NUCLEAR ENVELOPE TRANSMEMBRANE PROTEIN DISTRIBUTION AND
TRANSPORT STUDIED BY SINGLE-MOLECULE MICROSCOPY

A Dissertation
Submitted to
the Temple University Graduate Board

In Partial Fulfilment
of the Requirements for the Degree
DOCTOR OF PHILOSOPHY

By
Krishna Chaitanya Mudumbi
May 2018

Examining Committee Members:
Dr. Weidong Yang, Thesis Advisor, Department of Biology
Dr. Joel Sheffield, Advisory Committee Chair, Department of Biology
Dr. Jacqueline Tanaka, Department of Biology
Dr. Wei Guo, Department of Biology, University of Pennsylvania

1

ABSTRACT
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The nucleus of eukaryotic cells is a vitally important organelle that sequesters the
genetic information of the cell, and protects it with the help of two highly evolved
structures, the nuclear envelope (NE) and nuclear pore complexes (NPCs). Together,
these two structures mediate the bidirectional trafficking of molecules between the
nucleus and cytoplasm by forming a barrier1. NE transmembrane proteins (NETs)
embedded in either the outer nuclear membrane (ONM) or the inner nuclear membrane
(INM) play crucial roles in both nuclear structure and functions, including: genome
architecture, epigenetics, transcription, splicing, DNA replication, nuclear structure,
organization and positioning2-10. Furthermore, numerous human diseases are associated
with mutations and mislocalization of NETs on the NE11-14.
There are still many fundamental questions that are unresolved with NETs, but we
focused on two major questions: First, the localization and transport rate of NETs, and
second, the transport route taken by NETs to reach the INM. Since NETs are involved
with many of the mechanisms used to maintain cellular homeostasis, it is important to
quantitatively determine the spatial locations of NETs along the NE to fully understand
their role in these vital processes. However, there are limited available approaches for
this task, and moreover, these methods provide no information about the translocation
rates of NETs between the two membranes. Furthermore, while the trafficking of soluble
i

proteins between the cytoplasm and the nucleus has been well studied over the years15-18,
the path taken by NETs into the nucleus remains in dispute19-22. At least four distinct
models have been proposed to suggest how transmembrane proteins destined for the INM
cross the NE through NPC-dependent or NPC-independent mechanisms, based on
specific features found on the soluble domains of INM proteins10,23-25.
In order to resolve these two major questions, it is necessary to employ techniques
with the capabilities to observe these dynamics at the nanoscale. Current experimental
techniques are unable to break the temporal and spatial resolution barriers required to
study these phenomena. Therefore, we developed and modified single-molecule
techniques to answer these questions. First, to study the distribution of NETs on the NE,
we developed a new single-molecule microscopy method called single-point singlemolecule fluorescence recovery after photobleaching (smFRAP), which is able to provide
spatial resolution <10 nm and, furthermore, provide previously unattainable information
about NET translocation rates from the ONM to INM26-28. Secondly, to examine the
transport route used by NETs destined for the INM, we used a single-molecule
microscopy technique previously developed in our lab called single-point edge-excitation
sub-diffraction (SPEED) microscopy, which provides spatio-temporal resolution of <10
nm precision and 0.4 ms detection time29,30.
The major findings from my doctoral research work can be classified into two
categories: (i) Technical developments to study NETs in vivo, and (ii) biological findings
from employing these microscopy techniques. In regards to technical contributions, we
created and validated of a new single-molecule microscopy method, smFRAP, to
accurately determine the localization and distribution ratios of NETs on both the ONM
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and INM in live cells. Second, we adapted SPEED microscopy to study transmembrane
protein translocation in vivo. My work has also contributed four main biological findings
to the field: first, we determined the in vivo translocation rates for lamin-B receptor
(LBR), a major INM protein found in the nucleus of cells. Second, we verified the
existence of peripheral channels in the scaffolding of NPCs and, for the first time,
directly observed the transit of INM proteins through these channels in live cells. Third,
our research has elucidated the roles that both the nuclear localization signal (NLS) and
intrinsically disordered (ID) domains play in INM protein transport. Finally, my work has
elucidated which transport routes are used by NETs destined to localize in the INM.
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CHAPTER 1
INTRODUCTION
1.1 Background for spatial locations and distribution ratio of NETs on NE

The nuclear envelope (NE) is composed of the outer nuclear membrane (ONM)
and the inner nuclear membrane (INM) and forms a boundary between the nucleus
and the cytoplasm. The ONM is contiguous with the endoplasmic reticulum (ER) in
the cytoplasm , while the INM is lined with lamins and faces the nucleoplasm3. Both
membranes fuse at sites of nuclear pore complex (NPC) insertion. NPCs are large
macromolecular structures composed of approximately 30 different nucleoporins
(Nups) arranged in eightfold rotation symmetry and mediate the bidirectional
trafficking of molecules between the nucleus and cytoplasm by forming a selective
barrier1. NE transmembrane proteins (NETs) embedded in either the ONM or the
INM play crucial roles in both nuclear structure and functions, such as: genome
architecture, epigenetics, transcription, splicing, DNA replication, nuclear structure,
organization and positioning2-10. Furthermore, over a dozen human diseases are
associated with mutations and mislocalization of NETs on the NE11-14. Therefore, it is
vital to understand the dynamics of this important subset of proteins. Recently,
hundreds of NETs have been identified4, however, even the fundamental basics
properties of these NETs, such as their localization on the membrane (ONM or INM),
their distribution on the NE, and their translocation rates and routes remain
unknown20,21,31-35.
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1.2 Previously used techniques for localization of NETs
The ONM and INM are separated by a luminal region that is typically 40 nm
wide36, therefore, visually determining the localization and distribution of of NETs on the
NE using is challenging due to the diffraction limit of light, ~200 t o250 nm. This limit is
determined by the equation d=0.61λem/NA, where d is the smallest resolvable distance,
λem is the wavelength of the light being imaged, and NA is the numerical aperture of the
objective37. Typically, immunogold-label electron microscopy (EM) is used to determine
the localization of NETs along the ONM and INM35-37. Although it has been applied to a
small set of NETs, it is impractical to apply this labor-intensive approach for the
hundreds of NETs now identified4. Furthermore, epitope masking or steric factors may
lead to undercounting, and this method yields almost no dynamic information about
NETs38.
In addition to EM fluorescent imaging methods, such as fluorescence recovery
after photobleaching (FRAP), have also been employed to study transmembrane proteins
on the NE. FRAP has been used to determine membrane protein diffusion and binding on
the plasma membrane, as well as the nuclear envelope35,39-43. Even though several
improvements have been made to enhance the technique for better spatial resolution, for
instance, the combination of two-photon microscopy and FRAP to restrict the
photobleaching area44, this technique has yet to break the diffraction barrier. This
technique has also been used as an indirect method to determine the localization of NETs
on the NE. For instance, photobleaching studies were designed to assay the mobility of
NETs, where it was noticed that NETs moved freely and rapidly between the ER and
ONM. However, the mobility significantly decreased once NETs localized to the INM
2

indicating that the distribution and localization of NETs on the two membranes is
different due to binding partners inside the INM22,32,40,45,46. More intricate fluorescent
assays, such as a method using split-GFP, have been used to try and screen the
localization of many NETs in an effort to determine which NETs localize to the ONM
exclusively, and which NETs are able to localize to the INM as well47. However, this is
also an indirect method that relies on fluorescence patterns to determine the localization
of integral membrane proteins on the various membrane compartments.
1.3 Background for nuclear envelope transmembrane protein transport into the
INM of the nucleus
While NETs destined for the INM (INM proteins) may be targeted to the INM
during mitosis, by being “captured” when the NE breaks down and a new NE is
formed40,48-51, cells that undergo closed mitosis and higher eukaryotic cells in interphase
must use a different mechanism for targeting these proteins to the INM. However, the
mechanisms used for this type of trafficking remain disputed. It has been assumed that
INM proteins may use some hallmark principles of transport into the nucleus as soluble
proteins. The transport of soluble proteins has been deeply explored in many eukaryotic
systems and some general mechanisms for transport have been established52,53. For
instance, it is known that soluble molecules >40 kDa require the use of nuclear
localization signals (NLS) for import into the nucleus, and likewise require the use of a
nuclear export signal (NES) to transit from the nucleus into the cytoplasm54. These
sequences are characterized by either a short stretch of basic amino acids, as is the case
for NLS, or a short stretch hydrophobic amino acid residues, NES, and are recognized by
karyopherins, which facilitate their movement through the center of the NPC by
3

interacting with phenylalanine-glycine (FG) nups54,55. This is achieved by a RAs-related
nuclear protein-guanosine-5’-triphosphate (RAN-GTP) and RAN-gaunosine-5’diphosphate (RAN-GDP) gradient maintained by the cell. A high gradient of RAN-GTP
is found in the nucleus and a high concentration of RAN-GDP is found in the cytoplasm,
together they facilitate the binding and release of karyopherins and cargo, and thereby
generate directional transport of proteins into the nucleus (Figure 1) 53,55-57. Likewise, it
was originally assumed that INM proteins would be directed to the INM through some
signal sequence in an NPC-dependent pathway. However, recent research suggests at
least four different pathways that may be used by INM proteins during their transit into
the nucleus (Figures 2-5).
1.3.1 Lateral diffusion-retention model
INM proteins are synthesized on the ER and they are either post-translationally or
co-translationally inserted into the ER membrane, most likely by Sec61 translocon58,59.
Several FRAP experiments showed that INM proteins freely and rapidly diffused along
the ER to the ONM, indicating that the ER and ONM are contiguous22,32,40,45,46. Some
electron-microscopy (EM) studies looking at the ultrastructure of the NPC have found
peripheral channels in the scaffolding of the NPC, though these findings have been
challenged by other EM studies that see no such channel, which may be large enough
(~10 nm wide) to accommodate the transport of INM proteins with a small enough
nucleoplasmic domain <60 kDa60-63. Furthermore, studies of INM protein diffusion
showed that lamins and chromatin played a major role in the retention of INM proteins in
the nucleus19,32,35,46,64. The combination of free diffusion from the ER to the ONM and
then the INM via the NPC, and retention in the INM due to binding interactions with
4

chromatin and lamin are the hallmarks of the lateral diffusion-retention model for INM
trafficking into the nucleus.

5

Figure 1. Ran-GDP/GTP cycle. Importins a and b bind to cargo and enter
the nucleus. Once inside the nucleus, the importin can interact with RanGTP, causing a conformational change, allowing it to disassociate with its
cargo. The importin/Ran-GTP then translocates back to the cytoplasm
where Ran-GTP can interact with other proteins to separate from the
importin. Ran-GTP then becomes hydrolyzed into Ran-GDP and returns
back to the nucleus, in this way maintaining a concentration gradient and
allowing for directional trafficking into the nucleus. Figure from Youdin,
D., Fainziber, M., J Cell Sci 2009.
6

Figure 2. Lateral diffusion-retention. INM transmembrane proteins can passively
diffuse through the peripheral channel of NPCs along nuclear envelope without the
help of transport receptors. Once the INM proteins diffuse from the ONM to reach
the INM they are generally retained there by interacting with lamins, chromatin, or
other proteins.
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Figure 3. NLS-dependent facilitated transport. The transport of INM proteins
might also occur along the membrane through peripheral channels, similar to lateral
diffusion, with the help of transport receptors. These INM proteins might contain a
nuclear localization signal (NLS), which is recognized by transport receptors. They
may then transport into the INM by going through the peripheral channel, though that
may only be possible if the transport receptor is a short isoform of importin-α called
importin-α 16 which is small enough to fit through the small peripheral channels.
Furthermore, the NLS may be separated from the transmembrane domain by an
intrinsically disordered (ID) domain. The NLS and transport receptor proteins might
pass through the NPC central channel with the help of phenylalanine-glycine
nucleoporins (FG Nups) while the ID domain passes through the scaffold of the
NPC, which may be possible due to the high structural plasticity within the NPC.
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Figure 4. Non-NLS signal-sequence mediated transport. In this model, an INM
sorting motif might be recognized by importin-α 16 and then translocated through the
peripheral channel of the NPC. Alternatively, this process might also be mediated by
phenylalanine-glycine (FG) repeats which may then interact with FG-Nups found in
the peripheral channel and facilitate transport.

9

Figure 5. Vesicle mediated transport. This model avoids the NPC altogether by
forming vesicles on the ONM carrying the INM protein through the lumen of the
nuclear envelope and fuse with the INM, and there depositing the INM protein.

10

1.3.2 NLS-dependent facilitated transport of INM proteins into the nucleus
Even though lateral diffusion-retention seems to be the route taken by many
integral membrane proteins in the NE19,22,45,46,65, studies of the budding yeast
transmembrane protein helix-extension-helix-1 (Heh1)/Src1 and Heh2 showed that these
proteins, unlike the previously studied NETs, utilize active transport to enter the
nucleus20. It was first shown that Heh1 and Heh2 require the binding of the transport
proteins karyopherin-α (Kap60) and karyopherin-β (Kap95) along with the Ran GTPase
cycle. Furthermore, these proteins were found to have putative NLS in the regions that
interacted with Kap60 and Kap90, and further analysis of the primary structure of many
other INM proteins found similar putative NLSs24,25. More recently, it was shown that
long unfolded linkers along with NLS allow Heh2 to reach the central channel of the
NPC and traverse through it, possibly similar to soluble protein transport21 (Figure 2B).
1.3.3 Non-NLS signal-sequence mediated transport
Along with putative NLSs, it has been recently shown that a hydrophobic
transmembrane sequence adjacent to a region with multiple positively charged amino
acid residues might comprise an inner nuclear membrane sorting motif (INM-SM)66,67.
Many Sad1-UNC-84 homology (SUN) and Lap1-emerin-MAN1 (LEM) domain
containing proteins and the INM proteins lamin-B receptor (LBR) and nurmin, along
with the integral membrane NPC components nucleoporin 210 kDa (gp210), and nuclear
pore membrane protein 121 kDa (PoM121) contain INM-SM66. It was also shown that
these INM-SM bind to a truncated version of karyopherin-α called importin-α-16, a
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version of importin-α that lacks the importin-β binding domain, suggesting that it
transports proteins individually without the help of importin-β68-70. This suggests that
importin-α-16 may bind to INM-SM or to NLS and allow the transport receptor/INM
protein complex to travel through the peripheral channels. This is due to the smaller size
of this complex as compared to importin-α/β/INM protein complexes which are
theoretically larger than the 10 nm peripheral channel (Figure 2C).
In addition to INM-SM signals, it has been suggested that FG motifs on INM
proteins and nups may be involved in the trafficking of INM proteins into the nucleus35.
It is widely accepted that the NLS of soluble proteins bind to importins, which interact
with FG nups through their own FG motifs to facilitate transport through the NPC71. The
prevailing theory is that the FG-nups interact to create a hydrophobic environment in the
central channel of the NPC, and the hydrophobic motifs of transport receptors are able to
interact traverse this space through hydrophobic interactions. Likewise, some FG-nups
may also extend into the peripheral channels to create a similar hydrophobic environment
in these specialized channels72. Bioinformatic analysis of NETs showed there is a clear
enrichment of NETS with FG motifs compared to the rest of the transmembrane proteins
encoded in the genome35,73. Finally, the artificial addition of FG domains to NETs
increased the translocation rate of those NETs into the INM. Also, the knockdown of
Nup35, an FG-nup that is thought to extend into the peripheral channel, showed a
decrease in the the translocation of NETs with FG domains35. These results suggest that
FG domains on NETs may play a crucial role in the trafficking of NETs to the INM
Figure 2C).
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1.3.4 Vesicle mediated transport of INM proteins into the nucleus
A recent study of Wnt signaling in Drosophla larvae brought back into light the
idea of an NPC-independent transport route for INM proteins into the nucleus74. Here, it
was shown that messenger ribonucleoprotein (mRNP) granules were exported from the
nucleus through vesicle-mediated pathways. While there is no direct evidence for the
import or export of INM proteins through vesicles, this mechanism may explain some of
the anomalous genetic interactions observed in yeast between mutants in components of
the vacuolar sorting complex and transcription factors75-77 (Figure 2D).
1.4 Super-resolution microscopy techniques
Given that both determining the distribution of NETs on the ONM and INM, as
well as determining their transport route through the NPC requires nanometer precision
and localization, the techniques that can be used to achieve these goals are limited. As
previously mentioned, EM and cryo-EM methods have been used to look at the structure
of the NPC as well as determine the localization of NETs on the NE. However, one of the
main limitations of this method is that it is in vitro that only provides a “snapshot” of the
substrate in question, lacking any dynamic information that plays a major role in live
cells. Furthermore, sample preparation is very difficult, and the steps involved, such as
dehydration and metal coating, are used to allow the delicate biological sample to be
modified in a way that it can be exposed to dense electron beam radiation in a high
vacuum, changing it from the native state.
Recently, the groundbreaking techniques of single-molecule tracking and superresolution light microscopy are revolutionizing the fields of biological and biomedical
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imaging by providing unprecedented spatial resolutions. These techniques can be
categorized into two areas: optics-based super-resolution techniques, which generate subdiffraction illumination volumes due to nonlinear optical response to fluorophores in
samples (stimulated emission depletion [STED]/reversible saturable optical fluorescence
transitions [RESOLFT], Figure 6), and algorithm-based super-resolution techniques,
which utilize mathematical functions to localize the centroids of fluorophores and then
reconstitute these centroids to form super-resolution images (stochastic optical
reconstruction microscopy [STORM]/photoactivated localization microscopy
[PALM]/fluorescent photoactivation localization microscopy [FPALM], Figure 7).
As previously mentioned, the limiting factor with imaging is the diffraction limit
of light, which sets a limit on the resolution that can be achieved with conventional
microscopy methods (diffraction-limited imaging). Much of the behavior of the
microscope can be describe by the point spread function (PSF), which describes how
light from a single point source is collected and transformed into an image. Typically in
the lateral dimension (usually xy) the resolution is ~200-250 nm as determined by the
formula d=0.61λem/NA. Resolution in the axial dimension is often worse, defined by the
formula d=2λem/NA2 (~550-700 nm), where d is the smallest resolvable distance, λem is
the wavelength of light being imaged, and NA is the numerical aperture of the objective.
However, both the optical based (STED/RESOLFT) and the algorithm based
(STORM/PALM/FPALM) super-resolution microscopy methods utilize ingenious
strategies to break this diffraction barrier.
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Figure 6. Fundamentals of STED microscopy. (A) Two synchronized ultrafast
lasers illuminate a specimen. An excitation laser pulse excites the specimen followed
by a “doughnut holed” red-shifted depletion laser pulse. The excitation pulse allows
for the excitation of the targeted fluorophore (zero point), while the depletion laser
causes nearby fluorophores to transfer back to the ground state by means of stimulated
emission. (B) The PSF for both the excitation and depletion lasers in the xy
dimension. When both lasers are aligned on top of each other with saturated depletion,
the effective PSF of the excitation laser is greatly reduced. Image modified from Zeiss
(http://zeiss-campus.magnet.fsu.edu/articles/superresolution/introduction.html)
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Figure 7. Fundamentals of single-molecule localization microscopy. (A) 3D
PSF of a single fluorophore (inset is the 2D image in the xy dimension). (B)
Pixelated 2D PSF from the same fluorophore on a EMCCD camera (left) and the
3D Gaussian fit of that fluorophore. (C) The pixelated EMCCD image is shown
on top followed by the 3D Gaussian fit in the middle, and the final localized point
based on the peak of the Gaussian fitting (corresponding with the centroid of the
fluorophore) on the bottom. Image modified from Zeiss (http://zeisscampus.magnet.fsu.edu/articles/superresolution/introduction.html)
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1.4.1 Fundamentals of RESOFLT/STED microscopy
In order to break the diffraction barrier of light, researchers developed optical
techniques that allowed for the modification of the PSF to achieve nanometer precision.
One of the earlier techniques to accomplish this was STED78,79, which uses multiple highintensity pulsed lasers to change the effective geometry of the excitation laser’s PSF
(referred to as PSF engineering). In general, an excitation laser is used to excite the
fluorophore in the region of interest at near maximum wavelength. A second depletion
laser is super imposed on top of the excitation laser with a “doughnut” shaped beam that
has a high intensity coinciding with the emission wavelength of the fluorophore (also
known as the STED laser) to return electrons from excited state back to the ground state
almost instantly without emitting fluorescence. This laser is created with a phase plate
that allows for the STED laser to have zero-intensity node at the center focus with
exponentially growing intensity on the sides. Though both the excitation laser and the
STED laser remain diffraction-limited before going through the objective, once at the
focal plane, the doughnut shaped STED laser surrounds the center focal point of the
excitation laser creating an effectively smaller PSF (Figure 6). Final super-resolution
images are formed by raster scanning the reduced PSF over the entire sample.
1.4.2 Fundamentals of single-molecule localization microscopy (SMLM)
Another widely popular technique for super-resolution microscopy is the singlemolecule localization microscopy (SMLM) technique, which utilizes mathematical
functions to localize the centroid of fluorescent molecules. The vanguard methods that
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led to the explosion of this type of method for super-resolution microscopy are
STORM/PALM/FPALM80-82. These techniques are designed to image subsets of
fluorophores that are temporally separated even when their distances are within the Abbe
resolution limit. These techniques can localize a single fluorescent molecule with an
accuracy of several nanometers if enough photons can be gathered from one fluorophore
without additional molecules nearby emitting fluorescence at the same time. In SMLM,
one of the most important requirements is to obtain signals from single-molecules that are
temporally well separated, and this can be controlled by techniques that allow
fluorophores to sequentially switch from an “off” state to an “on” fluorescent state. This
can be achieved by using photoactivated or photoswitchable fluorophores, or by using a
buffer that allows for fluorophores to burst into fluorescence in a stochastic method,
allowing for enough spatial and temporal separation for single molecule localization.
1.4.3 Three dimensional STORM, PALM, and STED
The aforementioned techniques are 2-dimensional, but in order to truly
understand the dynamics of membrane proteins on the NE, in particular the transport
routes taken to reach the INM, noninvasive 3D super-resolution microscopy is needed.
2D SMLM has excellent lateral precision, but achieving the same precision axially has
been challenging. Recently, many new super-resolution techniques focused on 3D
information have been developed, such as 3D-STORM83, 3D-STED84, and
interferometric PALM (iPALM85).
3D-STORM was achieved by Zhuang and colleagues through the introduction of
a cylindrical lens that provided an astigmatism effect to a single fluorescent spot so that
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the shape of the spot changed as the position of the fluorophore changed in the zdimension (Figure 8). 3D-STED works similarly as the 2D technique, with the
modification of an additional of adding an axial depletion laser in conjuncture with the
pre-existing lateral depletion laser (Figure 9). Finally, iPALM relies on the selfinterference from a single photon, that is placed at the focal plane between two
objectives. This interference is accomplished by using a 3-way beam splitter as illustrated
in Figure 10. Once a single photon enters both the objectives simultaneously, the axial
distance of the fluorophore will determine the interference output, which can be used to
deduce the axial (z-dimensional) location.
Several of these 2D and 3D super-resolution microscopy techniques (STORM, 3D
STORM, PALM, iPALM, and STED) have been employed to obtain sub-diffraction
images in live cells38,86-96. Most of these techniques were shown to provide approximately
a 50 nm resolution in vivo86, which render them unlikely to distinguish the real-time
localizations of NETs on the INM and ONM, since the two membrane bilayers are
separated by a 40 nm perimembrane space36. Furthermore, the acquisition time for many
of these methods range from multiple seconds to hours, which is not ideal to study the
transit of molecules through the NPC, which can occur on the time scale of
milliseconds29,30. Therefore, we developed a novel single-molecule method designed to
study single-molecules with a high spatio-temporal resolution called single-point edgeexcitation sub-diffraction (SPEED) microscopy29,30,97-100.
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Figure 8. Schematic of 3D STORM. (A) Three-dimensional localization of
individual fluorophores is accomplished through the use of a cylindrical lens. The
final shape of the image of the fluorophore in the focal plane of the objective
changes as the fluorophore changes directions in the z dimension as indicated by
the panel on the right. Image modified from Huang, B., et al., Science 2008.
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Figure 9. Diagram of 3D-STED. (A) Schematic of the 3D-STED optical setup.
Two phase plates are used to create the axial and lateral STED beam (P3D and Plat)
respectively. (B) Patters created by the different lasers involved in 3D STED.
From left to right: Excitation later pattern, STED pattern from the Plat phase plate
(STEDlat), STED excitation from the P3D phase plate (STED3D), and the
combination of the two STED beams (30% STEDlat/70% STED3D power
distribution). Image from Hark, B., et al., Nano letters 2008.
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Figure 10. iPALM optical setup. (A-B) Schematic of the optical setup for the
iPALM 3D imaging system. A fluorescent point source with a position of δ emits
a single photon that is collected by both top and bottom objectives
simultaneously. The two beams (color coded red from the top and green from the
bottom objective) interfere in a special way in the 3-way beam splitter depending
on the axial position of the fluorophore. The self-interfered photon propagates to
the 3 color-coded CCD cameras with amplitudes that oscillate 120° out of phase
as indicated. Image from Shtengal, G., et al., PNAS 2009.
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1.5 SPEED microscopy to study nucleocytoplasmic transport
In SPEED microscopy a diffraction-limited point illumination volume (≈210 nm
in the xy plane and ≈540 nm in the z direction) is created in the focal plane by focusing
the laser through a high NA objective. This is a similar setup to a laser confocal
microscope (LCM), except there is no beam expander, and there is nopinhole in the
detection path, which allows the detector, EMCCD camera, to receive more signals from
the fluorescent molecule while still maintaining low background fluorescence in an
acceptable range. Using this method, we can target one fluorescently tagged NPC
illuminated by the laser in the focal plane. When this NPC is fitted by a 2D elliptical
Guassian function, the centroid of the well-isolated NPC was determined with a spatial
localization accuracy of smaller than 1 nm, by collecting more than one million photons
from the multiple fluorescent tags on the NPC (Figure 11).
Once the NPC has been localized, a second laser, following the exact same light
path as the first, is used to excite the protein of interest, tagged with a different color
fluorophore, and study its transit through the NPC. In order to reduce photobleaching,
this second laser is modulated with an on-off mode by using an optical chopper. Various
strategies can be used to improve single-molecule localization at this point, such as using
bright emitters (organic dyes) or by using a longer detection time during single-molecule
experiments.
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Figure 11. Localization of single fluorescently tagged NPC. A well-isolated
single NPC tagged with GFPs. A 2D elliptical Gaussian function was used to fit
the spot with the full width half maximum (FWHM) of 485 in the x direction and
860 nm in the y direction. Image from Ma, J., et al., PNAS 2010.
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Previous work has shown that using several hundred millisecond detection time or
multiple dye labeled cargo molecules can increase the spatial resolution of SMLM to
several nanometers101-103. However, the transit of molecules through the NPC needs submillisecond temporal resolution, and functional fluorescent transiting molecules are
needed. Therefore, neither a long detection time, nor heavily labeled molecules can be
used in such experiments. In order to solve this issue, we generated a very high optical
density in the illumination volume of 500 Kw/cm2 to elicit thousands of photons from a
single fluorophore. In experiments with AlexaFlour 647 labeled molecules, we were able
to obtain localization precisions under 10 nm for both stationary and moving molecules
29,30

. In addition, the sub-millisecond detection time not only captured more transient

interactions and diffusion steps in the NPC, but it also enhanced the spatial localization
precision of single moving particles (Figure 12)104.
With this high spatiotemporal resolution, the real-time transport events of various
molecules inside a single NPC were captured with SPEED microscopy. For instance, the
typical import event of importin-β1 through the NPC is shown in Figure 13. The spatial
trajectories of importin-β1 were obtained with a relative distance from the centroid of the
NPC in two dimensions (Figure 13B). Once hundreds of these events were collected and
superimposed, a 2D spatial location map was created to show the distribution of
importin-β1 transport events in the NPC. From this 2D spatial location map, we were
able to use our 2D to 3D transformation algorithm (discussed in further detail in the
Methods section 2.9 and Figure 18) to create a 3D spatial density map of the route used
by importin-β1 as it transits from the cytoplasm to the nucleus (Figure 14).
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Figure 12. Localization precisions for stationary and moving Alexa Fluor 647
labeled importin-β1 molecules. (A) The fluorescent spots from single importinβ1 molecules adsorbed to the surface of a coverslip or moving in solution were
measured at various times. Numbers denotes time (ms). Scale bar: 500 nm. (B)
The collected photons and localization precisions of single stationary importin-β1
molecules depend on the average optical density of the illumination volume. (C)
The localization precisions of single moving importin-β1 molecules strongly
depend on the detection time. As shown, with a 10 ms detection time, the
localization precision was two-fold worse than that obtained with a detection time
of 400 µs. Around 200 single molecules were collected for each point in (B) and
(C). Image from Goryaynov, A., et al., Integr. Biol 2012.
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Figure 13. Single-molecule trajectories and 2D spatial locations of importinβ1. (A) A typical nuclear transport event of importin-β1 from the cytoplasm to the
nucleus. First, as single GFP-NPC (green spot) was visualized in the illumination
volume. Next, a single fluorescent importin-β1 (red spot) entered into the
illumination volume, starting in the cytoplasm (C), interacting with the NPC, and
entering the nucleus (N). Numbers denote time in milliseconds. (Scale bar, 1 µm).
(B) Single-molecule trajectories of the transport event in (A). Based on the
centroid (red dot) and the dimensions of the NPC, the importin-β1 molecule was
determined to interact with the NPC from 0.8 to 2.8 ms. (C) Superimposed plots
of 1,093 spatial localizations of single importin-β1, N is the nucleoplasmic side, C
is the cytoplasmic side. (D) Two-dimensional spatial density map of importin-β1.
Image from Ma, J., et al., PNAS 2010.
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Figure 14. 3D spatial density map of importin-β1. (A) Cutaway view of the 3d
spatial density map of importin-β1 (blue shaded region and isolated surface lines,
brighter green color indicates higher density) superimposed on the NPC
architecture (red). Five regions with distinct spatial location groups of importinβ1 were marked from I to V with relative distance from the centroid of the NPC.
Numbers denote the distance in nanometers. The Cartesian and cylindrical
coordinate systems are shown. C, cytoplasmic side of the NPC; N, the
nucleoplasmic side of the NPC. (B) Histograms of spatial densities along the radii
(r) at the cross-section of the NPC in the range I-V. Major peaks were obtained by
Gaussian fittings (green and red lines). (Bin size, 5nm). (C) Normalized densities
of the interaction sites between importin-β1 and the FG-Nups in range I-V. Image
from Ma, J., et al., PNAS 2010.
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1.6 Aims of these studies
Due to their important functions in the nucleus in maintaining nuclear structure,
regulating transcription, epigenetics, splicing, DNA replication, organization and
positioning, understanding the fundamental behavior of NETs as they distribute along the
NE and transit to the INM is a crucial step in better understanding the diseases that are
associated with the mislocalization and mutations with these proteins. In the following
chapters I developed a novel single-molecule localization technique to resolve the
dynamics of transmembrane proteins on the NE, and modified the existing SPEED
method to study the translocation of NETs into the nucleus. By developing the new
single-point single-molecule fluorescence recovery after photobleaching (smFRAP)
technique, we were able to quickly (<30 min after imaging) show the distribution of
NETs in vivo. Furthermore, this technique provided the first experimental determination
of transport time for NETs across the NE. Finally, by modifying SPEED, we determined
the transport route taken by NETs as they transit through the NPC into the INM of the
nucleus. We are the first group to directly observe INM proteins transit into the INM
through peripheral channels, providing further insight into the structure of the NPC and
the behavior of INM proteins during transit.
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CHAPTER 2
MATERIALS AND METHODS
2.1 Tissue culture
HeLa cell lines, either wild-type or ones that stably express either GFP or
mCherry tagged PoM121 were used. A fresh culture of the desired HeLa cell line was
started a week in advance from a stock by thawing at 37°C and putting in a 25 cm2
culture flask with 5 mL of DMEM, high glucose, GlutaMAX Supplement (Life
Technologies), 10% fetal bovine serum (Fischer Scientific), 1% penicillin-streptomycin
(Thermo Fischer) media. Cells were placed in an incubator at 37°C with 5% CO2 for 24
hours and split, using sterile technique, at least 3 times in order to provide an optimal
condition for the cells prior to transfection. The day before transfection, cells were split
and transfected through electroporation (Bio-Rad GenePulser Xcell) following the
manufacturer’s protocol. The cells were then returned to the incubator to be grown at
37°C with 5% CO2 for at least 12 hours prior to experiments.
2.1.1 Preparation for single-molecule and confocal experiments
Using sterile technique, the growth media was removed from the glass bottom
dish. Using 1mL phosphate buffered saline (PBS, see solutions), the cell monolayer was
washed two times. Discarding the PBS, cells were incubated with 2 mL of pre-warmed
(37°C) transport buffer (see solutions) for 45 minutes prior to single-molecule imaging or
confocal imaging.
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2.2 Single-molecule experimental setups
Prior to imaging the sample, a diffraction-limited illumination volume
(alternatively named illumination point spread function) of the desired lasers (~210 nm in
the x and y directions and ~500 nm in the z direction for a 488 nm laser) was generated.
This was accomplished by focusing the desired laser through a high NA microscope
objective (1.4 NA 100x oil-immersion objective, UPLSAPO 100XO, Olympus). All the
lasers, 488 nm (50-mW solid-state coherent laser, Obis), 561 nm (50-mW solid-state
coherent laser, Obis), and 633 nm (35-mW He-Ne laser, Melles Griot) were aligned so
that their light paths overlap exactly when they reach the microscope objective. Lasers
were also adjusted so that the focal points of all the lasers were aligned on top of each
other at the focal plane. All single-molecule experiments were conducted using the 100x
objective and immersion oil. If necessary, a mercury lamp with both GFP and RFP filter
sets was used. The following filter sets were used: dichroic filter (Di01-405/488/561/64525X36, Semrock) and an emission filter (NF01-405/488/561/635-25X5.0, Semrock), two
neutral density filters (Newport).
Single-molecule experiments were conducted only on cells with good nuclear
morphology, where the NE was round and in interphase and the fluorescently tagged
NETs expressed in abundance. The focus was adjusted so that the equator of the cell was
targeted and the laser focus was on either the left or right of the NE (tangent to the edge
of the NE that is being targeted). In this way, the NPC is perpendicular to the NE
(SPEED experiments), and the NE is projected as two parallel membranes (smFRAP
experiments).
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2.2.1 smFRAP experimental setup
Using either the mercury lamp with the GFP filter or 12 um excitation area with
the 488 nm laser, “before” photobleaching images were taken of the cell, typically with
an exposure time between 500 and 1000 ms to avoid overexposure and saturation of the
image. Laser alignment to the region of intended photobleaching was performed using
either the 633 nm or 561 nm laser to avoid photobleaching the GFP tagged NETs during
alignment. Using a high laser power (10 to 20 mW), the NE region of interest (ROI) was
photobleached for ~30 seconds. Single-molecule detection was conducted by reducing
the laser power by 10 fold (using a neutral density filter) and by using an optical chopper
(2 Hz rotation speed, Newport), with an on time of 1/10 the total frames recorded (Figure
15). Videos and images were recorded using the Slidebook software package (Intelligent
Imaging Inovations) at a 0.4 ms frame rate (2,500 Hz) for ~30 seconds. “After” images
were taken after single-molecule videos were recorded, and compared with the “before”
images to ensure that the NE did not shift during or between measurements. Singlemolecule data was analyzed using GLIMPSE (Gelles lab) and ThunderSTORM105
software.
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Figure 15. Single-point single-molecule FRAP (smFRAP) used to detect
transmembrane proteins on the NE. (A) Imaging of single-molecule events of
NETs along the NE by single-point smFRAP microscopy. The focal plane is between
the two light blue lines. C, cytoplasm; N, nucleus. (B) Ten-fold different laser powers
were used to photobleach and detect in experiments. An optical chopper was used to
regulate the laser to have an on-off mode. The longer off time allowed GFP-NETs
outside the photobleached area to have enough time to diffuse into the detection area.
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2.2.2 SPEED experimental setup
Using a 12 um excitation area with the 488 nm laser, initial images were taken of
the cell, typically with an exposure time between 500 and 1000 ms to avoid overexposure
and saturation of the image, to ensure that the focal plane is at the equator of the cell.
Laser alignment to the region of intended photobleaching was performed using the 633
nm to avoid photobleaching the GFP tagged NETs and mCherry tagged PoM121 during
alignment. Using the 1 um excitation area, single NPCs were imaged by using a long
exposure (1500 to 2500 ms) with the 561 nm laser with very low laser intensity to avoid
photobleaching (one neutral density filter set to block 90% of the 561 nm laser intensity).
Once the NPC was localized, the 488 nm laser at ~2 mW laser power was used to
photbleach the region for ~30 seconds prior to single-molecule imaging. Using a 0.25
mW 488 nm laser power, a 0.4 ms frame rate and, the optical chopper (2 Hz rotation
speed), single-molecule videos were recorded for ~30 second intervals for ~2 minutes
(Figure 16). Videos and images were recorded using the Slidebook software package.
“After” images were taken after single-molecule videos were recorded, and compared
with the “before” images to ensure that the NE did not shift during or between
measurements. Single-molecule data was analyzed using GLIMPSE (Gelles lab).
2.2.3 smFRAP data analysis
Videos generated from the smFRAP experiments were converted into multiple
.tiff files and analyzed in ImageJ with the plugin ThunderSTORM. The resulting output
data was filtered for a high signal-to-noise ratio (SNR) with parameters including singlemolecule intensity (>2000) and Gaussian width (between 0.5 and 1.5) of single-molecule
spots. From this filtered data, the average x and y pixel position was determined to find

34

the appropriate ROI that needs to be covered by the GLIMPSE fitting software. In
GLIMPSE, nine ROIs were used to cover all the possible x and y pixel positions
determined in the previous step to provide wider coverage for the area of interest from
the single-molecule videos. Furthermore, only frames with laser excitation (chopper
open) were analyzed by GLIMPSE. The data output from GLIMPSE was further selected
for high SNR (>2,000 intensity and Gaussian width between 0.5 and 1.5) to ensure that
only single-molecules from the focal plane of the microscope with high localization
precision are selected.
Using Origin graphing software (only versions 6.1 and higher were used,
OriginLab), an x histogram was created. . First, the background was fit with a single
Gaussian function (without including data ±40 nm from the highest peak) from the raw
data. Next, this Gaussian fitting was subtracted from the raw data to generate a histogram
of the normalized data with two clear peaks. Finally, the resultant data was fit with a twopeak Gaussian function to determine the localization of NETs on the NE (Figure 17).
Also, by using the full width at half maximum (FWHM) as determined by the data
analysis software (a built-in function in Origin), the range between where points on the
NE lie on the ONM or INM was determined for further analysis, such as diffusion
coefficient and protein distribution ratios.
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Figure 16. Single-point edge-excitation sub-diffraction (SPEED) microscopy
setup with a vertical illumination point-spread-function. The nuclear envelope
(blue line) is targeted at the equator of the cell with single-point illumination laser
(light blue hourglass shape, ~210 nm in the x and y dimensions and ~540 nm in the z
dimension), and a single fluorescently tagged NPC is localized and fluorescently
tagged transmembrane proteins are subsequently tracked as they transit through the
area. Further details about the technique can be found in Ma, et al., PNAS 2010.
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2.2.4 SPEED data analysis
Videos generated from SPEED experiments were converted into multiple .tiff
files and analyzed in GLIMPSE software. First, the mCherry image of the NPC was
analyzed in GLIMPSE to determine the centroid of the NPC. This fitting was used to
determine the ROIs for further GLIMPSE fitting of single-molecule videos. In
GLIMPSE, nine ROIs were used to cover all the possible x and y pixel positions
determined in the previous step to provide wider coverage for the area of interest from
the single-molecule videos. Furthermore, only frames with laser excitation (chopper
open) were analyzed by GLIMPSE. The data output from GLIMPSE was further selected
for high SNR (>2,000 intensity and Gaussian width between 0.5 and 1.5) to ensure that
only single-molecules from the focal plane of the microscope with high localization
precision are selected.
2.3 Dual channel co-tracking setup
The dual tracking experiments were conducted with a 50 mW solid-state 488 nm
laser (Obis) and 50 mW solid-state 561 nm laser (Obis) to excite EGFP and RFP tagged
LBR. Fluorescence from both fluorophores were collected simultaneously by the
aforementioned objective and split by the Dual View DV2 system (Photometrics), which
includes a dichroic mirror (565dcxr, CHROMA). The two channels were further filtered
by a 520 ± 15 nm band pass (CHROMA) and a 593 nm long pass (FF01-593/LP-25;
CHROMA) filter. Experiments were performed with just the 488 nm laser to ensure that
no FRET occurred during co-tracking experiments. Experiments were performed at 2 ms
per frame, and error of the channel alignment was ±5nm. Co-tracking error was
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calculated as: !G# $ + R # $ + A# $ , where Gp is the localization precision for EGFP, Rp is
the localization precision for RFP, and Ap is the error in channel alignment.

2.4 Ensemble FRAP experiments
Transfected HeLa cells were imaged with a Leica TCS Sp5 confocal microscope
with HCX PL APO CS 100x 1.4 NA oil-immersion objective equipped with a 100-W,
488 nm argon laser. Appropriate cells for FRAP experiments were visualized using the
100x oil-immersion objective and the 488 nm laser at 20% power to avoid hotobleaching.
Only cells with a good nuclear morphology that express the GFP-fused NETs were used
in experiments, and the focus was adjusted so that the equator of the nucleus was in the
focal plane. Five initial “before” images were taken before photobleaching in FRAP
experiments. A region of about 5 µm2 was selected and photobleached at 100% laser
power for 5 seconds (until the fluorescence recovery
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Figure 17. Background subtraction and fitting of smFRAP data. Histograms were
prepared from the raw data. The background noise (without including the data ±40 nm
from the highest peak) was fitted with a single Gaussian function (shown in red). Next,
the background was subtracted from the raw data to generate a histogram of the
normalized data with two clear peaks. Finally, the resultant data was then fitted with a
two-peak Gaussian function to determine the localization of NETs on the NE (INM
shown in red and ONM shown in purple).
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reached a plateau). Images were converted into .tiff files and opened in ImageJ. Using the
ROI manager and the FRAP Profiler plugin in ImageJ, two regions were selected, the
entire NE and the region of photobleaching. The resulting normalized data was used to
determine the immobilized fraction.
2.5 Plasmids
Human LBR clone was a gift from Professor Glenn Morris, Keele University,
UK. Wild type human Lap2B was a gift from Professor Roland Foisner, Medical
University of Vienna, Austria. IMAGE clones for human NETs were obtained from
RZPD and Geneservice. IDs are provided in brackets following the gene name. N-tagged
proteins were cloned into pEGFP-C3 mammalian expression plasmid. C-tagged proteins
were cloned into pEGFP-N2. Wild type LBR N-tagged was cloned by XhoI and BamHI.
LBR C-tagged was cloned by NheI and BamHI sites. LBR D63-172, NLS mutant R74T
and DLinker (D50-62, 80-94, 112-125) were generated by Quick Change mutagenesis.
Wild type and mutant human Lap2B was cloned by SalI and BamHI sites (N-tagged)
DNLS mutation was obtained by Quick Change mutagenesis to replace two arginine sites
to threonine R319T and R320T. NET51 (347242) was PCR amplified from IMAGE
clone and restriction sites XhoI/BamHI added (N-tagged). NET59 (3959506) was PCR
amplified from IMAGE clone and digestion sites NheI and BamHI were added (Ctagged). NET99 (STT3A) (3891543) was cloned by ScaI and Bsp120I sites added during
PCR from IMAGE clone (N-tagged). Nespring-3α was cloned into pEGFP-C3 vector and
gifted by Dr. Arnoud Sonnenberg at the Division of Cell Biology, Netherlands Cancer
Institute.
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2.6 Localization precision of isolated fluorescent spots
The localization precision for single fluorescent molecules was defined as how
precisely the central point of each detected fluorescent diffraction-limited spot was
determined. Typically, for immobilized molecules, the fluorescent spot is fitted to a 2D
symmetrical Gaussian function, and the localization precision is determined by the
standard deviation of multiple measurements of the central point. However, for moving
molecules, the influence of particle motion during image acquisition should be
considered in the determination of localization precision. In detail, the localization
precision for moving substrates (σ) was determined by an algorithm of

16( s 2 + a 2 / 12) 8pb 2 ( s 2 + a 2 / 12) 2
s = F[
+
] , where F is equal to 2, N is the number
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of collected photons, a is the effective pixel size of the detector, b is the standard
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deviation of the background in photons per pixel, and s = s 02 + DDt , s0 is the standard
deviation of the point spread function in the focal plane, D is the diffusion coefficient of
the substrate and Δt is the image acquisition time106-109. In our experiments, we spatially
localized molecules with >2,000 signal photons and in-focus Gaussian widths (0.5-1.0
pixel, corresponding to single GFP molecules located in the focal plane). Thus, the
localization precision was determined to be <10 nm based on the above equations and the
parameters determined experimentally (N>2000,a=240 nm, b≈2, s0=150±50 nm, D is in
the rage of 1-3 µm2s-1 for the tested substrates).
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2.7 Determination of the diffusion coefficient
Two complementary approaches have been used to determine the diffusion
coefficients for INM proteins. First, if single-molecule trajectories of a protein molecule
consist of multiple frames (>6), we used the typical mean squared displacement approach
(MSD, MSD=4Dt for 2D trajectories). Second, if there are at least two, but less than six
consecutive frames obtained, we utilized the frequency distribution probability function
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d
2DT

)e

(-

d2
4 Dt

)

, where δ, t, and D are the displacement between consecutive

frames, the interval time, and the diffusion coefficient respectively110,111. Approximately
50 single-molecule trajectories were collected and processed by utilizing the first
approach and >500 events were used by following the second approach. Finally, an
averaged diffusion coefficient was determined for each INM protein.
2.8 2D to 3D transformation algorithm
The detailed transformation process used to determine the 3D probability density
maps for INM proteins transiting through the NPC was described in detail in our previous
publications and demonstrated here in Figure 1829,30. In short, 3D spatial locations of
molecules passing through the NPC can be considered in either Cartesian (x, y, z) or
cylindrical (y, r, θ) coordinates. In microscope imaging, the observed 2D spatial
distribution of particle localizations is a projection to the xy plane of its actual location in
three-dimensional space. The underlying 3D spatial distributions can be recovered by
projection of the measured Cartesian (x,y) coordinates back onto the simplified
cylindrical (y, r, constant) coordinates, on the basis of cylindrical rotational symmetry of
the NPC.
42

Figure 18. A schematic demonstration, with simulated data, of the 2D to 3D
transformation algorithms for molecules that diffuse through the NPC. (A) 3D
spatial locations of randomly diffusing molecules inside the NPC can be coordinated in
a cylindrical coordination system (R, Ɵ, Y) due to the cylindrical rotational symmetry
of the NPC. The 3D molecular locations in the NPC (rainbow colored for Z position)
are projected onto a 2D plane in a Cartesian coordination system (X and Y, shown as
black points) by microscopy imaging (X and Z shown as gray points). (B) The crosssectional view of all the locations shown in A (same as the gray points from the X and
Z dimension). These locations can be grouped into the sub-regions between concentric
rings. Given the high number of randomly distributed molecules in the NPC the spatial
density of locations (𝝆𝒊 ) in each sub-region (𝒔𝒊 ) between two neighboring rings will be
rotationally symmetrical and uniform. These locations can be further projected into 1D
along the X dimension. The locations along X dimension can be clustered in a
histogram with j columns. The total number of locations in each column (𝑨𝒋 ) is equal
to 𝟐 ∗ ∑𝒏𝒊2𝒋 𝝆𝒊 ∗ 𝒔𝒊,𝒋 . (C) Histograms of 2D projected data from microscopy experiments
are identical to B, thereby allowing us to use the aforementioned formula to determine
the density of each concentric ring. (D) Using the algorithms, 2D projected data can be
used to reconstruct the 3D spatial distribution of proteins traveling through the NPC.
More detailed explanation and calculations can be found in our previous publications
(Ma, J., et al., PNAS 2010 and Ma, J., et al., PNAS 2012).
43

2.9 Bioinformatic analysis
46 previously confirmed INM localizing proteins and 11 confirmed ONM
localizing proteins were used to conduct the bioinformatics analysis. First, the primary
sequences of these proteins were analyzed for strong NLS sequences in SeqNLS112, and
results with a score higher than 0.86 were classified as sufficiently strong NLSs. Next,
the primary sequence was analyzed using MetaDisorder113 to search for long intrinsically
disordered regions of the nuclear envelope transmembrane protein. It was calculated
(using an average amino acid length of 0.45 nm) that regions with >65 amino acids would
be sufficiently long enough to extend through the structural scaffolding of the NPC and
reach the center of the NPC for facilitated transport. The results from this test was crossreferenced with both Chou-Fasman and Garnier-Robson114 predictions, which look for
secondary structure, and only regions with little to no significant overlap between
secondary structures were determined to be intrinsically disordered. Finally, candidate
proteins that met both of these requirements and still presented NLS and ID regions that
made sense in a biological manner for facilitated transport through the center of the NPC
were categorized as “Both.”
2.10 Statistical analysis
Experiments were reported as mean ±standard error of the mean unless otherwise
noted.
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CHAPTER 3
RESULTS
3.1 Single-point single-molecule FRAP distinguishes inner and outer nuclear
membrane protein distribution
3.1.1 Single-point smFRAP concept
In our setup, the single-point illumination was realized by using a diffraction-limit
illumination volume (illumination point spread function) of a 488 nm laser (≈210 nm in
the xand y directions and ≈540 nm in the z direction) generated by using a microscope
objective with a high numerical aperature. With this single-point illumination at the
nuclear equator of live HeLa cells, we conducted the smFRAP measurements of NETs.
First, we quickly photobleached GFP-tagged NETs in the illumination area, and then
captured individual fluorescent GFP-NETs diffusing into this photobleached area from
outside regions with a regulated on-off laser excitation mode. Finally, we reconstructed
all detected locations of GFP-NETs to form two-dimensional (2D) super-resolution
images (Figure 19; Figure 15). The combination of single-point illumination and
smFRAP allowed us to: (i) generate a laser power with a very high optical density
(~500 kW cm−2) to effectively photobleach GFP-NETs in the selected region (Figure
19a); (ii) adopt a fast detection speed of 2,500 Hz (0.4 ms per frame) to capture GFP-NET
molecules in the process of FRAP; (iii) spatially localize GFP-NET molecules with a
localization precision of <10 nm (Figure 20); and (iv) treat the NE as relatively straight
double bilayers after the full consideration of membrane curvature and maximally reduce
the possible photodamage in live cells because of the very small illumination volume
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(Figure 21). With this set-up, each single-molecule video was recorded for 30 s then
filtered by signal photons of single protein molecules. Ten such single-molecule videos
from a live cell yielded ~10,000 spatial locations of NETs in the NE with a total
microscope and analysis time of <30 min. Such measurements were repeated in ten
different live cells. Finally, the resultant data was used to quantitatively determine the
spatial distribution of NETs along the INM and ONM in live cells.
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Figure 19. Single-point single-molecule FRAP to study NET distribution along
the NE. (A) HeLa cell transfected with GFP tagged NET used to visualize the NE.
The purple circle indicates the usual 5 µm illumination area used in bulk FRAP
experiments and the red circle indicates single-point illumination area up to 0.5 µm
used in this study. (B) Both the INM and ONM of the NE are studded with NETs
fused to GFP. (C) Using single-point illumination, a small, 0.5 µm area of the NE is
targeted and GFP fused NETs in this area are excited using a high laser power. (D)
NETs in the laser excitation area, as well as those that diffuse into the area are
photobleached. (E-G) Once the area is completely photobleached, diffusion events
of freshly incoming GFP-NETs occur at the single-molecule level and can be
precisely localized. (H) Localized single-molecule events from the ONM and INM
are compiled and the data is fitted with Gaussian functions to determine the 2D
distribution of NETs along the NE.
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Figure 20. Typical photons and localization precision for single LBR on NE. Six
typical single-molecule images of LBR were shown as examples and the total
intensity, the total photons and the standard derivation (S.D.) of background in photon
per pixel were listed as well. Based on these information and the equations in the
“Localization Precisions of Isolated Fluorescent Spots” of Methods section, the
localization precision of single LBR molecules were determined to be < 10 nm. Pixel
size: 240 nm.
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Figure 21. Calculation for membrane curvature. Point A is the center of the nucleus
of a HeLa cell, which is assumed to have an average radius of about 10 µm (line AC
and AD), and the membrane is represented by the curved red line. BC is half the PSF of
the illumination area, 250 nm. From this, it can be calculated that the membrane curves
only about 1.4° (θ, arc CD), which would cause a slight error (Δx) of ~3.11 nm at the
very edge of the PSF of the illumination area (point C) from the center (point D). The
error was fully considered in the correction of 2D super-resolution spatial locations of
GFP-NETs.
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3.1.2 Concentration ratio of LBR on the INM and ONM
The localization of GFP-tagged wild-type lamin B receptor (WT LBR) was first
determined in live HeLa cells. LBR is an important INM protein that interacts with
chromatin and lamins. With the single-point smFRAP microscopy setup, we
obtained ~8,000 locations of WT LBR on the NE and the histogram of these locations
across the NE revealed two major peaks with a distance of 40.9±2.0 nm, which agrees
well with the 40-nm perimembrane space between the INM and ONM7,36. The integrated
areas of these two peaks further revealed that WT LBR localizes on these two layers with
an INM:ONM concentration ratio of 0.53:1 (Figure 22a; Figure 23).
Since the concentration ratio is intrinsically tied to the diffusion coefficient and
the immobile fraction of NETs that have not been included in the above determined
concentration ratio, corrections must be made to determine the actual distribution of
NETs along the NE. Therefore, based on the single-molecule trajectories of WT LBR
molecules as they diffused along the ONM and INM, we first determined the diffusion
coefficient (D) of these proteins in each membrane using their mean squared
displacements or the frequency distribution (Methods 2.7). WT LBR on the ONM
possesses a slightly bigger diffusion coefficient than that on the INM, as expected due to
its INM binding partners (Table 1). Second, to correlate the determined diffusion
coefficients with the actual concentrations of WT LBR on the INM (CINM) and ONM
(CONM), we developed the following equations:
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Where G(i, D, t) represents the probability of finding a randomly diffusing particle at
location i after diffusion with a diffusion constant of D within time t; f(D, t) refers to the
probability of observing the particles moving into the detection area in two dimensions
from the entire area; V(D) is the total area that a particle covered from t1 to t1+t2 s;
and V (either ONM or INM) is calculated from the previous function and N (ONM or
INM) is determined from the original INM:ONM ratio. Figure 24 provides a visual
representation of these calculations. By considering the effect of diffusion coefficients,
the corrected concentration ratio of WT LBR on the INM and ONM is 0.58:1 (Table 1).
Moreover, from the bulk FRAP curves (Table 2 and Figure 25), the immobilized fraction
of NETs on the INM can be obtained (using the formulae included in the figure caption
of Figure 25). For WT LBR, since previous experiments indicate a negligible immobile
fraction on the ONM/ER40 (and verified in Figure 25), the immobile fraction can fully be
ascribed to the INM, and this was measured at ~81% (Table 1). This number, along with
the diffusion-based corrected concentration ratio, was used to determine that the actual
INM to ONM ratio of WT LBR is 3.1:1 in live cells (Table 1), which agrees very well
with an INM:ONM concentration ratio of 3:1 determined by immunogold-label electron
microscopy counting of 440 particles35.
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3.1.3 Different NETs possess distinct INM:ONM concentration ratios
Next, following the same experimental protocol, the distribution and
concentration of NET51, expected to lack or have unknown INM interactions because of
its short nucleoplasmic domain, nesprin-3α, expected only in the ONM, and a mutant of
LBR (LBRΔ63-172) that lacks its mapped lamin and chromatin binding sites and
predicted NLSs115,116 on the NE, were determined. In contrast to WT LBR, LBRΔ63-172
was found on the INM and ONM with a diffusion-based corrected concentration ratio of
0.30:1, consistent with a loss of INM binding sites. This is similar to the ratio of 0.29:1
obtained for NET51 that was expected to have no INM binding sites (Figure 22b, c). The
low INM:ONM ratio for NET51 is further supported by the electron microscopy study
done by Zuleger et al.35. Finally, nesprin-3α, a NET that localizes mainly on the ONM,
was used as a control to determine whether single-point smFRAP can distinguish
between NETs that translocate into the INM compared with those that localize mainly on
the ONM. Figure 22d clearly shows that, as expected, nesprin-3α localizes almost
completely on the ONM with a diffusion-based corrected ratio of 0.10:1.
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Figure 22. Super-resolution imaging and distribution of various NETs. Wild-type
LBR (WT LBR) (a), LBRΔ63-172 (b), NET51 (c), and Nesprin-3α (d). (i)
Epifluorescent image of the NE of a HeLa cell transfected to express the NET of
interest. The area that was photobleached and studied is boxed in red. (ii) Superresolution image of the NE with the INM shown in red and the ONM shown in
purple. To obtain these locations, typically ten 30 s sigle-molecule videos from a live
cell yielded ~10,000 spatial locations of NETs in the NE. Such measurements were
repeated in ten different live cells. (iii) Two-peak Gaussian fittings of the points
collected from the NE showing the distribution of NETs along the NE. The INM to
ONM ratio was determined by using the integrated area under the fitted curves. The
shaded regions represent the width of the INM and ONM as determined by the full
width at half maximum (FWHM) as determined by the fitting. (iv) Approximate
concentration ratios of NET’s distribution (pre-corrected) along the INM (red) and
ONM (purple). The corrected ratios can be found in Table 1. (v) Illustrative
representation of the GFP fused NETs used in this study. Scale bar, 1 µm.
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Figure 23. Background subtraction from raw data. (A) Data from a control
experiment of GFP molecules freely diffusing in the cytosol. (B) Representative data
from various experiments with NETs on the NE in HeLa cells. Here we show the
process of extracting super-resolution locations of INM and ONM from the raw data,
by listing all the typical cases we observed in our experiments. (i) Histograms were
prepared from the raw data. Different from the control experiment, the distribution of
NETs reveal obvious peaks from the normal distribution. (ii) The background
(excluding the data within ±40 nm of the highest peak) was then fit with a single
Gaussian function (shown in red). (iii) Next, the fitted Gaussian distribution was
subtracted fom the raw data to generate a histogram of the normalized data showing
two clear maximum peaks. While, for the control experiment, only small random
residues remained after subtraction. (iv) These two maximum peaks were then fit with
a two-peak Gaussian function to determine the localization of NETs on the NE (INM
shown in red and ONM shown in purple).
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Figure 24. Method used to correct the ONM:INM ratios by including the effect of
molecular diffusion coefficient as determined by single-molecule trajectories. This
calculation takes into account the differeing two dimensional diffusion coefficients of
transmembrane proteins along the nuclear envelope of the cell as they enter the
detection area (shown in gray), and corrects the distribution ratio to reflect the actual
transmembrane protein concentrations along the nuclear envelope. The outer ring (Rmax)
represents the entire circumference of the nuclear envelope and the detected molecule
(shown in green) can come from any locations with the distance X from the center of the
photobleached area (indicated by the second inner ring). (A) G(i, D, t) represents the
probability of finding a randomly diffusing particle at location i after diffusion with a
diffusion constant of D within time t. (B) The probability that molecules starting at i
(shown in green) eventually diffuse into the detection area (gray). (C) f(D,t) refers to the
probability of observing the particles moving into the detection area in two dimension
from the entire area (Rmax).
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Figure 25. FRAP curves for wt LBR, LBRD63-172, NET51, and nesprin-3a.
Photobleaching was performed at full power with an argon laser in the 488 laser
line for about 5 seconds bleaching an area of approximately 5 µm2. Flourescence
recovery was measured every 5 seconds for 5 minutes. The ER was used as a
control to verify the mobility of NETs on the ER/ONM. Exponential functions
have been applied to fit all the measured curves averaged on ten different NEs.
The following two formulae were used to calculate the immobilized fraction of
NETs on the INM (except for nesprin-3a which has an immobile fraction mainly
on the ONM):
𝑁_W` + (1 − 𝑥 ) ∗ 𝑁cW` = 𝐹e (𝑁_W` + 𝑁cW` ) and

WXYZ
(;CQ)∗W[YZ

= 𝑅.

Here, the actual number of the NET on the ONM is NONM and on the INM is
NINM. For most NETs, previous measurements suggested that their ONM mobile
fraction is almost 100% and here the INM immobile fraction is defined as x. Fm is
the mobile fraction as determined by FRAP, and R is the corrected concentration
ratio based on diffusion coefficient of NETs (see the previous functions and
Table 1).
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Protein

Singlemolecule
based
correction
ratio
(INM:ON
M)
0.53:1

Diffusio
n
coefficie
nt on
ONM
(µ2s-1)

Diffusio
n
coefficie
nt on
INM
(µ2s-1)

2.6±0.8

1.9±0.6

Diffusion
based
corrected
concentrati
on ratio
(INM:ON
M)
0.58:1

LBRΔ6
3-172

0:30:1

1.1±0.3

1.0±0.4

0.30:1

NET51

0.28:1

2.0±0.6

1.8±0.7

0.29:1

Nespri
n-3α

0.10:1

1.2±0.5

0.9±0.4

0.10:1

WT
LBR

Immobiliz
ed
fraction

Final
concentrati
on ratio

61±6%
(overall
81±6%
(INM)
37±8%
(overall)
72±8%
(INM)
12±8%
(overall)
38±8%
(INM)
61±7%
(overall)
61±7%
(ONM)

3.1:1

1.1:1

0.47:1

0.04:1

Table 1. Distribution of NET substrates on the ONM and INM. FRAP,
fluorescence recovery after photobleaching; INM, inner nuclear membrane; NE,
nuclear envelope; NET, NE transmembrane proteins; ONM, outer nuclear membrane;
WT LBR, wild-type lamin B receptor.
In the column of ‘Immobilized fraction’, ‘overall’ refers the immobilized fraction of
NETs on the NE and ‘INM’ represents the immobilized fraction of NETs on the INM
(using the formulae included in the figure caption of Figure 25). Both single-molecule
and bulk FRAP measurements were repeated in at least 10 different live cells. Data
are mean ±s.e. of the mean.
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Besides the corrections based on the diffusion coefficients, the immobilized
fraction of LBRΔ63–172, NET51, and nesprin-3α were measured as well (Figure 25 and
Table 2). When compared with WT LBR, the immobilized fraction in the INM of
LBRΔ63–172 reduced from ~81 to ~72% (Table 1). The reduction but not complete loss
of the LBR immobilized fraction is not surprising. Even though INM-specific binding
domains of the LBR protein were deleted to create the LBRΔ63–172 mutant, the tudor
domain on the N terminus is still present (Figure 22b i-v), and there is a lesser chromatin
binding activity in the C terminus that is also nucleoplasmic. NET51 had a ~38% INM
immobilized fraction, and nesprin-3α had a ~61% immobilized fraction specifically on
the ONM. When the immobilized fractions were taken into account together with the
diffusion-based corrected concentration ratios, the final INM:ONM concentrations ratios
for LBRΔ63–172, NET51, and nesprin-3α were calculated to be 1.10:1, 0.47:1, and
0.04:1, respectively. This is consistent with the loss of INM binding reducing the
INM:ONM ratio for the LBR mutant and the high ONM immobile fraction for nesprin-3α
further decreasing its INM:ONM ratio (Table 1).
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Protein
WT LBR
LBRΔ63-172
NET51
Nesprin-3α
ER

Mobile (A)
39±6%
63±8%
88±8%
39±7%
99±6%

Immobile (1-A)
61±6%
37±8%
12±8%
61±7%
1±6%

τ½ (s)
47.97
44.58
31.74
50.82
37.65

Table 2. Fraction recovery as determined by fitting. The
data from the FRAP experiments (Figure 25) was fit with the
equation 𝐼(𝑡) = 𝐴(1 − 𝑒 Cmn @ ). The mobile (A) and immobile
fractions (1-A) were determined by fitting with the
aforementioned equation. The τ½(τ½ = ln0.5/τ1) column
represents the time at which half of the fluorescence recovery
occurred.
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3.2 Nucleoplasmic domains of membrane proteins determine the nuclear
translocation routes and rates
3.2.1 Determining the route taken by INM proteins as they transit into the nucleus
To test the aforementioned transport route models (Figure 2), distinct INM protein
candidates were selected based on the following criterion: 1) different sizes of
extraluminal soluble domains (N and/or C terminus), 2) absence or presence of one or
more NLSs, and 3) absence or presence of endogenous ID regions (Table 3). First, three
INM protein candidates lacking predicted NLS and ID regions with varying extraluminal
domain sizes (NET51,1.2 kDa; NET59, 2.3 kDa; NET99, 27 kDa) were fused with
EGFP (Figure 26B[i]-D[i]) and then experimentally imaged by SPEED microscopy as
they crossed the NE. All of these candidates traversed through the peripheral channel
(Figure 26A[i]). We collected ~1,000 2D single-molecule localizations from 5-10 cells
for each candidate to ensure a highly reliable 3D determination of spatial location for the
transport route taken by each protein with a precision of 0.9-1.5 nm based on
computational simulations (Figures 18 and 27). The transport routes used by these INM
proteins to enter the nucleus were reconstructed using 2D to 3D transformation
algorithms (Figure 18). NET51, NET59, and NET99 all have the highest spatial
probability densities at approximately 42 nm from the central axis of the NPC (Figure
26B[iv]-D[iv]). As transport routes for NLS-containing soluble proteins yield a radius of
23±3 nm from the NPC’s central axis30, and the central channel has a radial width of 25
nm, this indicates the NET transport routes stay well outside of the central channel of the
NPC. These results confirm the existence of distinct routes adopted by different proteins
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to transport into the nucleus (Figure 26E) while also providing the first live in vivo
evidence that peripheral channels exist in the physical structure of the NPC, which has
been a highly debated topic for decades61,62. Moreover, based on our single-molecule
localization precision (Figure 28) and the Gaussian fitting, the peripheral route has a full
width at half maximum (FWHM) of 12±1 nm and is 41±1 nm apart from the NPC’s
central axis (Figure 29). This agrees with the location of peripheral channels estimated
previously by cryo-electron microscopy (EM)117.
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INM
Protein

N terminal domain C terminal domain
(amino acids/kDa) (amino acids/kDa)

NLS

ID
Linker

NET51

4/0.5

10 /1.2

-

-

NET59

11/1.3

20/2.3

-

-

NET99

19/2.3

227/27

-

-

LBR

208/25

39/4.7

+

+

LBR Δ63172

98/11.8

39/4.7

-

-

LBR R74T

208/25

39/4.7

-

+

LBR
ΔLinker

116/13.9

39/4.7

+

-

LAP2β

410/45

24/2.9

+

+

LAP2βtNLS

410/45

24/2.9

-

+

Table 3. List of INM proteins used and their unique features. Each INM
protein used in this work is listed in the left column. The next two columns give a
description of the number of amino acids and the approximate molecular weight
of each terminus (N or C). The following two columns show whether the protein
has an NLS or ID domains (+) or not (-).
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Figure 26. INM proteins use peripheral channels, a distinct transport route, to
enter the nucleus. (A) The two suggested NPC-dependent transport models for INM
proteins (blue). i) Lateral diffusion-retention model suggests that INM proteins with
small luminal domains (blue) may freely diffuse through ~10 nm wide peripheral
channels located in the physical structure of the NPC (dark grey). ii) The NLSdependent facilitated transport suggests that the terminus of INM proteins containing
an NLS and ID regions will be recognized and carried by karyopherin complexes
(brown and light blue) through the NPC’s central channel. (B-D) 3D spatial locations
of transport routes for NET51, NET59, and NET99 respectively, as determined by
SPEED microscopy. i) Schematic cartoon representation of each INM protein
(orientation N-terminus to the left and C-terminus to the right). The depicted
membrane represents a single bilayer of the NE. ii) 2D spatial locations (projected) of
each INM protein candidate. In X dimension of the Cartesian graph, 0 represents the
axial center of the NPC, and in the Y dimension, +20 represents the ONM, and -20
represents the INM. iii) A normalized 2D probability density map showing the regions
where the projected single-molecule localizations had the highest and lowest density.
iv) 3D probability density map generated by using the 2D to 3D transformation
algorithm, with regions of highest to lowest density (red to yellow in color bar).
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Figure 27. Simulated data was used to estimate the minimum number of
single-molecule localizations required to generate a reliable 3D
probability density map. (A) 100 computationally generated single-molecule
localizations randomly sampled from a normal distribution with a radius (r) of
25 nm (corresponding to LBR-N and LAP2β-N as determined in our
experiments). A localization precision of 10 nm, similar to the experimental
determined localization precision in this work, was simulated for each point
by sampling from a normal distribution with σ = 10 nm. (B) Using the 2D to
3D transformation algorithms, Y-dimensionally projected data was
transformed to 3D R-dimension density distributions for four different data
sets (100 points each). The number above each figure indicates the fitted peak
position ± the fitting error. (C-D) Simulation results based on 200 singlemolecule localizations. (E-F) Simulation results based on 500 single-molecule
localizations. (G-I) Average 3D density histograms from 100, 200, and 500
point simulations respectively. Error bars represent the variability in the
histogram bin heights, while the number above the peak is the average peak
position ± the route localization error. This indicates that 500 points are
sufficient to obtain a route localization precision under 1.5 nm. (J-R)
Simulations and calculations were also performed for simulated singlemolecule localizations with a normal distribution and a radius of 40 nm
(corresponding to INM proteins traveling through the peripheral channels of
the NPC).
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Figure 28. Typical single-molecule localization precisions for INM
proteins. On average, >2000 photons were collected from each single EGFP
molecule at a frame rate of 0.4 ms. The average precision, based on all singlemolecule localization events, is about 9.6±0.2 nm.
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Figure 29. Determination of route width by fitting 3D spatial probability
density distributions by a Gaussian function. Here we highlighted the full
widths at one standard deviation (2σ), full width at half maximum (FWHM)
and two standard deviation (4σ) with the corresponding probabilities of
including single molecule locations in Gaussian fitting. Given the singlemolecule localization error (σp) is not zero, in this paper the following
equation was used to find the corrected width of transport route (Wc):
2
2
Wc = W f - s p , where Wf is the fitted width (obtained from either 2σ,

FWHM, or 4σ), and σp is is the single-molecule localization precision.
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3.2.2 NLS-dependent facilitated transport occurs through the center of the NPC
Next, we determined the route used by two transmembrane proteins containing
strong NLSs and ID regions in their extraluminal soluble domains, long enough to reach
through the ~20 nm physical scaffolding of the NPC: lamin-B receptor (LBR) and
lamina-associated polypeptide 2-beta (Lap2b) (Figure 30A[i] and Figure 31A[i]). Both
proteins were tagged with EGFP on the NLS-containing domain (LBR-N, Lap2b-N) and
observed via SPEED microscopy. The 3D spatial reconstruction shows the LBR-N
amino-terminal EGFP moiety mainly moves through a route locating at a radial distance
of 25±1 nm from the center of the NPC (Figure 30A [ii-iv]). Similarly, the EGFP-tagged
N-terminus of Lap2b-N had a radial distance of 24±1 nm from the NPC’s central axis
(Figure 31A [ii-iv]). Given the NPC’s 25 nm radius at its narrowest point and the
determined transport routes for NLS-containing soluble protein in the NPC, the above
measurements suggests that both LBR-N and Lap2b-N go through the edge of the NPC’s
central channel, following a similar transport route and mechanism as soluble proteins
containing NLS. Both the N- and C-terminus of LBR are extraluminal, but the Cterminus is much shorter and lacks an ID region and, theoretically, should not reach into
the central channel. Similarly tagging LBR on its C-terminal domain (LBR-C) revealed it
moves through the peripheral channel with a route radius of 41±1 nm (Figure 30B).
Further, we tested the translocation pathway of the C-terminus of Lap2β (Lap2β-C),
which protrudes into the lumen of the NE, and it show that it moves through the lumen
with a route radius of 68±1 nm (Figure 31B). This suggests that INM protein domains
with a sufficiently long ID region and NLS can use the central channel while the
transmembrane domains are still embedded in the membrane during transit. Co-tracking
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SPEED microscopy of LBR tagged with EGFP on the N-terminus (~10 nm precision)
and RFP on the C-terminus (~20 nm precision, GFP-LBR-RFP) further confirmed that
INM proteins stay embedded in the membrane during transit into the INM. This is
demonstrated by LBR’s ability to simultaneously access both the central (route radius of
25±1 nm) and peripheral channels (route radius of 44±2 nm) during transport through the
NPC (Figure 30D-F).
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Figure 30. Translocation route of LBR from the ONM to INM in live cells. (A-C)
Transport routes of N-terminally tagged LBR (LBR-N) and C-terminally tagged LBR
(LBR-C), and LBR tagged with GFP on the N terminal and RFP on the C terminal
(GFP-LBR-RFP) respectively. i) Schematic cartoon representation of each INM
protein (orientation N-terminus to the left and C-terminus to the right). The depicted
membrane represents a single bilayer of the NE. ii) 2D spatial locations (projected) of
each INM protein candidate. In X dimension of the Cartesian graph, 0 represents the
axial center of the NPC, and in the Y dimension, +20 represents the ONM, and -20
represents the INM. iii) A normalized 2D probability density map showing the regions
where the projected single-molecule localizations had the highest and lowest density.
iv) 3D probability density map generated by using the 2D to 3D transformation
algorithm, with regions of highest to lowest density (each color bar shows the gradient
color change from high to low density). (D) Co-tracking of GFP-LBR-RFP in the
NPC shows trajectories where the GFP and RFP tagged termini move in the same
direction with close proximity to each other. Green dots represent EGFP, red dots
represent RFP, solid lines represent trajectory for each tracked fluorophore, and
dashed line represents the EGFP-RFP pairs. (E) Histogram of ~300 different dual
tracked trajectories shows that the GFP tagged N terminus and RFP tagged C terminus
stay about 18±2 nm apart during transit through the NPC. (F) Cryo-EM image of the
NPC with a cartoon representation of how LBR transits from the ONM to INM (figure
modified from reference 61).
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Figure 31. Transport route for Lap2β and Lap2β-tNLS. (A-C). Transport routes of
N-terminally tagged Lap2β, C-terminally tagged Lap2β and Lap2β DNLS
respectively. i) Schematic cartoon representation of each INM protein (orientation Nterminus to the left and C-terminus to the right). The depicted membrane represents a
single bilayer of the NE. ii) 2D spatial locations (projected) of each INM protein
candidate. In the X dimension of the Cartesian graph, 0 represents the axial center of
the NPC, and in the Y dimension, +20 represents the ONM, and -20 represents the
INM. iii) A normalized 2D probability density map showing the regions where the
projected single-molecule localizations had the highest and lowest density. iv) 3D
probability density map generated by using the 2D to 3D transformation algorithm,
with regions of highest to lowest density (each color bar shows the gradient color
change between regions of high and low density). (D) Side by side comparison of the
3D probability density map of Lap2β N and C terminus with LBR N and C terminus.
Color bars indicate the regions of highest and lowest density.
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3.2.3 The role of NLS and ID domains for INM protein transport
To interrogate the relative contribution of the ID domains and NLSs of LBR in
the transport process, various mutations were engineered. First, a 110 amino acid region,
spanning from amino acid 63 to 172, was removed (LBR D63-172), so that LBR would
no longer have either an ID domain or NLS. This was similarly tagged on its N-terminus
with EGFP and imaged. The removal of both the ID region and NLS resulted in the Nterminus of LBR using the peripheral channels in the NPC to enter the INM, with a route
radius of 39±1 nm (Figure 32A). Notably, with the EGFP this construct was still longer
than wild-type LBR, but as the EGFP is folded it could not reach into the central NPC
channel. The second construct was a point mutation in just one of its 4 NLS sequences,
where an arginine at position 74 of the strongest NLS was mutated into a threonine (LBR
R74T), thereby creating a non-functional NLS but keeping the ID domain intact and the
total length of N-terminus unchanged. This construct was also tagged on the N-terminus
with EGFP and imaged using SPEED microscopy. Again, we found that the N-terminus
of LBR R74T used the peripheral channel route to enter the nucleus with a route radius
40±1 nm (Figure 32B), indicating that the mutation of one NLS was sufficient to change
the transport pathway of LBR. Similarly, the NLS containing N-terminus of LAP2b was
mutated (two arginines were mutated to theronines, LAP2b DNLS), and found to possess
a transport route with a radial distance of 41±1 nm from the NPC’s central axis (Figure
31C). Furthermore, we reduced the length of the ID region of LBR by deleting 42 amino
acids (several amino acid regions were removed: 50-62, 80-94, and 112-125) on the Nterminus (referred to as LBR DLinker) and then imaged the terminus after tagging it with
EGFP. Interestingly, the route radius for LBR DLinker changed from 25±1 nm (LBR-N)
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to 39±1 nm (Figure 32C), confirming that even with an intact NLS, the ID region is also
essential for LBR to transit through the central channel of the NPC. Finally, we
performed bioinformatics analysis for known INM (n=46) and ONM (n=11) localizing
proteins to see what fraction could make use of this transport route. Our analysis revealed
that though a larger fraction of INM proteins have either a strong NLS or a sufficiently
long ID region, only 9% of INM proteins (no analyzed ONM proteins) have both a strong
NLS sequence and long ID region arranged in a way that allows for transport through the
center of the NPC (Figure 32D)
Since both the NLS and ΔLinker mutations altered the route of the N-terminus of
LBR from the central channel to peripheral channel, we examined how these changes
affected the transport rate of LBR from the ONM to INM by using our previously
published single-point single-molecule fluorescence recovery after photobleaching
(smFRAP) technique26. Using this technique, it was revealed that the normal
translocation rate of unaltered LBR from the ONM to INM is ~5.6 molecules per minute
per NPC (Table 4, Table 5, Figure 33, and equations [5-7] in chapter 4.1). However, the
constructs LBR R74T and LBR DLinker changed the transport rate to ~2.9 and ~3.2
molecules per minute per NPC, corresponding to a ~48% and a ~43% decrease in
translocation rate, compared to the unchanged LBR respectively. Collectively, these
mutation experiments indicate that both the NLS and ID domain can contribute to the rate
of efficiently transporting LBR into the nucleus.
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D

Figure 32. Transport route for LBR mutants. (i)Schematic representation and
(ii) 3D transport route for N-terminally tagged (A) LBR Δ63-172, (B) LBR
R74T, and (C) LBR ΔLinker respectively. (D) Bioinformatic analysis of the
fraction of confirmed INM proteins (red, n=46) and ONM proteins (n=11) that
have a strong NLS sequence, an ID region longer than 65 amino acids, and both
of these characteristics arranged in a way that is feasible for transport through the
facilitated transport route of the NPC.
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1

5.6

2.9(±0.03
):1

2.9

1.1(±.03):
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Table 4. Calculated translocation rates for LBR and its mutants. Using the
previously described smFRAP method (Mudumbi, et al., 2016), the ONM:INM
distribution ratios for LBR, LBR R74T and LBR ΔLinker were determined. These
values were then adjusted by using the diffusion coefficients on the ONM and INM
(determined through single-molecule microscopy) and the immobilized fraction
(determined through bulk FRAP). The corrected values were then used to determine
the transport rates for these protein candidates as molecules per minute per NPC
([mol]min-1NPC-1).
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Protein

Mobile (A)

Immobile (1-A)

τ1/2 (s)

wt LBR

40±6%

60±6%

45.66

LBR-tNLS

41±5%

59±5%

78.5

LBRΔ112

70±4%

30±4%

114.57

Table 5. Mobile fraction and recovery rate as determined by
bulk FRAP experiments. Both the mobile and immobile fraction
for LBR and its variants were determined from bulk FRAP
experiments. τ1/2 represents the time, in seconds, at which half the
fluorescence was recovered after photobleaching.
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Figure 33. FRAP curves for LBR, LBR R74T and LBR ΔLinker. Photobleaching
was performed with an argon laser (488-nm laser line) for about 5 seconds to bleach
an area of approximately 5 µm2. Fluorescence recovery was measured every 5 seconds
until the fluorescence reaches a plateau stage. Exponential functions have been
applied to fit all measured curves averaged on six different NEs. The following two
formulae were used to calculate the immobilized fraction of INM proteins on the
WXYZ
INM: 𝑁_W` + (1 − 𝑥 ) ∗ 𝑁cW` = 𝐹e (𝑁_W` + 𝑁cW` ) and
= 𝑅. Here, the
(;CQ)∗W[YZ

actual number of INM proteins on the ONM is 𝑁_W` and on the INM is 𝑁cW` . For
most INM proteins, previous measurements suggested that their ONM mobile fraction
is almost 100% and here the INM immobile fraction is defined as 𝑥. 𝐹e is the mobile
fraction as determined by FRAP, and 𝑅 is the corrected concentration ratio after
considering the effect of the diffusion coefficient of the LBR protein in question (see
Table 4).
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3.2.4 Control experiments blocking the central or peripheral channel of the NPC
To use an independent approach to distinguish central from peripheral channel
transport, we performed experiments imaging the nuclear transport of LBR-N after
blocking the central or peripheral channels of the NPC respectively by microinjecting
either wheat germ agglutinin (WGA) or an antibody for the nucleoporin gp210 (antigp210)118-120 (Figure 34A-D). We found that microinjection of WGA prevented LBR-N
from using the central channel of the NPC to enter the nucleus, but in this case the
peripheral channels could instead be used as indicated by the highest density of LBR
molecules diffusing through the NPC with a radial distance of 43±1 nm from the NPC’s
central axis (Figure 34E). These results may also suggest that the peripheral channel
might be large enough to accommodate the transport of INM proteins recognized by the
importin-a/b complex, though perhaps at a reduced efficiency. Furthermore, the use of
anti-gp210 seemed to greatly reduce the probability of LBR-N to complete their
translocation through either the NPC’s peripheral or central channels, as evidenced by the
2D histogram and transformed 3D probability density map. Additionally, compared to
LBR’s distribution on the ONM and INM in the absence of WGA and anti-gp210, the
addition of these reagents increases the concentration of LBR on ONM compared to the
INM (Figure 34E), in which anti-gp210 causes a more pronounced bias than WGA.
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Figure 34. In vivo transport routes for mutated LBRs, and unaltered LBR with
the presence of WGA or anti-gp210. (A-B) HeLa cells expressing PoM121-mCherry
(red) and LBR-N (GFP, not shown) immediately after microinjection with WGA
conjugated to Alexa-647 (cyan) or a mixture of anti-gp210 and Alexa-647 (cyan).
Arrows indicate approximate region of microinjection. (C) Fluorescent image of HeLa
cells incubated with WGA (cyan) for 30 minutes. (D) Immunofluorescent image of
HeLa cells incubated with anti-gp210 (Alexa-488 conjugated secondary antibody,
green) for 30 minutes. (E) (left) Projected 2D spatial localizations of unaltered LBR in
live cells without and with microinjection of WGA or anti-gp210 (top to bottom).
Histograms showing the number of LBR’s locations in the x (top) and y (right)
dimensions. (right) 3D probability density map generated as previously mentioned
(each color bar shows the gradient color change between regions of high and low
density).
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CHAPTER 4
DISCUSSION
4.1 Single-point single-molecule FRAP distinguishes inner and outer nuclear
membrane protein distribution
By using single-molecule smFRAP, one can not only determine if a NET
transports into the nucleus, but also its distribution along the INM and ONM within
30 min with a precision of <10 nm. Also, this technique can be used on NETs tagged with
the simple and commonly found GFP tag, as opposed to a specialized tag, such as
photoactivatable GFP. Furthermore, this method is done in vivo so that almost no cellular
functions are disrupted and the actual location of the protein can be observed in the
natural cellular environment.
In addition, this technique can also be used to determine the translocation rates
(TR) of various NETs across the NE. If the total concentration of a NET on the NE is
known, together with the concentration ratio of NETs determined here, a few formulae
can be used to determine the translocation rate of NETs from the ONM to the INM as
follows:
𝑇𝑅 =

Wp ×qE ×r
qs ×$m½

𝑎; × 𝐹eP = 𝐴(𝑎$ × 𝐹ev ) + 𝐵(𝑎; × 𝐹eP )
r
x

=

qE ×ySz ×?z
qn ×ySD ×?D

(5)

(6)
(7)

Where NT is the total NET molecules, a1, a2 and a3 are the INM value, the ONM
value and the added INM and ONM value from the INM:ONM ratio, respectively
(a1=3.1, a2=1 and a3=3.1+1 in the case of WT LBR). The variable A represents the
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fraction of NETs in the ONM that translocate into the INM after FRAP experiments
and B is the fraction of NETs in the INM that diffuse into the photobleached area after
FRAP. Fmi is the mobile fraction on the INM, Fmo is the mobile fraction on the ONM. Do
and Di are the diffusion coefficients on the ONM and INM respectively as determined by
single-molecule experiments, and finally, τ½ is the time it takes for half the fluorescence
recovery during FRAP experiments (Table 2). Using LBR as an example, with ~150,000
LBR molecules and about 2,000 NPCs per cell121,122 , the translocation rate from ONM to
INM is about 5.4 molecules per min per NPC.
Based on the immobilized fraction and the diffusion-based distribution
concentrations, the single-point smFRAP technique also provides putative information
about possible interactions on either the ONM or INM face of the NE for uncharacterized
NETs. By studying the distribution ratios and immobilized fractions of WT LBR,
LBRΔ63–172, NET51 and nesprin-3α, a putative inference about interactions can be
made. For example, even though WT LBR and nesprin-3α have similar immobilized
fractions as determined by conventional FRAP, by studying the distribution ratios
provided by single-point smFRAP, it can be determined that WT LBR has binding sites
that require it to be on the INM for interactions with its binding partners. Nesprin-3α,
however, has a higher distribution on the ONM indicating that it interacts with binding
partners that are located either in the cytosol or with the luminal domains of proteins
located on the INM.
Finally, using the smFRAP technique to determine the translocation rates of INM
proteins, we can study how various disease mutations affect INM protein translocation
into the nucleus. This sort of work may shed light into how INM proteins are involved in
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both disease states of cells as well as homeostasis. A change in translocation rates may
also be used as a putative indicator for the importance of an INM protein to reach the
inner face of the nucleus, since the translocation of critical proteins are often regulated
very tightly.

4.2 Nucleoplasmic domains of membrane proteins determine the nuclear
translocation routes and rates
By using the SPEED microscopy technique, we answered some of the most
debated fundamental questions remaining in nucleocytoplasmic transport of
transmembrane proteins. First, by using live imaging, we showed the existence of
peripheral channels in the NPC, and how they are used by INM proteins to diffuse from
the ONM into the INM. These in vivo findings support the previous suggestion of the
NPC’s peripheral channel based on EM measurements60,62,123. Based on these findings as
well as our previous work with soluble proteins, we are able to propose a new model for
three distinct transport routes through the NPC for various molecules as they enter the
nucleus (Figure 35).
Next, we provide strong evidence that INM proteins with NLS(s) use the central
channel and follow a similar route as soluble proteins containing NLS(s); meanwhile the
transmembrane domain of these INM proteins still stay anchored in the NE and the nonNLS containing extraluminal domains travel through the peripheral channel of the NPC.
In contrast, INM proteins with NLS mutations lost their path through the NPC’s central
channel and had lower translocation rates from the ONM to INM. Our results reaffirm
previous models that NLSs play important roles in facilitating nuclear transport of INM
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proteins through the NPC20,21. Furthermore, we also demonstrated that the shortened ID
region is another limiting factor that prevents the use of the NPC’s central route and
reduces the translocation rate, even though we are unable to directly observe how the ID
domain travels through the physical structure of the NPC as previously suggested21.
Overall, our results suggest that specific features, such as the NLS and ID regions, in
domains of INM proteins not only decide distinct transport routes through the NPC, but
are vital in determining the rate at which INM proteins reach the inner face of the
nucleus, which indicates that they possibly play a key role in cellular homeostasis.
Our bioinformatics analysis suggests that even though the majority of membrane
proteins may only use the NPC’s peripheral channel for translocation, a few INM
proteins could adopt both the peripheral and central channel transport routes for directed
trafficking into the nucleus, possibly suggesting that such proteins may play a critical role
in vital nuclear functions such as transcription, DNA repair, epigenetics, etc. In addition,
our work may provide insight as to why some INM protein disease alleles mistarget away
from the nucleus. Furthermore, determining these different transport routes can important
in identifying which membrane proteins can access the inside of the nucleus since there is
no prediction algorithm for determining nuclear localization for transmembrane proteins.
Since the NLS of INM proteins are not similar to the canonical NLSs found on soluble
proteins, this work can be expanded to identify a more accurate sequence for the
important sequences that constitute the NLS of an INM protein. Likewise, this work can
also be used to look at the proposed INM sorting motifs which have been proposed to
play a role in INM protein trafficking into the nucleus. Finally, our identification of the
importance of NLSs and ID regions in the transport of INM proteins into the nucleus may
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be taken advantage of to direct targets to the nucleus when the central channel of the NPC
is blocked, as the case may be during viral infections.
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Figure 35. Three distinct transport routes used by various molecules into the
nucleus. (A) There are three different paths molecules can take into the nucleus
depending on their properties. Blue shows the route taken by small soluble molecules
that do not contain an NLS, green shows the route taken by NLS containing soluble
(and in a similar route, NLS containing terminal of transmembrane proteins)
molecules, and red indicates the route taken by the non-NLS containing terminus of
INM proteins as they traverse the peripheral channel. (B) The overlapping routes of a
soluble NLS containing proteins (represented by the transport route of importin-β1)
and the NLS terminus of INM proteins (represented by LBR-N-GFP).
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