 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Mammalian cell culture 

 2.1.1 Live cell experimental preparation 

Three main mammalian cell lines were used for the studies included in this 

dissertation. WT Hela cell line (ATCC) and a stable HeLa cell lines stably expressing 

mCherry or GFP conjugated Pom121 were utilized. Cells were maintained in DMEM 

medium (Life Technologies), containing 10% FBS and 1% penicillin-streptomycin and 

grown at 37 degrees Celsius with pH maintained at 7.4 through Co2 flow. Prior to 

transfections, cells were split at least 3 times and no more than 20 times. Transfections 

were conducted using chemically by means of the TransIT®-LT1 reagant (Mirus Bio 

LLC. Madison, WI) or through electroporation (Bio-Rad GenePulser Xcell). Transfected 

cells were grown for 24 hrs after transfection on 35 mm glass bottom optical dishes 

(MatTek) and then incubated with pre-warmed transport buffer (20 nM HEPES, 110 mM 

KOAc, 5 mM NaOAc, 2 mM MgOAc, and 1 mM EGTA, pH 7.3) a half hour before live 

cell imaging. 

 2.1.2 Permeablized cell preparation 

Using the same cell types and growing methods mentioned above, prior to 

imaging, cells were treated with transport buffer containing 40 µg/mL digitonin for 3 min 

and then washed with transport buffer containing 1.5% polyvinylpyrrolidone (PVP; 360 

KDa) at least 3 times to prevent osmotic swelling of the nuclei (Ma et al., 2017). 
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2.2 Optical Setups 

 2.2.1 SPEED Microscopy 

Our lab has previously developed SPEED microscopy to fill the technique niche 

of capturing single molecules transporting through sub-diffraction-limit bio-channels at 

high spatial (< 10 nm) and temporal (2ms, and 50 ms used in these studies) resolution. 

This is achieved through four main technical modifications on traditional 

epifluorescence, or confocal light microscopy. (1) A small vertical illumination point 

spread function (PSF) is used for the excitation of single molecules within the focal 

plane. The small illumination greatly increases the allowable detection speed by reducing 

the number of camera pixels required for detection. Also, this small illumination helps to 

avoid out-of-focus fluorescence greatly reducing the background noise to increase the 

signal to noise ratio. (2) A high optical density can be achieved  (100–500 kW/cm
2
) via 

this small illumination volume which causes a high number of photons from the 

fluorophores to be emitted (3) A collection of a high-number of photons in a short time 

(2-50 ms) period increases spatial resolution by reducing the effects of diffusion on the 

single-molecule localization precision of moving molecules (4) Using a pinpointed 

illumination in live cells will also cause less photo-toxicity compared to wide-field 

setups. In short the microscope is an Olympus IX81 equipped with a 1.4-NA 100× oil-

immersion apochromatic objective (UPLSAPO 100×, Olympus), a 120-mW ArKr 

tunable ion laser (Melles Griot), an on-chip multiplication gain charge-coupled-device 

camera (Cascade 128+, Roper Scientific) and the Slidebook software package (Intelligent 

Imaging Innovations) for data acquisition and processing. 488 nm, 561 nm and 633 nm 

lasers were utilized to excite GFP, mCherry, or Alexa Fluor 647 and JF 646 respectively. 
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2.2.2 FRET setup 

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 where normalized for 

each channel per individual video prior to calculating FRET Ratios. To avoid overlapping 

with the donor of GFP, the fluorescence of POM121-GFP is pre-photobleached just 

before single-molecule detection of FRET signal. 

2.3 Single-molecule data processing 

Diffraction limited fluorescence spots were fit to two-dimensional Gaussian 

functions using either Glimpse, or GDSC SMLM software. Data was then filtered by 

Gaussian width, removing any data with widths smaller than half a pixel and greater than 

2 pixels in order to avoid stochastic CCD camera noise and out of focus single-molecule 

spots. Data points were then filtered by single-molecule localization precision precision 

to reveal only the brightest; best localized points for each experiment.  

2.4 Localization precision of fluorescent spots 

For imaging POM121 labeled NPCs, fluorescent spots were fitted to 2D Gaussian 

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

of multiple measurements of the centroid position. For localizing NPC centroids, 
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repeated measurements generate precisions for the centroid of a single NPC with 5–

11 nm in living cells based of the standard deviations obtained. During 2 minutes of 

imaging, POM121 centroid movement was determined to be 6.5 ± 0.9 nm in the x 

dimension and 5.7 nm ± 1.1 in the y dimension. For single diffraction limited fluorescent 

spots localization precision (σ) was determined by the algorithm: 

, where F is equal to 2, N is the number of 

collected photons, a is the effective pixel size of the detector, and b is the s.d. of the 

background in photons per pixel, and , where s0 is the s.d. 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. 

2.5 Trajectory collection and diffusion analysis 

For trajectory collection and analysis, TRACKMATE an Image J plugin was utilized, 

along with MATLAB program MSDanalyzer. Mean square displacement plots were 

obtained similar to previously published methods (Chew et al., 2015). Trackmate 

software (Tinevez et al., 2017) was utilized through ImageJ (Fiji) to obtain single-

molecule trajectories.  For measuring diffusional behavior of FG-Nups, a total of 50 

trajectories obtained for each terminal end of each FG-Nup.  Mean square displacement 

plots were generated representing dynamic behavior at each terminal end of the protein. 

Individual trajectories were fit as tracks using the power function MSD(t)=Dt^a; where t 

is the time elapsed, MSD(t) is the mean square displacement over time in nm^2, D is the 

diffusion coefficient, and  is the diffusive exponent. Tracks with confined displacement 
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(those with a diffusive exponent <0.1) were used to obtain the extension length of the 

particle using the square root of the value at which the power function plateaus 

2.6 Axial to radial dimension transformation 

3D spatial locations of molecules transiting through the NPC can be considered in 

either Cartesian (X, Y, Z) or cylindrical (X, R, Ɵ) coordinates. In microscopic imaging, 

the observed 2D spatial distribution of particle localizations is a projection of its actual 

3D spatial locations onto the XY plane. The underlying 3D spatial distributions can be 

recovered by projection of the measured Cartesian (X,Y) coordinates back onto the 

simplified cylindrical (X, R, constant) coordinates, based on the expected cylindrically 

symmetrical distribution along the Ɵ direction of the nuclear pore. XY data is grouped 

into X dimensional bins 10nm or greater depending on the consistency of data along the 

X dimension and the number of data points collected along this axis. These XY data 

groupings are then utilized to calculate probability density maps representing the X, and 

R dimensions the NPC. This is possible because for a radially symmetrical cylindrical 

geometry it does not matter whether imaging from the XY (side view) or the YZ (radial 

cross section) plane, the obtained Y dimensional histograms are ideally identical. Thus 

from the data points collected along the axis of the NPC, the densities in the radial 

dimension can be obtained by solving the matrix equations provided in references (Ruba 

eta l 2016, Ma et al. 2010). The resulting 3D, surface-rendered visualizations shown in 

figures were generated with Amira 5.2 (Visage Imaging). 

2.7 Protein purification and labeling 
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All purified proteins were expressed in E.coli cells (BL21 DE3 cells) using a 

6xhistidine tag and purified 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 

phosphate, 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 to 1 Rrp12 molecule. For IBB-2X MBP-M3 the 

labeling ratio was 1.2 Alexa Fluor 647 to 1 protein molecule. For Tap the ratio was 2.2 

and for CRM1: 1.1.  

2.8 Statistics 

Experimental error is reported as mean ± standard error of the mean. P-values for 

nuclear transport assays were obtained via two sample z-tests for proportions. 
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CHAPTER 3 

RESULTS 

3.1 Mapping FG-Nucleoporin organization and dynamics within the nuclear  

      pore complex of live cells 

 

 3.1.1 In Vivo Labeling FG-Nups within the NPCs of mammalian cells 

In order to provide a complete mapping for individual FG-Nups within the living 

NPC, SPEED microscopy was combined with a HaloTag labeling technique. HaloTags 

are ~33kDa in size (comparable to the size of GFP) and can be genetically fused to 

proteins providing binding sites for Halo-specific ligands which can be combined with 

dyes such as cell permeable Janelia Fluor (JF) dyes (Blackstock and Chen; 2014, Grimm 

et al., 2016). In this manner, FG-domains can be labeled fluorescently at the low 

concentrations required for accurate single-molecule tracking. Constructs were created 

for each FG-Nup where a HaloTag was genetically fused to the terminal closest to the FG 

domain of the protein and GFP was tagged on the opposite terminal (Fig. 2a). Constructs 

were also created with the reverse setup to more closely represent the anchoring/more-

structured portion of the protein. The purpose of the GFP is to ensure transfection was 

successful and to aid in determining those NPCs that have incorporated numerous copies 

of the Nup of interest prior to single-molecule tracking.  Figure 2c. demonstrates that 

HaloTag labeling does prevent FG-Nup insertion into the NPCs as bright nuclear 

envelope rings can be visualized with confocal microscopy for each FG-Nup. JF646 

signal is also shown to overlap well with signal from GFP indicating efficient binding 
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capability of JF646 to the HaloTag fused FG-Nups. Furthermore, the necessarily of 

super-resolution is evident from the seeming co-localization between all measure FG-

Nups and POM121-mCherry signal.  
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Figure 2. Live confocal imaging of FG-Nups labeled with HaloTag and GFP 

A.) FG-Nup constructs demonstrating N and C terminal labeling strategies. Shown below 

is a cartoon highlighting the disordered FG regions and anchoring (non-FG) regions of 

the proteins. JF dye can be used to recognize the HaloTag and bring fluorescence to the 

that position. B.) Cartoon highlighting the FG motif positions in the amino acid 

sequences for all human FG-Nups. Note that FG regions are for the most part located 

predominantly at either the N and C terminal positions. By using HaloTag and JF dyes, 

we can label the FG-rich terminals for each protein. C.) Three channel live cell confocal 

imaging showing: the mCherry signal from the Pom121-mCherry stable HeLa cell line 

used (in order to reference the NPC centroid), the GFP signal, as well as the JFdye 646 

signal which binds to the Halotag position. Images show that each construct inserts into 

NPCs of the nuclear envelope indicating the labeling strategy does not significantly 

impede insertion. All FG-Nups appear colocalized at this resolution. This is why a super-

resolution approach is needed to map the positions for FG-domains. Scale bar: 5 um. N: 

nucleus. C: Cytoplasm.  

 

3.1.2 Axial spatial distributions for FG-Nups within the NPC of live human  

        cells 

 In order to map individual FG-Nups within living cells, a small single-point 

vertical illumination was employed covering an area ~1µm in the focal plane (Fig 3. A-

B).  First a GFP-labeled nuclear envelope is located within a cell that has successfully 

incorporated the FG-Nup of interest into its NPCs, then centroid of a single NPC is 

determined. This is accomplished through single-point illumination of a POM121-

mCherry labeled NPC located at the edge of the nuclear envelope at the plane of the 

equator of the nucleus (Fig. 3A) with a 561nm laser.  Then, the laser mode is switched to 

the 633 nm laser pointed at the same position used to measure the POM121 centroid. Cell 

permeable JF dyes are then introduced to the cell at a concentration of 0.1 nM.  Within 2 

minutes, JF dye molecules penetrate into the cell and bind to the HaloTag fused FG-Nups 

within the pore of interest. At this concentration, spatial locations for the JF dye are 
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determined at the single-molecule level providing spatial locations for the FG domain in 

their native environment. Since our goal is to track the behavior of single FG-Nups that 

have been incorporated within the living cell’s NPC, several determinations must be 

made so as to avoid imaging those Nups that may be simply transiting through the pore 

and have not yet been incorporated into the NPCs structure, and, also, to avoid the 

imaging of freely diffusing JF dye that may not yet be bound to an FG-Nup. Control 

experiments were conducted to measure the transport times of free JF dye transporting 

through NPCs and to measure the nuclear import time of an un-anchored transiting FG-

Nup. SPEED microscopy was employed at a frame rate of 2ms to image freely diffusing 

JF dye in the absence of any HaloTag containing protein. Additionally, free GFP-Nup153 

as was tracked as it imports through the NPC. Free JF dye passes through the NPC at 3 ± 

1 ms. The nuclear transport efficiency was also determined to be 48 ± 2% which 

corresponds well with previous data for passively diffusing GFP and small dextrans. As 

for GFP-Nup153, the transport time was determined to be 11  ± 8 ms. Keeping this in 

mind, an optimized frame rate of 50 ms was chosen for the mapping of anchored FG-

Nups to avoid detection of mobile unbound JF labeled Nups and/or the unbound dye. 

This frame rate has a second advantage: allowing the collection of more photons per 

frame increases the localization precision. The resulting single-molecule localization 

precision at this frame-rate obtained for JF dye labeled FG-Nups was as low as 4 nm with 

a mean of 7 ± 1 nm from over 20,000 collected data points.  

As shown in Figure 3, after expressing HaloTag fused FG-Nups and supplying 

low concentrations (0.1 nM) of JF646, single-molecule trajectories could be obtained 
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revealing spatial locations for the FG-Nup of interest.   Examples of data collected from a 

JFdye-Halotag binding event can be seen in Fig 3C-E.  Representing FG-Nups found in 

three separate sub-NPC locales: Nup153 for the nuclear basket side, POM121 for the 

central region and Nup214 for the cytoplasmic side.  From these trajectories, 2D 

positions can be accumulated, as seen in Fig 3D, from the NPCs of different cells (at least 

5 measured per condition) to finally reveal the two-dimensional distributions seen in Fig 

3.  

Along the axial (X) dimension of the NPC, FG domains of Nup358 were found to 

locate furthest into the Cytoplasm with a peak position of -73 nm into the cytoplasm in 

respect to the NPC centroid.  Nup214s FG rich terminus was found to situate slightly 

closer towards the NPC center with a peak position of -68 nm and finally hCG1 would be 

the last cytoplasmic ally oriented FG-Nup to be encountered from an approaching particle 

in the cyotplasm with its peak position at -55 nm.  Notably, hCG1 was the only 

cytoplasmically oriented FG-Nup to additionally have a secondary peak on the opposite 

(nuclear) face of the pore. When approaching the pore from the nucleoplasm, TPRs FG 

domains were found to locate furthest into the nucleus with an axial peak at 54 nm, 

followed by Nup153 (52 nm) and Nup50 (43 nm). Regarding the centrally oriented FG-

Nups: Nup98 was found to have the largest distribution revealing two peak positions 

along the X dimension: -40 into the cytoplasm, and +43 into the nucleoplasm.  Members 

of the Nup62 complex: Nup62, Nup54, and Nup58s FG-domains situate more closely to 

Pom121 with Nup62 and Nup54 being closer to the cytoplasmic side of the pore in 

comparison to Nup58.   
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Figure 3. Obtaining 2D axial dimension spatial distributions for FG-Nups 

A). Single-Point illumination from the 633 nm laser is shown from is targeted to the edge 

of the nuclear envelope along the equator of the nucleus. N: Nucleus, C: Cytoplasm. B). 

The laser is targeted to a single NPC, illuminating single JF dye molecules that become 

bound to HaloTag containing FG-Nups within the pore. C). In separate experiments, FG-

Nup positions can be measured within three NPC sub-regions: Cytoplasmic (red), Central 

(green), and nuclear basket (yellow) by using HaloTag labeling and SPEED microscopy.  

D). Three example single-molecule tracks are shown: one for a selected FG-Nup located 

on the cytoplasmic side of the pore, central pore region, and nuclear basket region 

respectively.  Obtained photon number per frame is also shown. Frame rate is 50 msec. 

White lines show the NPC centroid position E). The plotted two-dimensional positions 

corresponding to the examples tracks in D).  F). The cumulative positions recorded for 

Nup153 (yellow), POM121 (green), and Nup214 (red). G). Histograms corresponding to 

the spatial data in F).H.) 2D spatial data is shown for each FG-Nup, along with the X 

dimensional histogram for the terminal most rich in FG motifs. Also shown is a cartoon 

representing the peak position along the X or axial dimension for each FG-Nup. Data for 

both terminals measured is represented. The red half, represents the peak position for the 

FG-rich terminal, while the blue half represents the peak positions for the anchoring site 

of the protein or non-FG terminal. The points are connected to show the relationship 

between the two terminals of each protein.  

 

3.1.3 FG-Nups undergo confined diffusional behavior relative to their            

        position within the pore 

 

 

To further understand the dynamic behavior of individual FG-Nups, fifty 

trajectories were collected for each terminal end of each protein that were at least 4 

consecutive frames and with single-molecule precisions <10nm. Mean squared 

displacement (MSD) analysis was performed revealing that FG-Nups within the NPC of 

live cells undergo extremely confined diffusion. From the collected trajectories for each 

FG-Nup we were able to quantify the proportion of data points on either side of the NPC 

(cytoplasmic, nucleoplasmic). While all centrally anchored FG-Nups including Pom121, 

Nup98, Nup62, Nup54, and Nup58 were found to be relatively symmetric in their 
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proportions, the Cytoplasmic and Nuclear oriented FG-Nups generally did not reach to 

the opposing side of the pore (Fig 4D). hCG1 however was found to spend approximately 

10% of its time on the nuclear face of the NPC making it the only asymmetric FG-Nup to 

readily reach across the pore.  

  For each trajectory an extension length was determined representing the capability 

of the FG-Nup to move from a given anchoring site on the pore. The average extensions 

for each FG-Nup reveal two classes of behavior: the asymmetric FG-Nups anchored to 

the cytoplasmic and nuclear faces of the pore have the capacity to extend far, between 51 

and 69 nm while the symmetric and centrally located FG-Nups had a much smaller range 

of extension from 30-41 nm. The centrally located Nup98 was an exception to this with 

its large average extension of 65 nm. The FG-Nups situated furthest out from the NPC 

centroid were found to have the largest extension capabilities with Nup358 and TPR both 

reaching values of 69 nm. All extension values obtained for non-FG terminals (blue in 

Fig. 4C) were significantly lower than for FG-rich terminals (red) indicating the presence 

of FG-domains allow for a wider range of space exploration compared to non-FG 

terminals. Of all measured non-FG terminals POM121 was found be most stable in its 

behavior.  HCG1 represents a peculiar case in which FG motifs are found throughout its 

amino acids sequence. Interestingly, for this protein, we reveal that N and C terminal 

domains extend to similar lengths of 51 and 55 nm for N and C respectively.  
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Figure 4. Live cell dynamics of FG-Nups  

A). Trajectories are shown for captured spatial movements between consecutive f 50 ms 

frames. 50 Trajectories are shown for each FG-Nup tagged at its FG-rich terminus. Cyan 

color represents the cytoplasmic side of the NPC and light pink color represents the 

nuclear side of the NPC. Shown below the trajectory plots are the corresponding mean 

squared displacement (MSD) plots for the trajectories shown above. Also shown are the 

histograms for extension length per trajectory (defined in methods) with the Gaussian 

peak position shown in bold. B). Example MSD plots are shown for different diffusional 

behaviors based off fixed alpha values.   C). Column plots are shown representing the 

average extension values taken from 50 trajectories per FG-Nup.  Red color shows the 

data for the FG-rich terminals, while Blue shows the data for the opposite terminal. (*) 

represents an exception: hCG1 has FG domains throughout its sequence (refer to Fig 1). 

D). Column plots are shown representing the proportion of data points on both the 

cytoplasmic (light cyan) or nuclear (light pink) halves of the NPC obtained from the 

trajectories recorded for each FG-Nup. 

  

3.1.4 FG-domains orient outward into the cytoplasm/nucleoplasm as well   

         as  inward toward the NPC axis 

 

Since the collected 2D data points are actual representations of the real 3D data, 

the 2D distributions are incomplete representations of the FG-domain distributions. 

Taking advantage of the cylindrical rotational symmetry of NPCs, we utilize a XY to 

radial dimension (YZ) transformation algorithm to obtain probability density maps with 

data representing the X and R (radial) dimensions on a cylindrical coordinate system 

from the original 2D X and Y data (Ruba et al., 2017).  The obtained probability density 

maps for each FG-Nup can be seen in Fig 5, blue colors are shown to represent the non-

FG terminal data while Red (or yellow for Nup`153, and Green for Pom121) is used to 

represent the FG-rich terminal data.  

Cytoplasmically oriented FG-Nups Nup358, Nup214, and hCG1 were all found to 

have two peak positions within the radial dimension at their most densely occupied 
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region. One of smaller diameter, indicative of FG domains facing towards the NPCs axis 

and another peak of much larger diameter revealing that the FG-domains of these 

cytoplasmically anchored FG-Nups also reach outwards into the cytoplasm. Out of all 

FG-Nups, Nup358 was found to have the largest possible diameter peaking at 166 nm. As 

we get closer towards the NPC centroid, the diameter of the cytoplasmic FG-Nup 

distributions shrink with outer diameters of 162 and 114 obtained for Nup214 and hCG1 

respectively (Fig. 5). For Nup358 and Nup214, the non-FG terminal data represented in 

blue in Figure 4 were each situated in between the two peaks obtained for the FG-rich 

terminal in the radial dimension and correspond well with the known positions f the 

cytoplasmic filaments.  This data may indicate that their FG-domains may extend either 

towards the NPC axis or outward from Cytoplasmic filaments.  For the centrally located 

nucleoporins, we report that the FG-domains for all members of the Nup62 complex as 

well as POM121, and Nup98 all primarily extend inward towards the NPC axis in respect 

to their non-FG terminals (Figure 5, table 1). Nup98 was the only FG-Nup found to have 

two separate regions for its non-FG terminal. It appears that Nup98 is anchored to the 

pore in two positions each ~18 nm from the centroid on both cytoplasmic and nuclear 

sides from which FG-domains extend primarily inwards towards the NPC axis but also 

outwards towards the cytoplasm and nucleus. For all central pore FG-Nups FG-domains 

we found peak diameters ranging from 38 nm (Nup62) to 50 nm (Pom121).  For the 

nuclear basket FG-Nups we found their FG-domains almost exclusively extend away 

from the NPC axis into the nucleoplasm and that their non-FG regions correspond with 

locations on the nuclear basket. In a manner similar to the cytoplasmic FG-Nups, the 

diameter gets larger as we get further into the nucleoplasm indicating an overall 
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hourglass shape created by FG-domains within the pore. Of the nuclear basket FG-Nups 

TPR has the largest diameter distribution peaking at 110 nm. For Nup153 a diameter of 

76nm was obtained and for Nup50: 54 nm.  
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Figure 5. Spatial probability density maps obtained for FG-Nups  

 

A).  Probability density maps are shown for Nup214 (red), POM121 (green), and 

Nup153 (yellow). Anchoring or non-FG terminal data is represented in blue for each. 

Above, an axial slice view is shown. Below, radial cross sections are shown 

corresponding to the X dimensional sub-regions listed in white text.  B). Cartoon models 

are shown representing the FG-Nups shown in A.) Scale bar (white) is 50 nm C). 

Probability density maps are shown for cytoplasmically oriented FG-Nups. Red color 

represents FG terminals while blue represents data for non-FG terminals. Data is shown 

in axial view, axial slice view, and radial cross sections. Radial cross sections represent 

the X or axial dimensional regions listed in white text and highlighted by the white 

dashed lines on the axial slice images.  Cartoon models are shown for each. D). 

Probability density maps are shown for centrally oriented (symmetric) FG-Nups E). 

Probability density maps are shown for nuclear basket oriented FG-Nups. 

 

3.1.5 FG-domains of Nup98 share the most occupied space with all other 

         FG-domains 

 

Heavy overlap between the 3D spatial distributions of each FG-Nup was found to 

exist throughout the pore (Fig . 6). Along the X dimension (green), In general, FG-

domains originating from the same NPC sub-region shared heavy overlap with 

Cytoplsmic FG-Nups Nup214 and Nup358 displaying the most overlap (92%) while 

Nup358 and Nuclear basket located TPR displaying the least.  Within the radial 

dimension (blue) centrally located FG-Nups were found to share the most spatial overlap. 

Of all measured FG-Nups, the GLFG motif containing Nup98 shares the most spatial 

overlap in three dimensions with every other FG-Nup followed by hCG1. Nup214 and 

TPR were found to have the least amount of shared space with other FG-Nups.   
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Figure 6. Spatial overlap for FG-Nups  

Overlap coefficient (in percentage. 1.00 would indicate 100% overlap) is shown for each 

FG-Nup being compared to every other FG-Nup. Green represents overlap in the X 

dimension while blue represents the R dimension. Cyan represents the combined overlap 

in both dimensions. At the bottom each FG-Nup is shown ranked from sharing the most 

overlap with other FG-Nups (Nup98), to the least (TPR). The FG motif classification and 

number of FG motifs found in the sequence for each Nup is also shown 
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3.1.6 FG-Nups together organize into an hourglass turoidal channel 

 

By combining over 20,000 data points obtained for the FG-Rich terminals for 

each FG-Nup a 3D probability density map representing FG-organization as a whole is 

generated as shown in Fig 7a.  FG-domains are seen to exist in a turoidal geometry 

avoiding a central axial region 14 ± 7 nm in diameter. This agrees well with our previous 

results tracking transport receptors through the NPC in live cells (Ma et al.,, 2016).  The 

highest density of FG-domains (bright red color) was found at the center of the NPC with 

a diameter of 48 ± 1 nm (radius: 24 nm).  Along the X dimension, FG domains were 

found to reach -160 in the cytoplasmic direction and +120nm in the nuclear direction 

while in the radial dimension; FG domains extend out ~150 nm in diameter. We found 

that the scaffold pore structure and nuclear envelope structure largely inhibits FG-

domains from extending to wide diameters from the X dimensional regions of -20 to 20 

nm. Another 3D density map was generated utilizing all non-FG terminal data revealing a 

much smaller distribution highlighting where the more structured portions of FG-Nups 

exist within the pore and where the FG-domains may be anchored to the NPC scaffold 

(Fig. 7b).  Free JF dye, measured in absence of HaloTag containing FG-Nups was found 

to occupy the axial center of the NPC that is avoided by FG-Nups (Fig. 7c). This finding 

agrees with previous data tracking the passive diffusion of small molecules such as 

dextrans and lone GFP (Yang, 2013) through the NPC. When comparing 3D probability 

density maps generated from FG-domains from three separate FG-Nup classifications: 

FG, FXFG, and GLFG we found that GLFG Nups, domains, solely represented by Nup98 

in mammalian cells occupy a smaller region along the X dimension compared to FG and 
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FXFG domains. FXFG domains were found to have a higher density on the nuclear face 

of the NPC compared to FG and GLFG measurements.  
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Figure 7.  Combined spatial density maps for all FG-Nups 
A). The combined probability density map is shown for all FG-rich terminal data. 

Red represents the densest region while black indicates no density. B). A slice view is 

shown for the data in A.) C). Radial slices are shown for various X dimensional bins for 

the distribution seen in A.) representing all FG domains D). The combined probability 

density map is shown for all anchoring site/non-FG terminal data. Red represents the 

most dense region while black indicates no density.E).Slice view for the data shown in 

D.) F.) Overlaid density maps for all FG-Domains are shown in Red, while all anchoring 

site data shown in blue. G.) Overlay of all FG-domain data and data obtained for 

diffusing unbound JF646 dye. H.) Combined 3D density map obtained for all FG motiff 

classified FG-Nups is shown in the top half, while the data obtained for GlFG FG-Nups is 

shown in the bottom half.  H.) Combined density map obtained for all FG motiff 

classified FG-Nups is shown in the top half, while the data obtained for FXFG classified 

FG-Nups is shown in the bottom half.   
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Table 1  Peak positions in X and R dimensions for each FG-Nucleoporin and 

extension lengths 

 

Nup Tag 

position 

Peak X (nm) Peak Radius 

(nm) (most 

dense region) 

Extension length 

(nm) 

Cytoplasmic FG-Nups 

358 N -48 ± 2 26 ± 2 29 ± 1 

C (FG) -73 ± 2 25 ± 4, 83 ± 4 69 ± 1 

214 N -68 ± 2 57 ± 3 29 ± 1 

C (FG) -68 ± 2 24 ± 1, 81 ± 2 63 ± 1 

hCG1 N (FG) -55 ± 5, 33 ± 9 16 ± 2, 57 ± 2 51 ± 1 

C (FG) -46 ± 2, 30 ± 8 18 ±2, 47 ± 5 55 ± 3 

Central Pore FG-Nups 

98 N (FG) -40± 3, 43 ± 3 24 ± 1 65 ± 1  

C -17 ± 8 , 18 ± 8 23 ± 1 21 ± 1 

62 N (FG) -10 ± 2 19 ± 2 35 ± 1 

C -12 ± 2 21 ± 1 26 ± 1 

54 N (FG) -10 ± 2 20± 3 41 ± 1 

C -8 ± 1 22±1 26 ± 1 

POM121 N 0 ± 2 47 ± 2 20 ± 1 

C (FG) 0 ± 3 25 ± 3 30 ± 1 

58 N  11 ± 1 20 ± 1 20 ± 1 

C (FG) 0 ± 2 21 ± 1 36 ± 1 

Nuclear Basket FG-Nups 

50 N (FG) 40 ± 2 25 ± 2 56  ± 2  

C 43  ± 2 27 ± 2 35 ± 1 

153 N 32 ± 2 26 ± 3 27 ± 1 

C (FG) 52 ± 4 38 ± 2 56 ± 2 

TPR N 31 ± 1 30± 2 30 ± 1 

C (FG) 54 ± 1 55 ± 3 69 ± 4 
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3.2 Nuclear export dynamics of pre-ribosomal subunits through nuclear  

      pore complexes revealed by high-speed single-molecule microscopy 

 

3.2.1 Single-molecule tracking of individual pre-60s and pre-40s 

         ribosomal subunits exporting through NPCs of live cells 

 

A multitude of ribosomal proteins have been shown to have “moonlighting” 

alternative functions apart from ribosomal activity (Jeffrey, 1999). Also, these proteins 

are generally small in size (< 40 kDa) allowing them to potentially passively diffuse to 

and from the nucleus. Taking this information together along with the finding that 

ribosomal proteins are frequent contaminants of isolated eukaryotic protein complexes 

(estimated at 3.5 % of all isolates) (Ferreira-Cerca, 2005) a careful labeling strategy must 

be used to ensure the particle being tracked is indeed assembled pre-ribosomal subunits 

and not lone ribosomal proteins or contaminated irrelevant protein complexes. Our design 

involves fluorescent FRET-pair labeling (e.g., GFP and mCherry) of two selected 

neighboring ribosomal proteins that come into close proximity once assembled into pre-

ribosomal subunits.  As shown in the Figure 8, two protein pairs, rpL3-GFP/rpL23-

mCherry, and rpS13-GFP/rpS11-mCherry, were selected to label pre-60s and pre-40s 

respectively. Based on the structural information available, the distance between each 

paired proteins is less than the Förster distance of GFP and mCherry (~ 5.2 nm) in 

proximity, expecting more than 50% energy transfer between donor and acceptor. 

Particularly, the chosen ribosomal proteins S13 and S11, have been shown to co-

precipitate with pre-40s RNA more than any other measured 40s proteins and they are 

considered essential to subunit formation (Ferreira-Cerca, 2005).  Similarly, large-subunit 

proteins L3 and L23 are loaded onto the forming large ribosomal particle, at two different 
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intermediate stages of assembly prior to nuclear export through the NPCs (de la Cruz, 

2015)
 
The above design to track nuclear export of assembled pre-ribosomal subunits is 

further validated by completely different transport kinetics obtained for lone ribosomal 

proteins (see later text). For all of these chosen ribosomal proteins, C-terminal tags were 

used due to abnormal distribution upon expression of N-terminal tagged ribosomal fusion 

proteins in living cells
 
(Palmer and Freeman, 2004). 

By using SPEED microscopy, single-molecule experiments were conducted to 

track FRET pairs as well as lone individual ribosomal proteins in living HeLa cells. For 

FRET tracking experiments, a 488-nm laser is employed to excite the donor while 

emission is only captured from the acceptor. For lone-ribosomal protein tracking 

experiments, a 488-nm or a 561-nm laser was utilized to track GFP- or mCherry-fused 

ribosomal proteins respectively. First, as indicated in Fig. 1a-b, we observed FRET-based 

red fluorescent spots of pre-ribosomal subunits mainly located in the nucleus (most 

densely within the nucleoli (pseudo colored purple in Figure 9a) by using wide-field epi-

fluorescence microscopy. Then, with a controlled low expression level of rpL23-mCherry 

(or rpS11-mCherry), FRET signals were tracked as the particles interacted with a single 

NPC (Fig. 9d-e). Once visualized interacting with the NPC, tracked particles may either 

successfully pass through the NPC or after interacting, return back to their originating 

cellular compartment. The former case becomes classified as a successful transport event 

while the latter is an abortive transport event. The average interaction time between the 

pre-60s rpL3/rpL23 signal and the NPC were determined to be 14 ± 1 ms for successful 

export events and 7 ± 1 ms for those export events that were abortive (Fig. 9 f-g). While, 
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for the pre-40S pair rpS13/rpS11, the successful and abortive export events had dwell 

times of 8 ± 1 ms and 7 ± 1 ms respectively in the NPC (Fig. 9 h-i). These transport time 

distributions were also near identical to the other pre-40s FRET pair rpS19/rpS25 

measured. 

Instead of only nuclear export events observed in the FRET tracking experiments, 

we found that either rpL23-mChrry or rpS19-GFP underwent frequent nucleocytoplasmic 

import as wel as export. Moreover, their nuclear import times (~ 2ms) are much shorter 

than their export times (~ 6 ms and ~ 3 ms respectively) (Fig. 9 j-m). The longer export 

time could potentially be influenced in part from pre-ribosomal particle export being 

captured from the singly labeled ribosomal proteins in addition to the proteins exporting 

out-of-complex from ribosomal particles. Additionally, these transport times agree well 

with rpS13 single-molecule data that was previously measured in another study (Yang 

and Musser, 2006). 

All measured FRET-based export times are significantly larger than those 

obtained from the single labeling strategy and cannot be fit well with an exponential 

decay function as could be for lone rpL23 and rpS19. Instead the export time 

distributions are wider and more varied with a more Boltzmann shaped distribution.  The 

shorter time measured for the pre-40s successful export events are not surprising given its 

roughly half molecular weight of pre-60s particles. Still, all obtained export times are 

remarkably fast and several orders of magnitude faster than the nuclear transport of large 

quantum dots and faster than mRNA containing particle export
 
(Ma et al. 2013). 
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The rate of success for nuclear transport can be measured by dividing the total 

amount of successful transport events by the complete number of tracked events. Viewed 

as a percentage this is defined as the transport efficiency. Interestingly, we obtained a 

nuclear export efficiency of 67±3% for pre-60S and 64±3% for pre-40S FRET pairs. 

These transport efficiencies are significantly higher than have been obtained for other 

previously tracked cargos through the pore including mRNAs, 2XGFP import complexes, 

and passively diffusing molecules which all fall at ~50% or less (fig 9. n). A nuclear 

export efficiency of 50% can be thought to mean that once a particle has entered within 

the NPC from the nuclear side, it has a 50/50 chance of reaching the cytoplasm, or 

returning to the nucleus. In other words, the transport (not to be confused with cargo 

unloading) is not directional in nature and may simply operate by random diffusion. 

Nuclear transport efficiencies falling below this 50% may be subjective to more 

restriction, while those cargoes with high nuclear efficiency may experience a more 

regulated directional movement.  

To see if the obtained nuclear export efficiency is dependent on transport receptor 

activity, we set out to modulate this parameter through inhibition of transport receptors. 

While no drugs are currently available to inhibit the other known transport receptors 

involved in the ribosomal nuclear export mechanism, Leptomycin B, a potent inhibitor of 

CRM1, has been widely used to temporarily inhibit CRM1 activity. By incubating HeLa 

cells expressing either the FRET pair of Rps13/Rps11 or rpL3/RpL23 with Leptomycin B 

at concentrations of 20 nM, 40 nM and 200 nM respectively, we monitored any changes 

in the nuclear export efficiency obtained from the utilized FRET pairs. We found that 
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Leptomycin B treatment resulted in a drastic reduction in nuclear export efficiency of 

both pre-40s and pre-60s FRET pairs compared to control cells without addition of 

Leptomycin B (P values < 0.0001).  For example, with the incubation of 200-nM 

Leptomycin B, the nuclear export efficiencies for pre-40s and pre-60s dropped from 

~64% and ~67% down to ~4% and ~8%, respectively (Fig. 9o).  Similar drops in export 

efficiency were seen for both subunits at each measured leptomycin B concentration. Out 

of all proteins in the utilized FRET pairs only rpL3 is predicted to potentially have a 

nuclear export signal thusly, the measured effects of Leptomycin B are likely affecting 

assembled pre-ribosomal particles and not ribosomal protein contaminated irrelevant 

particles. These obvious changes seem to indicate that normal endogenous CRM1 

function is crucially required for the efficient nuclear export process for both pre-

ribosomal subunits. Further testing is required to determine the exact contributions of 

Rrp12 and Tap-p15 on the ribosomal export kinetics. 
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Figure 8. FRET pairs for labeling pre-ribosomal subunits 

 a). 60s ribosomal subunit showing the relative distance between the FRET pair 

utilized. rpL3 is seen as blue tagged to GFP (green) at its C-terminal end. RpL23 is seen 

as cyan tagged with mCherry (pink) at its C-terminal end. b). 40s ribosomal subunit 

showing the relative distance between the FRET pair utilized. rpS13 is seen as purple 

fused to GFP (green) at its C-terminal end. rpS11 is seen as orange and tagged with 

mCherry (pink) at its C-terminal end. Image generated using The PyMOL Molecular 

Graphics System, Version 1.5.0.4 Schrödinger, LLC,  (ref 16) along with PDB files 

5T2C, 4UG0, 4VCX obtained from The Protein Data Bank (ref 45). 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.rcsb.org/pdb/explore/explore.do?structureId=5T2C
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Table 2   Transport times and efficiencies for various transiting substrates 

Molecular name Export/Import 

efficiency (%) 

Export/Import time 

(ms) 

Detection time 

per frame (ms) 

Pre-60s subunit 67 ± 3 14 ± 1 2 

Pre-40s Subunit 64 ± 3 8 ± 1 2 

hCRM1 53 ±4 5 ± 1 2 

Tap-p15 51 ± 4 2 ± 1 0.4 

Rrp12 51 ± 3 6 ± 1 2 

2xGFP/Imp b1/Imp 

alpha
39

 

51 ± 5 8.1 ± 0.1  1 

IBB-2xMBP-M3  
  

 

at 0.5 uM Imp β1 52± 3 7 ±1 2 

at 0.5 uM Imp β2 48 ± 3 7 ± 1 2 

at 0.5 uM Imp β1 and 

0.5 uM Imp β2 

64 ± 5 5 ± 1 2 

at 1 uM Imp β1 52 ± 3 7 ± 1 2 

at 1 uM Imp β2 48 ± 3 7 ±1 2 
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Figure 9 Tracking Single Pre-ribosomal subunits through NPCs.  

a-b). Wide-field illumination. Cell shown in b highlights single pre-60s particles (red 

dots pointed by white arrows) imaged inside the nucleus and on the GFP-labeled NE 

(green ring). Purple spots in the nucleus show pseudo coloring of FRET signal filled 

nucleoli. Scale bar: 5 µm. C, cytoplasm. N, nucleoplasm. c). A simplified diagram 

shows the vertical single-point illumination (blue beam) of SPEED microscopy to 

image a single NPC in three dimensions (x,y,z) at the focal plane (double light-blue 

lines) and simultaneously track transiting molecules through the NPC. C, cytoplasm. N, 

nucleoplasm. d).  A typical successful nuclear export event of pre-60S through a single 

NPC. Pre-60s subunits are seen as diffraction limited single-molecule spots and not 

reflecting the true size of ribosomal subunits. Numbers depict milliseconds. Scale bar: 1 

µm. C, cytoplasm. N, nucleoplasm. e). A representation of a typical abortive nuclear 

export event of pre-60S. Trajectories obtained for each event is shown to the right.  

Black open circles represent positional data for single pre-60s while the open red dot 

represents the NPC centroid. f-i).   Export time distributions for FRET labeling results. 

NtoC: Successful event. NtoN: abortive event. j-m).Transport kinetic distributions for 

lone ribosomal proteins.  Single-molecule trajectory obtained from the transport event 

shown in (c). (n) Export efficiencies for various measured cargoes through the NPC. IC 

is import comple:, 2XGFP-   mRNA data is from our previous 

publication
14 

 Blue dotted line represents 50% efficiency. o). Leptomycin B treatment 

effects on ribosomal export efficiency.  

 

3.2.2 Nuclear transport kinetics of cargo-free and cargo-bound transport  

        receptors through NPCs 

 

To provide more information on the possible influence of each transport receptor 

on the ribosomal export process and further understand their interactions with the NPC, 

we setup experiments to obtain the nuclear transport kinetics for each transport receptor 

involved in ribosomal export individually. Each nuclear transport receptor may have 

numerous to multitudes of endogenous cargoes to transport in living cells. To more 

accurately track the lone transport receptors through NPCs, a permeablized cell system 

becomes useful. Using digitonin, the Hela cells plasma membranes are compromised 

allowing cellular constituents to flow out of the cell
 
(Hagstrom, 1997). This also allows 

for the introduction of fluorescently labeled purified proteins to be introduced into the 

cell without microinjection. In this manner we, through SPEED microscopy, obtained 
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single-molecule transport kinetics for all known transport receptors that are believed to 

play a role in exporting pre-60s and pre-40s ribosomal subunits. Proteins were introduced 

at low 0.1 nM concentrations to help ensure visibility of single transport events 

All nuclear export transport times measured were very transient ranging from just 

2 ms for Tap-p15 to 6 ms for Rrp12. We additionally found that no transport receptor, 

tracked individually, has a nuclear transport efficiency matching that obtained for the 

ribosomal tracking experiments. The highest nuclear export efficiency obtained for a 

transport receptor was 53 ±4 % for Tap-p15, while CRM1 and Rrp12 measurements 

resulted in 51 ± 4 % and 51 ± 3 % respectively (Fig. S3). All are within statistical error. 

In yeast Rrp12p is hypothesized to utilize the Ran-GTP system to regulate nuclear export 

in a manner similar to CRM1. Here we measured the nuclear transport kinetics of Rrp12 

through the pore with and without the presence of added Ran-GTP. We found that the 

nuclear export efficiency of 51% is dependent on the presence of Ran to the system as the 

obtained efficiency in its absence was calculated to be 34 ± 2%. Perhaps, the Ran cycle is 

required for the efficiency transport activity of Rrp12 (Fig. 10).  
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Figure 10. Nuclear transport kinetics and nuclear transport efficiencies for  

               transport receptors involved in pre-ribosomal subunit export  

 

Histograms are shown for the export events recorded for each measured transport 

receptor. Export efficiencies are also reported.   

 

It is possible that recruiting multiple species of transport receptor to a cargo 

particle could enhance the nuclear export efficiency in a way greater than when a single 

type of transport receptor is recruited. To test this hypothesis we compared cargo nuclear 

import transport efficiency under different conditions: when two species of transport 

receptor are simultaneously recruiting to a transiting cargo molecule, and when either 

transport receptor is recruited to the cargo alone. We employed the use of a genetically 

modified maltose-binding protein (MBP) dimer (IBB-2xMBP-M3) which contains an 

IBB domain as well as an M3 domain (Ribbeck and Gorlich, 2002).
 
The IBB domain 

containing an M9 adaptor site specific for the transport receptor transportin (also named 

as Importin B2). The molecular weight of IBB-2xMBP-M3 is about 80 kDa, well above 

the size cutoff for passive diffusion through the NPC. Transport kinetics and nuclear 

transport efficiency were measured for this MBP construct with the addition of either 0.5 

uM Importin B1, 0.5 uM importin B2 as well as the combination of both 0.5 uM importin 

B1 and 0.5 uM importin B2. 0.5 uM.  These high concentrations of transport receptor 

compared to the 0.1 nM concentration used for the cargo ensures >99% of cargo being in 

complex with Importin B1, Importin B2, or both at a given time
,. 

As shown in Table 2 

and Figure 11, no significant difference was found between nuclear import efficiencies 

obtained for IBB-2xMBP-M3 in the presence of lone Importin B1 (52 ± 3%) or Importin 
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presence of both transport receptors was statistically enhanced to 65±3 (p < 0.001) (Fig. 

S4). Our results support the claim that MBPs nuclear import rate increases in the 

presence of both importins. Following the same procedure, we determined the nuclear 

import efficiency of IBB-2xMBP-M3 in the presence of higher concentrations of 

transport receptor at 1uM. We found that there is no difference in the import efficiencies 

for IBB-2xMBP-M3 at the presence of 1-uM or 0.5-uM for either transport receptor (Fig. 

S4). This finding indicates that 0.5 uM of each transport receptor most likely saturated 

the cargo molecule binding sites.  

While we did not directly measure enhancements of nuclear export efficiency, it 

is probable that nuclear export and nuclear import operate under very similar properties. 

We suggest the possibility that recruiting multiple “types” or “species” of transport 

receptors to pre-ribosomal particles may enhance their export efficiency making pre-

ribosomal particles to have a higher rate of success in crossing the NPC than any 

individual transport receptor alone. More experiments are needed to directly assess this 

claim. 
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Figure 11.  Multiple Transport receptor recruitments effects on nuclear transport 
Import efficiency for IBB-2xMBP-M3 under various concentrations of lone Importin beta 

1, importn beta 2, or both combined.  

 

3.2.3 Locating the NPC’s gating barrier for pre-ribosomal subunits   

To understand the selective mechanism of the NPC for the nuclear export of pre-

ribosomal subunits, we compared the spatial distributions of successful and abortive 

export events for pre-60S and pre-40S respectively (Fig. 12). From 5 independent 

experiments, the superimposed trajectories of 195 successful export events of pre-60S 

showed a peak centered around -6 nm in the X (or axial) dimenison of the NPC’s central 

scaffold sub-region region (-20 to 20 nm). After moving through the nuclear basket and 

the central region of NPC (-120 to 20 nm) ~90% of these succesfully events are detected 

on the cytoplamic side of the NPC (20-120 nm) before dissociating in the cytoplasm (Fig. 

12 a-d). By contrast, the spatial locations from 174 abortive export events for pre-60s 

FRET measurements form a peak much further into the nuclear basket of the pore at -47 

nm  in the X dimension. In addition, the localizations of ~95% of these particels are 
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restricted to the nuclear side and the central region (-120 to 20 nm) never reaching the 

cytoplasmic side of the pore (Fig. 12 e-h). Similar results were obtained for pre-40S after 

5 experiments, as shown in Fig. 12 i-p. These results suggest that both pre-60S and pre-

40S may only gain a high probabilty to complete their nuclear export once they 

transverse the NPC’s nucelear basket and center to reach the cytoplasmic side of the pore 

where dissociation into the cytoplasmi is likley to occur. For the pre-60s subunit, the 

succesful export time is around double the abortive exort time unlike for the pre40s. 

Their differences in sizes most likley affect how far they can easily penertrate into the 

NPC. More positions are recorded further out on the  nuclear side of the pore for pre-60s 

subunits in comparison to the pre-40s data. Here we revealed that not only the central 

pore region but also the nuclear basket of the NPC may serve as checkpoints for the 

nuclear export of pre-ribosomal subunits.  
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Figure 12 Single-molecule trajectories for successful and abortive nuclear 

transport events of pre-ribosomal subunits.  

a). Superimposed single-molecule trajectories from 195 successful transport events for 

pre-60s. Yellow represents -20 to 20 nm relative to the NPC centroid highlighting the 

NPC central channel and the nuclear envelope position. N, nucleoplasmic side of NPC. 

C, cytoplasmic side of NPC. b). Binned histogram of successful events for pre-60s 

fitted to a Gaussian function yielding a peak position -5 ± 2 nm on the nuclear side of 

the NPC.  (c) Last recorded step of the successful events in superimposed over an NPC 

schematic (blue) d). Binned histogram of data from (c) yielding a peak position at 50 ± 

2 nm   e). Super imposed single-molecule trajectories from 174 abortive events for pre-

60s. (c). f). Binned histogram of data from fit to a Gaussian function yielding a peak 

position at -40 ± 2 nm (e) g). Deepest penetration into the NPC from the recorded 

abortive events in (e). h). Binned histogram of the data from yielding peak positions at -

33 ± 2 nm and 13 ± 2 nm (g). i). Superimposed single-molecule trajectories from 218 

successful transport events for pre-40s. Yellow represents -20 to 20 nm relative to the 

NPC centroid highlighting the NPC central channel and the nuclear envelope position. 
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N, nucleoplasmic side of NPC. C, cytoplasmic side of NPC. (j) Binned histogram of 

successful events for pre-60s fitted to a Gaussian function yielding a peak position 5 ± 2 

nm within the central channel of the NPC. (k) Last recorded step of the successful 

events in superimposed over an NPC schematic (blue) (l) Binned histogram of data 

from (c) Peak position shows 45 ± 2   (m) Super imposed single-molecule trajectories 

from 152 abortive events for pre-40s. (c). (n) Binned histogram of data from fit to a 

Gaussian function yielding a peak position at -40  ± 3 nm within the central channel of 

the NPC (e) (g) Deepest penetration into the NPC from the recorded abortive events in 

(e). (h) Binned histogram of the data from (g). 

 

3.2.4 Detecting conformational change during nuclear export of pre-      

         ribosomal subunits 

 

 

Given the large sizes of both pre-60S and pre-40S subunits (25-30 nm), it is 

particularly interesting to know whether conformational changes could occur as these 

particle “squeeze through” the NPC’s 50-nm central channel. By our dual-channel 

SPEED microscopy setup, both donor (GFP) and FRET fluorescent signals were 

simultaneously detected by two halves of a same CCD camera with a frame rate of 2 ms 

(Figure 13 a-b). The ratio of FRET signal over donor signal (termed as FRET ratio) and 

the percent change in FRET ratios between consecutive steps (defined as FRET-ratio 

percentage) were used to quantitatively detect whether conformational changes occur 

between the chosen FRET pairs as they export through the NPC (Figure 3). Changes in 

FRET ratio during export can directly tell us whether conformational changes happen or 

not, while the FRET-ratio percentage can further indicate how dynamic the 

conformational changes may be. Histogram distribution analysis of data was employed as 

opposed to Hidden Markov models, or thresholding due to low sample size from the 

inherent difficulty of obtaining high intensity FRET events (Blanco and Walter, 2010) If 

there is no conformational change during the nuclear export event, the FRET ratio should 

be more or less consistent throughout the export event and the fluorescence intensities 
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between FRET and donor channels will be correlated as seen in Fig 13 b-e. However, if 

there is conformational change occurring during the particles interactions with the NPC, 

the FRET ratio will be dynamic and the FRET and donor intensity signals will be anti-

correlated (Fig. 13c-f). It is also possible that conformational change may only occur at 

only certain positions within the NPC as seen in the theoretical trajectory in Fig 3 d-g. .  

 From experimental results using FRET pairs for pre-60s and pre-40s, we found 

that the FRET ratios can dramatically change from ~0.1 up to ~5 and the measured 

FRET-ratio percentage varies from ~30% to more than 200% during nuclear export 

events. Looking at example trajectories in figure 3, j-n, it is evident that the obtained 

trajectories contain a mixture of frames: some consistent with no or little conformational 

change while other frames are indicative of conformational changes occurring.  Of 

interest, we found both parameters heavily depend on the particles location within the 

NPC. We found that the most drastic changes in both FRET ratios and FRET-ratio 

percentages typically occurred as the particles enter the NPC’s central-scaffold region 

(from -20 nm to 20 nm along the x dimension) from the nuclear basket region (from -120 

nm to -20 nm), rather than in the cytoplasmic-fibrils region (from 20 nm to 120 nm) 

(Figure 13). Quantitatively, the mean ratios increase from 0.4-0.6 in the nuclear-basket 

region, to 1.0-1.1 in the central-scaffold region, and drop to 0.7-0.8 in the cytoplasmic-

fibrils region, for pre-60s and pre-40s FRET pair measurements respectively (Fig. 3o). 

Correspondingly, the FRET-ratio percentages increases from 100-145%, to 150-210%, 

and then decreases drastically to 30-40% in the NPC’s three sub-regions (Fig 3p). As 

determined above, the conformational changing of both pre-ribosomal subunit signals 

occurs most dramatically within the nuclear-basket and the central-scaffold sub-regions 



 73 

of the NPC and least within the cytoplasmic region towards the end of the export process. 

Perhaps this is due to geometric confinement within the nuclear basket and more so 

within the central-scaffold region of the NPC. From this data, it is tempting to 

hypothesize that pre-ribosomal particles must become more dynamic in conformation 

shape- or more malleable in in order to squeeze through the NPC especially where they 

experience the most geometric confinements from the NPC structure and FG barrier. 

Once they reach the cytoplasmic side, there may be less need to squeeze as they can then 

diffuse out into the cytoplasm.  
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Figure 13 FRET detection of conformational change for pre-ribosomal subunits. 

a). Diagram highlighting the dual-channel microscopic setup. GFP and mCherry signal 

is split into two halves of the same CCD camera. L, optical lens, F, Optical filter, RM: 

Reflective mirror, DF: Dichroic filter. b-d). Simulated data for FRET and Donor signal 

during an export event showing: no conformational change, conformational changing, 

and a mixture of those scenarios. e-g). The corresponding FRET ratios for (b-d). (h) 2D 

spatial data is shown for an experimentally obtained pre-60s trajectory. Three NPC sub-

regions are shown: Nuclear, yellow; Central/scaffold, red; Cytoplasmic, blue. (i) 

Snapshots from the dual channel detection for the event seen in (h) time is shown in 

milliseconds. (j) For the event seen in (h), the fluorescence intensity is shown for each 

time point in both channels k-l). two more examples of the intensity values of 

experimentally obtained trajectories for ribosomal subunits. m). The corresponding 

FRET Ratio is shown for the event in (h) n). The percent ratio change is plotted for the 

event in (h) showing to show the change in FRET between consecutive frames. o). 

Distribution of FRET Ratios for pre-60s (top row) and pre-40s (bottom row) per NPC 

sub-region. p). Distribution of percent changes in FRET Ratios per consecutive frames 

are shown for pre-60s (top row) and pre-40s (bottom row) per NPC sub-region.  

 

3.3 Single-molecule tracking of nuclear import of Adeno-Associated Virus 

 3.3.1 Nuclear import kinetics of single rAAV2 particles across the   

                   nuclear envelope in live cells 

 

 

 To label rAAV2 particles efficiently by fluorophores for live cell imaging, we 

introduced a biotin-streptavidin system into the labeling process. In detail, approximately 

18 biotins were linked to each rAAV2 and each biotin provided three binding sites for 

three streptavidins prelabeled with three Alexa Fluor 647 dyes. Our measurements 

revealed that the final labeling ratio is about 36 dyes per rAAV2 molecule (Fig. 14). 

Although a negative effect of adding multiple streptavidin labels on the AAV particle in 

the interactions between rAAV2 and cells could not be avoided, the majority of labeled 

rAAV2 particles can still effectively interact with host cells.  Beneficially, the high 

dye:rAAV2 labeling ratio provides high signal to noise ratio for our fluorescence 

microscopy imaging in bulk and at single-molecule level as shown below.   
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We then incubated ∼10,000 labeled rAAV2 particles per live HeLa cell. In each 

HeLa cell, a single green fluorescence protein (GFP) was tagged to a scaffold protein 

POM121 in the NPC and used as an indicator showing the locations of NPCs embedded 

on the NE. Excited by a 488-nm excitation light of epi-fluorescence microscopy, the 

heavily overlapped fluorescence of GFP-NPCs indicated the location of the NE by 

forming a bright green ring in live cells (Figure 14b and Figure 15a,c). Subsequently, by 

employing a second excitation laser of 632-nm in epi-fluorescence microscopy with 500-

ms exposure time, we found that rAAV2 began to accumulate around the NE after 

approximately 1-hour incubation with HeLa cells. At the same time, clearly some rAAV2 

particles have already crossed the NE and entered the nucleus (Figure 1b). 

Next, by reducing the detection time down to 20 ms per frame in video imaging, 

we captured single-molecule transport events of individual Alexa-Fluor-647-labeled 

rAAV2 molecules as they transport across the NE in live cells (Figure 15). With a spatial 

localization precision of ∼9 nm (Supplementary Materials and Methods), we found that 

once a freely diffusing cytoplasmic single rAAV2 particle was seen interacting with the 

NE, one of two mutually exclusive outcomes occurred. Either the labeled rAAV2 particle 

successfully imported into the nucleoplasm or the particle failed to import and aborted 

back to the cytoplasm. Examples of these successful and abortive import events are 

shown in Figure 15. From a total of 84 rAAV2-NE interacting events, 14 were 

successfully imported into the nucleus yielding an import efficiency of ∼17%. We also 

found that these imported rAAV2 never came back to the cytoplasm after they arrived in 

the nucleus, suggesting a nuclear export efficiency of 0% for rAAV2 particles. Here, our 

observation is consistent with the data obtained from Lux et al.37 in which ∼90% of GFP-
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labeled AAV particles remained in the cytoplasm, never reaching the nucleus during their 

whole observation and additionally coincides with the fluorescent images seen in Figure 

14 with the majority of fluorescence appearing in the cytoplasm and only small isolated 

spots appearing within nuclei. Besides the transport efficiency, we found that rAAV2's 

interacting times with the NE differ between the successful and the abortive import 

events as well. From the successful events, an average import time of 54 ± 20 ms was 

obtained, which is about half of that is obtained for the abortive events (98 ± 20 ms). 

Noteworthy, we found that these rAAV2 particles unlikely disassembled into pieces 

during the entire nuclear import process because the average intensities of the successful 

and the abortive import events are almost the same and none of these in-transit single-

molecule fluorescent spots split into two or more spots.  

Additionally, after introducing Alexa-Fluor-647-labeled rAAV2 to digitonin-

permeabilized HeLa cells, no import event was observed. This could be consistent with 

the notion that endogenous cellular TRs or cofactors are required to assist rAAV2s to 

import into the nucleus, which have been largely lost in the permeabilized cell system. To 

test the possibility, we further added 0.5–1 μmol/l Imp β1 into the permeabilized cells 

and expected that Imp β1 could help rAA2 to import into the nucleus, but still no 

successful import event was observed in our measurements (data not shown). The above 

tests indicated that Imp β1 may not be solely responsible for or could not bind the NLSs 

on the transiting complexes in ferrying rAAV2 particles into the nucleus. In fact, the 

latter is supported by a previous report that the chemical environment of the endosome is  

required to expose potential NLS contained in capsid proteins of AAV particles, such as 

Vp1 (ref. 38). 
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Fig 14. Labeling and imaging AAV infecting live Hela cells  

a). up: Diagram of labelling the AAV2-biotin with streptavidin-Alexa647; down, 

fluorescent image of the single AAV2-biotin (left), single streptavidin-Alexa647 (middle) 

and labelled AAV2-Alexa647. b). Typical fluorescent images of AAV2-Alexa647 (red) 

infect the Pom121-GFP (Green) expressing Hela cell. Some nuclear AAV is shown in 

distinct isolated spots however most of the AAV remains in the cytoplasm even several 

hours after initial incubation. All photos are taken after 1, 2 or 3 hours after cellular 

incubation with the virus. Scale bar is 5 uM. 
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Fig 15.  Single AAV2 particles cross the nuclear envelope to reach the nucleus 

 a).An import event for single AAV2-Alexa647 (red) is shown to transport through the 

NE (green). Scale bar is 5uM for the whole cell pictures and 1uM for the zoomed view of 

the import event. b). Trajectory representing the successful import event of the AAV2 

particle seen in. Green line represents the central location of the NE, while the dotted 

lines extended 100nm on either side represent the extent of the NPC diameter. c). Images 

of the typical abortive AAV2 import event. (D) The trajectory of the AAV2 in (C).  

3.3.2 NPCs provide a pathway for rAAV2 to import into the nucleus 

 

To further answer the question whether rAAV2 particles enter the nucleus 

through the NPC or across the NE via budding, we employed SPEED microscopy to 

specifically examine any import events of rAAV2 through single NPCs. Technical 

advances in SPEED microscopy have previously enabled us to successfully track 

nucleocytoplasmic transport of small molecules, proteins and mRNA through single 

NPCs.39 Briefly, in this work, we have utilized the following features of SPEED 

microscopy to track rAAV2 transiting molecules through individual NPCs: (i) An 

inclined illumination point spread function (∼320 nm in x, y, and z dimensions), smaller 
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than the average nearest neighboring distance between the NPCs on the NE, enabled the 

excitation of a single GFP-labeled NPC in each dimension. Additionally, because NPCs 

are not homogenously distributed in the HeLa cells (approximately 3–6 pores/µm2),40 

we choose the least densely populated region of the NE for study to enhance imaging a 

single NPC in the illumination volume of SPEED microscopy; (ii) The high optical 

density (100–500 kW/cm2) in the small illumination volume also squeezed out a high 

number of photons in a short time period from a single rAAV2 particle tagged with about 

36 Alexa Fluor 647 dyes. Typically, more than 3,000 photons were obtained from a 

single-labeled rAAV2 particle within a 2-ms detection time. To reduce any 

photobleaching and phototoxic effects, an optical chopper was used to create an on/off 

operational mode with off-time 10-fold longer than on-time; (iii) The inclined 

illumination volume further greatly avoided out-of-focus background fluorescence and 

auto-fluorescence of the objective, which enhanced a higher SNR (>11). (iv) The small 

illumination volume of SPEED microscopy allowed the imaging of single molecules 

within a small pixel area of the charge-coupled device (CCD) camera, resulting in a fast 

detection speed (up to 5,000 frames per second). (v) The fast detection speed greatly 

reduced the spatial localization error in determining the spatial trajectories of moving 

rAAV2 particles in live cells, which enabled us to obtain a spatial localization resolution 

of 9–12 nm for moving rAAV2 particles. 

By illuminating single NPCs at the equator of the cell by SPEED microscopy, we 

tracked single-labeled rAAV2 particles as they came to interact with the NPCs (Figure 

16b). Although a very low concentration of rAAV2 molecules were seen interacting with 

the NE, we successfully captured some import events of rAAV2 through the NPCs after 
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scanning hundreds of NPCs (Figure 16c). In detail, these particles originated in the 

cytoplasm, interacted with the NPC and successfully exited the NPC to arrive in the 

nucleoplasm. The average import time for these events is ∼12 ms. This is about fourfold 

faster than that recorded from the epi-fluorescence microscopy imaging of rAAV2 

crossing the NE described earlier in this article. The difference may be caused by the 

different detection speeds used for single-NPC experiments and wide-field NE 

microscopy experiments at 2 and 20 ms respectively, as suggested previously.39 

Nevertheless, we for the first time tracked single rAAV2 particles being imported into the 

nucleus via NPCs. Again, we found these rAAV2 particles remained intact as single 

fluorescent spots with almost consistent intensities inside and outside the NPCs. 
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Fig 16. AAV particles import into the nucleus through NPCs 

a). single Pom121-GFP expressing hela cell revealing a green nuclear envelope. A single 

Alexa Fluor 647 labeled AAV2 particle is seen interacting with the nuclear envelope. 

Scale bar is 5uM(B) A typical successful nuclear import event for AAV2.  A single GFP 

tagged POM121 NPC is illuminated through SPEED microscopy (green). A single 

cytoplasmic Alexa Fluor 647 labeled AAV2 particle is seen approaching the green NPC 

at 2 ms. At 4 ms the AAV2 particle is clearly interacting with the NPC and by 12 ms it 

exits out the nuclear side reaching the nucleoplasm. Scale bar is 1uM c). Plotted 

trajectory representing the successful nuclear import event from figure. Even though the 

final plotted data point appears to cross through the NPC scaffold we do not suggest this 

occurring. Instead we suggest the AAV particle crossed the NPC through the central 

channel and moved closer to the NE after reaching the nucleoplasm. d). Compiled 5 

trajectories representing AAV2 particles successfully importing to the nucleus from the 

cytoplasm through single NPCs. 
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Table 3 Export efficiencies and nuclear transport kinetics for AAV2  

Molecular 

name 

Export 

Efficiency (%) 

Import 

Efficiency (%) 

Import/export 

kinetics (ms) 

Detection time 

per frame (ms) 

rAAV2 - 17 ± 4 54 ± 20 

12 ± 2 

20 

2 

Importin beta - 50 ± 5 5 ± 2 2 

mRNA 36 ± 5 - 11 ± 2 2 

Quantum dots - 21  ± 1 > 2 (seconds) 25 
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CHAPTER 4 

CONCLUSIONS AND DISCUSSION 

4.1 Mapping FG-Nucleoporin organization and dynamics within the nuclear  

      pore complex of live cells 

 

The combination of SPEED microscopy and HaloTag labeling techniques allowed 

us to probe the NPCs of living cells to map the dynamic positions of all FG-Nups in their 

native environment. Our findings reveal that FG domains organize into an hourglass 

shaped turoidal channel reaching ~300 nm in length and extending out to ~160 nm in 

diameter indicating FG-domains exist far out from the scaffold NPC structure. We reveal 

the distributions for all known mammalian FG-Nups individually and have found that the 

orientation of their FG-domains is largely dependent on their anchoring position within 

the pore. Nup358 was found to extend furthers out into the cytoplasm, while TPR, the 

farthest into the nucleoplasm. It wad found that FG-Nups when anchored to the pore 

undergo confined diffusional behavior characteristic of varying degrees of extension from 

an anchoring site. Interestingly. Two classes of extension capabilities where found for 

FG-Nups where the assymetric FG-domains located on the cytoplasmic or nuclear basket 

sides of the pore exhibited much less confined behavior, while central pore anchored 

symmetric FG-Nups excluding Nup98 exhibited comparatively small extensions.  

Coinciding with these findings, different FG-domains orient themselves in two main 

conformations axis, which appear to be largely influenced by their location within the 

pore: either outward from the NPC towards the cytoplasm/nucleus or, towards the NPC 

axis. FG-domains were found to share significant spatial overlap between one another in 
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three dimensions with the GLFG containing Nup98 sharing the most space with all other 

FG-Nups suggesting a possible cohesive role for this FG-Nup.  All together our data 

suggests that the NPC is highly dynamic and made up of heterogeneously behaving FG-

domains that create an effective range far greater than the scaffold structure while 

excluding a small axial channel that small passively diffusing particles utilize.  

Additionally, we present an in vivo labeling and imaging strategy that may be applied to 

study other protein locations and dynamics. 

4.1.1 Orientation of FG domains 

 Through recording the spatial positions corresponding to both terminal ends of 

each FG-Nup, it is possible to gain more information on how the FG-domains of these 

proteins are oriented in respect to the proteins more structured regions (non-FG). For all 

asymmetric located on the cytoplasmic and nuclear faces of the pore, it is revealed that 

the FG-domains largely orient themselves in a manner extending outwards from the NPC 

and into the Cytoplasm or Nucleus. These FG-domains may extend out like tentacles 

from the NPC scaffold structure waiting for the binding of transport receptor cargo 

complexes.  Our live cell results indicate these FG-domains have the capacity to extend 

nearly 50 nm further from the NPC scaffold structure revealed by electron microscopy 

and are presumably interacting with potential cargoes. It remains to be seen whether these 

domains serve to reach out from the pore to grab and release potential cargo, or whether 

these domains serve more as steric entropic barriers for unwanted particles not destined 

for nuclear transport in a manner similar to virtual gating (Lim et al., 2006). 
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In addition to extending outwards from the pore, are large portion of FG-domains 

were found to mainly extend towards the NPC. All centrally located symmetric FG-Nups 

exhibited this orientation, with cytoplasmically oriented FG-Nups orienting this way part 

of the time. Nuclear basket FG-domains were found to exist in this region although they 

predominately face outwards from the pore. While these FG-domains extend towards the 

NPC axis in respect to the anchoring sites (or less structured portions of the proteins) they 

remarkably still tend to avoid the axial center of the NPC.  

hCG1 is unique in that it is the only FG-Nup to contain FG motifs throughout its 

amino acid sequence (Fig 1). We found that the 3D probability density maps representing 

the N and C terminals of this protein are largely the same (Fig. 4) in that they both 

contain a heavy cytoplasmic presence and a small nuclear presence within the pore. We 

propose, two possible models for the behavior of this protein in the NPC. That the protein 

is anchored toward the middle of the amino acid sequence, or that the protein is not 

anchored in the traditional sense at all and is a mobile component of the pore moving 

back and forth between the cytoplasmic and nuclear faces. Near identical values were 

additionally found for the calculated average extension for both terminals of hCG1 

(figure 3, Table 1).  

4.1.2 Dynamics of FG-Nups 

From the collected trajectories for each FG-Nup we were able to quantify the 

proportion of data points on either side of the NPC (cytoplasmic, nucleoplasmic). While 

all centrally anchored FG-Nups including Pom121, Nup98, Nup62, Nup54, and Nup58 

were found to be relatively symmetric in their proportions, the Cytoplasmic and Nuclear 
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oriented FG-Nups generally did not reach to the opposing side of the pore. hCG1 

however was found to spend approximately 10% of its time on the nuclear face of the 

NPC making it the only assymetric FG-Nup to readily reach across the pore.  

It wad found that all FG-Nups when anchored to the pore undergo confined 

diffusional behavior characteristic of varying degrees of extension from an anchoring 

site. Similar to the “shrubs” and “trees” classifications for isolated yeast FG-Nups 

described by Yamada et al. we found two classes of diffusional behavior for FG-Nups 

(Yamada et al. 2010). The asymmetric FG-Nups anchored to the cytoplasmic and nuclear 

faces of the pore have the capacity to extend far, between 51 and 69 nm while the 

symmetric and centrally located FG-Nups had a much smaller range of extension from 

30-41 nm. The centrally located Nup98 was an exception to this with its large average 

extension of 65 nm. Regarding the non-FG terminals measured for FG-Nups 

4.1.3 A turoidal FG-channel within the pore 

 When combining all measured FG-domains together we find that they organize 

into a turoidal channel ~23 nm in peak radius (46 in diameter) avoiding a central axial 

channel ~7-14 nm in radius (14-28 diamter). These results also agree well with the fixed 

cell super-resolution STORM study using WGA to probe the FG barrier in which they 

uncovered a donut like distribution in the radial dimension with ~38 nm diameter and an 

empty center (Lochberger et al., 2010) and our previous studies using transport receptors 

and yeast FG-domains to probe the FG-barrier (Ma et al., 2016).  These findings are 

consistent with the hypothesis that a surface of FG domains is created lining the NPC’s 

empty (or less dense) axial channel described by the reduction of dimensionality model 
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for nucleocytoplasmic transport (Peters, 2005). This model proposes that FG domains 

coat the surface of the NPCs transport channel forming a coherent surface, while small 

passively diffusing molecules can pass through the less dense or empty central channel, 

transport receptors and their cargo slide two dimensionally along the provided FG surface 

surrounding this channel (Peters, 2005). WE found that small JF dye occupies the axial 

center of the pore, where FG-domains largely avoided additionally agreeing with this 

proposal. However, true 3D trajectories are needed to fully understand how cargo 

complexes transverse through the FG-barrier.  

4.1.4 Spatial overlap between FG-domains 

For all FG-Nups, Nup98s FG domains were found to share the most occupied 

space with all other FG-Nups. We hypothesize that its high concentrations of GLFG 

motifs could play a role in this, making the overall FG-Nup more cohesive behavior and 

capable to interact with other FG-domains to share space (Fisher et al., 2018,,Kowalczk 

et al., 2011). hCG1 displayed the second most spatial overlap in three dimensions with 

other FG-Nups. This could be partially because of its ability to cross over the pore from 

its main locations on the cytoplasmic side, to reach the nucleoplasm side. Nup214 and 

TPR, on the other hand, displayed the least amount of overlap with every other FG-Nup; 

for TPR this is not surprising since this FG-Nup has the fewest FG motifs found within 

its primary sequence.  

The heavy overlap between similarly located FG-Nups raises the question 

whether differing FG-Nups can compensate the loss or malfunction for similarly located 

FG-Nups. Overlap between the 3D probability density maps obtained for various FG-
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Nups can provide evidence for cohesiveness within FG domains anchored to a living 

cells NPC environment.  This information could be used to predict whether certain FG-

Nups could compensate for the loss of function of another FG-Nup in facilitating the 

transport of particles through the pore. 

4.1.5 Technical Limitations 

Our spatial density mapping technique for FG-Nups involves the collection of 

spatial data along the axial dimension (side-view) of the NPC corresponding to an XY 

plane to obtain information about the axial (XY) as well as radial dimension or cross 

sectional dimension (YZ) of NPCs. To achieve this, the NPC is modeled as a radially 

symmetrical cylinder. Electron microscopy data as well as super-resolution techniques 

have reveal eightfold symmetrical formation for scaffold proteins of the NPC. This 

geometry may be considered radially symmetrical because the eightfold groupings locate 

at common radii from the central axis. Nevertheless, some information is lost when 

making this assumption and through this transformation technique. Individual data 

positions along the θ dimension of a cylindrical coordinate system cannot be obtained. 

Instead our final data obtained represents simplified cylindrical coordinates (X,R). In 

other words the θ dimension is revealed as uniform for any given radius so it is not 

possible to reveal any asymmetries along this dimension. Another limitation as a result of 

this is that we cannot obtain a final copy number for each FG-Nup within the pore from 

our obtained spatial distributions.  

Since live cells imaging systems are prone to experience cellular drift after long 

imaging periods, the number of data points obtained from each NPC is limited, thusly 
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data has to be merged together from many NPCs to obtain a reliable distribution. There is 

inevitably error introduced from the overlapping of data points although we try to 

minimize this error as described in Figures S1, and S2 and table S1. We found that errors 

ranging from ~1-9 nm in the XY dimension may be introduced depending on the quality 

of centroid localization obtained for each FG-Nup. This error would inevitably have 

affects on our calculated radial distribution. To account for this, we utilize a 

reproducibility percentage further described in methods to ensure consistency of the 

revealed radial peak positions.  

 While our newly obtained data can provide insights into the FG organization 

within the pore, true 3D trajectories of transport receptors and cargo transporting through 

the pore are needed to distinguish the exact mode of nucleocytoplasmic transport. Only 

through this, can it accurately be determined whether transport through the pore operates 

via reduction of dimensionality, 3D random walks or an altogether differing situation.  

4.2 Nuclear export dynamics of pre-ribosomal subunits through nuclear pore 

complexes revealed by high-speed single-molecule microscopy 

The combination of high-speed single-molecule tracking microscopy and FRET 

techniques enabled us to elucidate real-time nuclear export kinetics of individual pre-

ribosomal subunits through single NPCs at the single-molecule level in live cells. Our 

studies suggest that both pre-60S and pre-40S exit the nucleus with high export 

efficiencies (> ~60%) after interacting with the NPCs for < ~15 ms. Although the nuclear 

export times of pre-ribosomal subunits through the NPCs are comparable to the nuclear 

export of mRNPs and the unclear import of large protein complexes, the nucleus-exiting 
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efficiency of these large particles is significantly higher than the previous measurements 

for mRNPs and protein complexes. We hypothesize that the recruitment of multiple 

species of transport receptor to pre-ribosomal particles may be responsible for their high 

export rate of success through NPCs. It is reported that each of these transport receptors 

has a unique set of interactions with the FG Nups forming the NPC’s selectivity barrier 

(Suntharalingam, 2003). As a result, the basic mechanism to enhance the efficient nuclear 

exports could root in the increased interaction capabilities of these pre-ribosomal 

transiting complexes equipped with multiple types of transport receptors interacting with 

different FG Nups in the NPC.  

Given that pre-ribosomal subunits are amongst the largest cargos to transit 

through the NPC and that their diameter is almost comparable to the NPC’s central 

channel, it has been questioned whether conformational changes occur for the NPC itself 

or the pre-ribosomal subunits themselves. Our 2D single-molecule spatial localization 

distributions for both pre-60S and pre-40S transiting molecules through the NPCs show 

that almost all the tracked pre-ribosomal particles stay inside the known geometry of the 

NPC’s scaffold region (~ 50 nm in diameter and ~ 200 nm in length). Therefore, it is 

unlikely that a conformational expansion of the NPC itself happens during the nuclear 

export of pre-ribosomal particles. On the other hand, our single-molecule FRET data 

indicate that both pre-ribosomal subunits may conduct dramatic conformational changes 

as they transit through the nuclear pore. The strongest conformational change was 

detected in the central pore region followed by the nuclear basket with very little being 

detected in the cytoplasmic regions of the NPC. Coinciding with these measurements, the 
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central nuclear pore and the nuclear basket were found to house the primary barrier for 

pre-ribosomal subunits to exit the nucleus. It remains uncertain whether these 

conformational changes could be the result of an active process regulated by pre-

ribosomal binding partners or from interactions with the FG-Nups within the pore.  

In addition to functioning as a cellular locale for ribosomal assembly, the nucleus 

may serve as a place for sequestration of immature or mal-assembled or under assembled 

ribosomal subunits. Keeping these nascent and improperly assembled ribosomal subunits 

in the nucleus would prevent them from having the opportunity to mis-translate proteins
 

(Karbstein, 2013). Meanwhile, efficient export of qualified pre-ribosomal subunits may 

prove critical for cellular and organismal health, as accumulation of pre-ribosomal 

particles in the nucleus has been associated with many human diseases. For example, 

ribosomal mal-assembly has been linked to cancer causing conditions including 5q-

syndrome and Schachman-Bodian syndrome
 
(Choesmel, 2007). Therefore, understanding 

the basic mechanism of the pre-ribosomal nuclear export process and determining what 

factors contribute to the successful nuclear export of pre-ribosomal subunits can yield 

mechanistic information that may be valuable in drug design. 

4.3 Single-molecule tracking of nuclear import of Adeno-Associated Virus 

Our single-molecule imaging of the interactions between rAAV2 and human cells 

revealed that rAAV2 particles enter the nucleus intact through the NPC and unlikely via 

nuclear membrane budding or disassembly of NE or disassembled pieces of viral 

particles. First, we have obtained single-molecule trajectories of rAAV2 moving through 

the NPCs or crossing the NE, but we never witnessed membrane invaginations on the NE 
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that could have been monitored from the GFP illuminated NE. Moreover, the moving 

trajectories of rAAV2 molecules as they cross the NE or move through the NPC are 

limited within ∼200 nm, which is much smaller than the micrometer-sized membrane 

budding or disassembly areas. Additionally, it was also determined that the translocation 

time of rAAV2 either across the NE or through the NPC is at millisecond levels and 

never reached the typical membrane budding or disassembly time range (estimated at 

seconds to minutes). Additionally, we never observed single-molecule fluorescent spots 

of rAAV particles splitting into several pieces or undergoing a significant reduction in 

fluorescent intensity during the entire nuclear import process. This suggests that it is 

unlikely these particles become disassembled prior to reaching the nucleus. Therefore, 

our work supports the model that the intact capsid of the AAV travels through the NPC to 

reach the nucleus whereupon uncoating occurs. 

Next, our data suggest that the NPC poses a third rate-limiting step in the 

infection pathway of AAV particles besides the plasma and the endosomal membranes. 

Previously single-molecule studies have shown that ∼13% of AAV particles interacting 

with the plasma membrane could successfully undergo endocytosis and enter the cell 

(Seisenberger, 2001) ,which could be considered the first rate-limiting step. Although not 

yet quantitatively determined, the low efficiency for endosomal escape was posed as the 

second selective step for AAV delivery. Here we show that ∼17% of single cytoplasmic 

AAV particles that interact with the NPC successfully reach the nucleus indicating that 

NPCs are a third restrictive barrier for AAV transduction. 
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Challenged by the above rate-limiting steps, one desirable development for AAV 

derived vectors would be to improve its translocation rate into the nucleus. This will help 

transduction occur with less virus and can aid in expression of proteins for therapeutic 

purposes. Compared to the transport efficiencies of endogenous and exogenous transiting 

molecules through the NPCs, the nuclear import efficiency of rAAV2 (∼17%) is 

significantly lower than those obtained for native protein TRs (∼50%) and mRNA (∼36%) 

(P value < 0.05), but is close to that of artificial quantum dots (∼20%) (Table 1).  

Data described in the section: 3.2.2 provides evidence for ways to increase 

nuclear import efficiency. We suggest that AAV vector performance may be enhanced by 

improving the nuclear import efficiency of the AAV particle through the addition of 

multiple types of NLS to recruit multiple types of transport receptor to the AAV particle.  
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