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Abstract

The Ins & Outs of Nucleocytoplasmic Transport:
Studies of the Nuclear Pore Complex

by

Je�rey Hsin Nien Tang

Doctor of Philosophy in Biophysics

University of California, Berkeley

Professor Jan Liphardt, Chair

The nuclear pore complex (NPC) is one of the largest known protein structures in the cell.
Evolutionarily conserved in eukaryotes ranging from fungi to plants and animals, the NPC
is the main transporter of molecules between the cell cytoplasm and nucleus. Maintaining
the proper compartment-speci�c localization of proteins and RNA is crucial for normal cell
function, and the nuclear pore accomplishes this task both robustly and e�ciently. Over the
past several decades, insight into the composition, organization, structure, and mechanism
of the NPC has been gradually teased out through careful experimentation. However, many
questions about the pore's function remain unanswered.

In this dissertation, I describe e�orts aimed at elucidating several aspects of the NPC.
First, I investigate the transport properties of the pore, speci�cally looking at how the nuclear
transport receptor importin-b and the Ran GTPase interact not only with each other but also
how they may a�ect the pore itself. The nucleoporin Nup153 is identi�ed as an important
player in the nuclear transport process which binds strongly to importin-b in a Ran-sensitive
manner. Using multiple experimental techniques, the properties of importin-b, Ran, and
Nup153's interactions are characterized and shown to be capable of modulating the selective
permeability barrier of the NPC.

Next, I examine how members of a major class of nuclear pore proteins, the sca�old
nucleoporins, are both structurally and functionally similar to the karyopherin family of
soluble nuclear transport receptors. Structures of the proteins Nup188 and Nup192 are
analyzed and shown to resemble those of karyopherins. Furthermore, in vitro assays indicate
that at least a subset of the sca�old nucleoporins behave functionally as transport receptors,
hinting at an evolutionary relationship between these two important classes of proteins.

Finally, a calcium-mediated phenomenon a�ecting the permeability of the NPC is ex-
plored. I show that certain cytosolic proteases are activated by millimolar concentrations
of calcium ion which leads irreversibly to an increase in the nuclear pore's permeability to
large molecules. A model for physiological pathways implicated in this e�ect is proposed.
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Chapter 1

Introduction

1.1 Cellular compartmentalization and the nucleus

A de�ning property of eukaryotic cells is the compartmentalization of certain cellular func-
tions into intracellular membrane-bound organelles. Physically segregating and isolating dif-
ferent metabolic pathways allows the cell to tune the local environment so that their chemical
reactions proceed more e�ciently as well as enabling better control over when, where, and
how they occur. While certain prokaryotes have also been observed to use compartmen-
talization, for instance the carboxysomes in cyanobacteria, the widespread occurrence and
extensive use of organelles remains principally a hallmark of eukaryotic cells.

The largest organelle in the cell is the nucleus which can be tens of microns in diameter.
In fact, the very prominence of the cell nucleus gives the term `eukaryote' its original meaning
which stems from the Greek words for `true' (eu) and `nut' or `kernel' (karyon). The nucleus
houses the cell's DNA and thus controls what molecules have access to the genome. It is
bound by a double bilayer of phospholipids which together make up the nuclear envelope. The
outer bilayer of the envelope (outer nuclear membrane) is continuous with the endoplasmic
reticulum (ER) while the inner bilayer (inner nuclear membrane) is associated with the
nuclear lamina and chromatin [Hetzer et al. 2009]. The space between the inner and outer
membranes, called the perinuclear space, is continuous with the lumen of the ER as well
[Hetzer et al. 2009]. The interior of the nucleus itself is not a homogeneous environment.
The chromatin can vary in density, and several distinct subnuclear structures, commonly
known as nuclear bodies, have been observed [Matera et al. 2009].

The spatial seclusion of the chromosomes away from the rest of the cell's activities enables
the cell to more precisely restrict which proteins may interact with the genome and at what
times, thus giving greater regulatory control over processes such as gene transcription. An
example of this regulation can be found in the activation of the NF-kB family of transcription
factors. These transcription factors are usually localized in the cytoplasm in an inactive form.
However, in response to certain cellular stimuli the transcription factors are rapidly re-located
to the nucleus where they may then induce the expression of speci�c genes. The controlled
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activation of these genes is thus directly dependent on the nucleus' ability to exclude NF-kB
family transcription factors until the appropriate moment when they must be rapidly moved
into the nucleus to initiate transcription [Gilmore 2006]. This theme of carefully controlling
cytoplasmic versus nuclear localization of transcription factors is observed in a wide variety
of signal transduction pathways suggesting its general utility and versatility [Whiteside et
al. 1993].

1.2 The nuclear pore complex

While compartmentalization provides a means for regulating the complex intracellular en-
vironment, it introduces another challenge, which is how to transport molecules from one
compartment to another. Proteins, polysaccharides, ions, and other molecules must some-
how be translocated across the cell's lipid membranes, and this translocation must usually
be speci�c for certain types of molecules and not others. Furthermore, this process should
be as energetically e�cient as possible to minimize consumption of the cell's resources. For
the transport of material between the cytoplasmic and nuclear compartments, this e�cient
and selective translocation occurs across the nuclear envelope via the nuclear pore complex.

The nuclear pore complex (NPC) is a large multi-protein assembly with a size of ∼60
MDa in yeast and ∼125 MDa in vertebrates [Tetenbaum-Novatt et al. 2011], making it
perhaps the most massive protein complex in the cell. Amazingly, vertebrate cells may
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Figure 1.1. The NPC in the nuclear envelope. The NPC is situated in the plane of the
nuclear envelope spanning both the inner and outer membranes as well as the perinuclear
space.
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contain thousands of these pores on a single nucleus [Maul et al. 1972]. The NPC is situated
in the plane of the nuclear envelope, bridging both the outer and inner nuclear membranes
(Figure 1.1). From electron microscopy and super-resolution optical imaging, it has been
observed that the NPC exhibits an eight-fold rotational symmetry about a central axis with
a pore in the middle commonly referred to as the central channel [Sto�er et al. 2003,
Löschberger et al. 2012]. While the exact dimensions of the NPC varies between species, it
typically has a diameter of ∼100 nm and a thickness of ∼50 nm with the transport channel
itself having a diameter of ∼30 nm [Wente et al. 2010]. A set of �lamentous structures
extend into the cytoplasm (the cytoplasmic �laments) and a basket-like structure sits at the
nuclear face (the nuclear basket) (Figure 1.1).

The NPC is composed of roughly 30 di�erent types of proteins with many copies of each
protein in a single complex (usually in multiples of eight due to the rotational symmetry of the
pore) [Cronshaw et al. 2002]. These proteins, referred to as nucleoporins, can be dynamic,
transiently binding and unbinding from the NPC on the order of seconds to minutes, or
they can be quite stably integrated into the NPC residing there for hours to days [Rabut et
al. 2004]. Furthermore, the nucleoporins can be categorized into three main types (Figure
1.2). The transmembrane nucleoporins are integral membrane proteins that span the lipid
bilayer and thus tether the NPC to the nuclear envelope. The sca�old nucleoporins form
the structural chassis on top of which the other nucleoporins attach themselves. And �nally

FG nucleoporins

Transmembrane nucleoporins

Sca�old nucleoporins

Figure 1.2. General architectural organization of the NPC. Proteins in the NPC
belong to generally three functional categories: the transmembrane, sca�old, and FG nucle-
oporins.
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the FG nucleoporins sit innermost to the transport channel and are believed to form the
selective permeability barrier of the pore.

The nature of the FG nucleoporins in particular is hotly debated due to their central
importance in how selective nucleocytoplasmic transport is mediated at the molecular level.
These proteins are characterized by regions, termed FG-repeats, which contain multiple re-
peated motifs of phenylalanine-glycine dipeptides interspersed among other amino acids.
These FG-repeats themselves can be further categorized based on the amino acids imme-
diately preceding the FG motifs. Two of the most common are the FXFG motif (where X
signi�es any amino acid) and the GLFG motif. The FG-repeat regions are believed to be �ex-
ible and unstructured based on secondary structure sequence prediction, protease sensitivity
experiments, and other biophysical assays [Denning et al. 2003]. While the properties of the
FG nucleoporins have been extensively studied in vitro, it has been di�cult to examine their
behavior in the native environment of an intact NPC. Several models have been proposed to
explain how the FG nucleoporins support molecular transport including the virtual gating,
selective phase, reduction of dimensionality, and forest models [Rout et al. 2003, Ribbeck et
al. 2001, Peters 2005, Yamada et al. 2010].

1.3 Nucleocytoplasmic transport

Transport through the NPC can be divided into two main types: passive and active transport.
Molecules that are smaller than ∼40 kDa in size are able to rapidly di�use through the NPC
transport channel on their own [Keminer et al. 1999]. This mode of transport is known as
passive transport. Molecules that are larger than this approximate size cannot e�ectively
translocate across the NPC by themselves and are thus excluded from the transport channel.
Certain specialized proteins contain an intrinsic ability to interact with the FG nucleoporins
making up the permeability barrier. The surface of these proteins contain multiple binding
sites for FG motifs [Bayliss et al. 2000, Chook et al. 2001], and thus the proteins may enter
and di�use through the NPC regardless of their sizes. These proteins are known as nuclear
transport receptors (NTRs), and they serve as binding partners for shuttling cargo molecules
across the pore. Thus, if a large molecule contains a peptide sequence allowing it to bind
to an NTR, then it can `piggy-back' into the transport channel as a complex with the NTR
and translocate through the pore. This mode of transport is known as active or facilitated
transport.

Although the molecular details of how the permeability barrier of the NPC functions are
not clearly understood, many of the soluble factors that are involved in nucleocytoplasmic
transport pathways have been identi�ed and are well-characterized. These factors include not
only the NTRs and their cargo molecules but also the energy-consuming proteins which are
responsible for making it possible to concentrate cargos in a compartment against a chemical
gradient. The proteins responsible for the energy-dependent accumulation of cargos are Ran,
RanGAP1, and RCC1. Ran is a small GTPase from the Ras superfamily of proteins that
is able to bind either the nucleotide GTP or GDP [Moore et al. 1993]. Ran hydrolyzes
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GTP to GDP on its own at a relatively slow rate; however, when it is bound to RanGAP1
(Ran GTPase activating protein 1), that hydrolysis rate is increased 1000-fold [Bischo�
et al. 1994]. Finally, RCC1 (regulator of chromosome condensation 1) is a Ran guanine
nucleotide exchange factor (RanGEF) which is able to replace a GDP molecule bound to
Ran with a GTP [Bischo� et al. 1991]. Crucially, RanGAP is bound to the nucleoporin
Nup358/RanBP2 located at the cytoplasmic �laments of the NPC [Mahajan et al. 1997],
while RCC1 is associated with the chromatin within the nucleus [Nemergut et al. 1993]. The
spatial separation of the RanGAP and RanGEF activities causes Ran to be predominantly
in a GDP-bound state in the cytoplasm and a GTP-bound state in the nucleus [Kalab et al.

2002]. This sharp gradient of RanGDP to RanGTP across the nuclear envelope is the cell's
clever solution to net directional transport of molecules either into or out of the nucleus.

Perhaps the most well-studied nuclear transport pathway is the importin-b (impb) im-
port pathway (Figure 1.3). Impb belongs to a class of NTRs termed karyopherins [Chook
et al. 2001]. Like other NTRs, impb is able to interact with the FG repeats in the central
channel of the NPC and thus undergo facilitated di�usion through the pore. Certain cargo
proteins containing the appropriate nuclear localization signal (NLS), often a stretch of ba-
sic amino acid residues, can bind to a special adaptor protein importin-a (impa). Impa, in
turn, contains an impb binding (IBB) domain allowing it to bind impb. Thus the entire
ternary cargo-impa-impb complex is able to enter into the NPC channel and undergo facili-
tated di�usion. The actual cargo translocation event through the NPC is purely a di�usive
phenomenon that consumes no energy [Yang et al. 2004, Lowe et al. 2010]. In fact, within
the pore, the cargo complex does not seem to show any directional bias in its di�usive mo-
tions. However, once a cargo complex does make it out of the pore and into the nucleus,
RanGTP, which is prevalent in the nucleus but not in the cytoplasm, binds to impb spurring
a conformational shift which causes it to dissociate from the cargo-impa complex [Rexach et

al. 1995, Vetter et al. 1999]. Once released, the impa undergoes an auto-regulatory e�ect in
which its IBB domain out-competes the cargo for binding to its NLS binding pocket, causing
the cargo to �nally be released in the nucleoplasm [Kobe 1999]. Because RanGTP binding
to impb prevents the reformation of the transport-competent complex, the cargo is unable
to re-enter the NPC channel and is thus e�ectively sequestered in the nucleus. Meanwhile
the impb-RanGTP complex is able to translocate back to the cytoplasm where RanGAP
causes Ran to hydrolyze GTP to GDP. Impb has a much lower a�nity for RanGDP and is
thus free again to bind a cargo molecule for another round of import. Some cargo molecules,
such as parathyroid hormone-related protein [Lam et al. 1999], can bind impb directly and
do not require an adaptor protein such as impa. An analogous sequence of events occurs
for exporting cargos from the nucleus, except here the cargo molecule binds to its NTR (for
instance CRM1) only when the NTR is bound to RanGTP in the nucleus, and the cargo is
released in the cytoplasm when the GTP is hydrolyzed to GDP [Hutten et al. 2007]. Thus
for many types of cargos, the directionality of nucleocytoplasmic transport is driven solely
by the maintenance of the RanGTP/GDP gradient across the nuclear envelope.



6

NLS cargo

Importin-α

Importin-β

RanGTP

Figure 1.3. The impb transport pathway. The cargo-impa-impb transport complex
translocates across the NPC. RanGTP binds impb causing it to release impa and the cargo
which becomes e�ectively sequestered inside the nucleus.
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1.4 Motivations for this study of the NPC

The NPC is an amazing system contrived through millions of years of evolution to solve
a singularly unique problem of all eukaryotic cells: inter-compartmental transport between
the cytoplasm and nucleus. First discovered more than sixty years ago through electron
microscopy (EM) studies of amphibian oocyte nuclei [Callan et al. 1950], our knowledge of
nucleocytoplasmic transport has come a long way since then. However, even with today's
tools and technologies, a precise understanding of the many cogs and gears that make up the
NPC and its transport machinery still eludes us. Given that nucleocytoplasmic transport
is involved in so many biological processes, ranging from gene activation to viral infection
[Whiteside et al. 1993, Cohen et al. 2011], elucidating this system is critical to our under-
standing of cell biology.

Fundamental questions about the NPC remain unanswered such as how the FG nu-
cleoporins mediate selective transport, how the proteins of the NPC are organizationally
structured, how the complex is assembled after cell mitosis and during interphase, and what
other roles nucleoporins may play outside the context of the pore. Further research using
a diverse set of experimental tools is needed to clarify these issues. To this end, I have set
out to investigate a few of these problems using a combination of techniques including �u-
orescence microscopy, super-resolution imaging, �uorescence �uctuation spectroscopy, and
various biochemical assays. The main topics of my research have focused on (1) the e�ects
that impb and Ran may produce on the permeability of the pore, (2) the properties of certain
sca�old nucleoporins and how they may relate to those of karyopherins, and (3) the ability
of calcium-dependent proteases to alter the permeability properties of the NPC.

1.4.1 Interactions of impb and Ran with the NPC

While many of the key players in impb-mediated nuclear import have been elucidated, the
precise molecular mechanism by which cargo translocation takes place has not yet been fully
clari�ed. Previous experiments have observed that there seems to be an asymmetry to how
transport-competent cargos enter and exit the NPC channel [Görlich et al. 1996, Lowe et al.
2010]. In particular, the cargo exit step into the nucleus seems to be dependent on RanGTP
suggesting that, in addition to impb cargo release, Ran may also be closely involved in
changing the permeability barrier of the transport channel itself.

In chapter two, I discuss experiments examining the permeability properties of the pore
and how impb and Ran interact to modulate both passive and active transport through
the channel. Furthermore, the nucleoporin Nup153, which sits at the nuclear basket of the
NPC, is identi�ed as another factor which appears to be critically involved in how impb
and Ran interact at the pore. My collaborators and I utilize bulk �uorescence and super-
resolution imaging, single-molecule photobleach step counting, and �uorescence �uctuation
spectroscopy to characterize their behavior.
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1.4.2 Similarities between sca�old nucleoporins and karyopherins

Whereas chapter two looks at the mechanics of how cargo molecules are transported through
the NPC, chapter three focuses on the proteins which make up the pore itself. In particular,
I examine the properties of the sca�old nucleoporins which make up the structural skeleton
onto which the FG nucleoporins are attached. A better understanding of how these sca�old
nucleoporins interact both between themselves and with the FG nucleoporins will lead to
greater insight into both NPC assembly and disassembly as well as provide potential clues
to how the FG domains are organized within the pore.

Structures of a few sca�old nucleoporins have been elucidated, and it has been observed
that these proteins share certain structural similarities with the karyopherin class of NTRs
such as impb [Jeudy et al. 2007, Whittle et al. 2009, Amlacher et al. 2011, Flemming et

al. 2012, Sampathkumar et al. 2013]. My collaborators and I explored the possibility of
whether the sca�old nucleoporins share other properties with karyopherins, particularly their
ability to speci�cally bind FG repeats and to translocate across the nuclear pore. Through
a combination of x-ray crystallography, electron microscopy, and homology modeling, we
showed that the sca�old proteins Nup188 and Nup192 share similar structural motifs as
karyopherins. Furthermore, with biochemical in vitro assays, we also demonstrate the ability
of these proteins to bind FG repeats and to translocate the NPC, establishing that the
sca�old nucleoporins share functional similarities to karyopherins as well [Andersen et al.

2013].

1.4.3 Calcium-dependent proteases and NPC permeability

In chapter four, I discuss an interesting observation involving calcium and nuclear pore per-
meability. It was observed earlier in my laboratory that low millimolar concentrations of
calcium could dramatically improve the ability of quantum dot cargos to undergo nuclear
import. This e�ect was not limited to active transport but passive transport as well since
cargos without an import signal could also pass through the pore more easily, indicating
that the permeability of the NPC itself had been a�ected. Furthmore, this e�ect depended
upon the presence of whole cell cytosolic extract from Xenopus laevis ooctyes and did not
occur with recombinant nuclear import systems, suggesting that speci�c cellular pathways
were involved. Using in vitro import assays with various protease inhibitors, I was able to
demonstrate that the calcium-dependent protease m-calpain as well as a so far unidenti�ed
caspase seem to be important factors in altering the NPC permeability barrier. The �nd-
ings from these experiments may provide insight into how calcium signaling pathways can
modulate nucleocytoplasmic transport.
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Chapter 2

Importin-b, Ran, and the nuclear pore

complex permeability barrier

This chapter describes work done in collaboration with Dr. Alan Lowe, Dr. Jaime Yassif,
Michael Graf, William Huang, Dr. Jay Groves, Dr. Karsten Weis, and Dr. Jan Liphardt.

2.1 Introduction

A clear and complete understanding of the events which occur during a cargo molecule's
journey through the NPC has been surprisingly elusive despite the advances made in uncov-
ering the biochemical underpinnings of nuclear transport. Contemporary models address the
physical behaviors of FG nucleoporins and transport receptors to explain the NPC's selectiv-
ity and ability to facilitate cargo di�usion through the pore. Whether through lower entropic
costs of entering the transport channel [Lim et al. 2006], greater solubility in a hydrophobic
gel-like phase [Frey et al. 2007], or faster di�usion on the two-dimensional surface of the
pore wall [Peters 2005], transport receptors act by carrying their cargos into and through
the NPC in a di�usive manner. These models then separately rely on the cell's use of the
Ran GTPase and the system of compartment-speci�c GTP hydrolysis and GDP-to-GTP
exchange activity to rationalize the driving force for directional cargo transport [Görlich et

al. 1996]. That is, Ran activity indirectly supplies the energy input to allow for molecular
sorting to occur between the cytoplasm and nucleus.

A tacit implication of these models for nuclear transport is that the cargo translocation
step and the Ran-dependent directionality of transport are distinct and separate. Cargo-
receptor complexes are expected to equilibrate freely across the nuclear envelope in the
absence of an energetic bias such as the RanGTP gradient. Net cargo accumulation is
believed to result only from the unbinding of a cargo molecule from its transport receptor
in the appropriate cellular compartment due to Ran action. If Ran's only role in directional
transport is during the cargo release step, then cargos inside the central channel should
have an equal probability of exit from either the nuclear or cytoplasmic face of the pore.
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However, previous observations suggest that the translocation step for certain cargos is
actually directionally asymmetric and dependent on RanGTP [Lyman et al. 2002, Lowe et
al. 2010, Snow et al. 2013].

Single-molecule tracking experiments of quantum dot cargos being transported through
the NPC with impb showed that, in the absence of Ran, these cargos practically never exit
the channel into the nuclear interior [Lowe et al. 2010]. This result belies our current un-
derstanding of transport directionality since the cargo translocation step itself seems acutely
sensitive to Ran. Furthermore, it was found that the quantum dot cargos were speci�cally
barred from di�using past the nuclear exit face of the pore but not the cytoplasmic face
[Lowe et al. 2010]. Interestingly, early studies of Ran seem to indicate that it likely plays an
important role in dissociating the impb transport receptor from the nuclear face of the NPC
during cargo translocation [Görlich et al. 1996]. Others have also observed that the suc-
cessful transport of large cargos seems to be much more sensitive to Ran levels than smaller
cargos, both in vitro using synthetic cargo probes [Lyman et al. 2002] and in vivo looking
at the nuclear import of the large protein Tpr [Snow et al. 2013]. Intriguingly, these reports
hint at some additional Ran-dependent transport mechanics that are not clearly explained
by our current models of nucleocytoplasmic transport.

The spatial and temporal arrangement of factors within the NPC responsible for block-
ing large cargo translocation in the absence of Ran but allowing directional transport in
its presence is poorly understood at the molecular level. The asymmetric exit step of large
cargo-receptor complexes in the pore suggests that an uncharacterized Ran-dependent re-
action takes place at the nuclear face of the pore. To investigate whether Ran may play
an additional role beyond releasing a cargo from its transport receptor, my colleagues and I
performed quantitative biophysical measurements to examine Ran's interactions with impb
and the NPC. We identi�ed an important impb binding site at the nuclear face of the
pore, Nup153, and show that the impb�Nup153 interaction is strongly Ran-sensitive and
contributes signi�cantly to the NPC permeability barrier. Ran's e�ect on impb's a�nity
for the pore, spatial distribution, and stoichiometry at the NPC is characterized, and the
impb�Nup153 binding behavior is examined in vitro. From these results, a model is proposed
of how Ran-dependent modulation of impb at Nup153 contributes to the NPC's selective per-
meability barrier.

2.2 Results

2.2.1 The nucleoporin Nup153 is important for impb-mediated

transport

First, I attempted to identify any RanGTP-sensitive binding site(s) of impb at the pore
which may be responsible for the asymmetric exit of large cargos at the nuclear face of the
NPC. Impb can bind all the FG nucleoporins in the transport channel, and due to the �exible
nature of FG domains many of these nucleoporins can adopt conformations extending to the
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nuclear side. However, I decided to �rst focus on the protein Nup153 based on its location
at the nuclear basket [Walther et al. 2001, Fahrenkrog et al. 2002] and on reports that it
is an important binding site in the impb transport pathway [Shah et al. 1998a, Shah et al.

1998b, Walther et al. 2001].
Nup153 is a large nucleoporin approximately 153 kDa in size that has been localized to

the nuclear face of the NPC by immunogold EM studies [Walther et al. 2001, Fahrenkrog
et al. 2002, Ball et al. 2005]. Nup153 is believed to contain three distinct domains: a
unique and poorly understood N-terminal domain, a central zinc �nger domain, and a C-
terminal FG domain [Ball et al. 2005]. Interestingly, it has been observed that Nup153
can bind both RanGTP and RanGDP through its zinc �nger domain [Higa et al. 2007,
Schrader et al. 2008]; however, the physiological purpose of this interaction is not well
known. The FG domain of Nup153 contains many FXFG motifs and has been identi�ed
as a critical binding site for impb-mediated import [Shah et al. 1998a, Shah et al. 1998b,
Walther et al. 2001]. In order to probe its function, I employed RNA interference (RNAi)
techniques using a small interfering RNA (siRNA) corresponding to nucleotides 2593 - 2615
of human Nup153 to generate a partial knockdown in HeLa cells (DNup153) [Zhou et al.

2010]. Immuno�uorescence and Western blotting indicate that this results in a 70% decrease
in Nup153 expression (Appendix A.1).

To characterize Nup153's e�ect on impb transport, I used the in vitro digitonin-permeabilized
HeLa cell nuclear import assay [Adam et al. 1990]. This commonly-used system yields iso-
lated nuclei with functional NPCs and allows for precise control over the composition and
concentrations of exogenously added transport factors. To determine the optimal concen-
tration of recombinant impb to use in this assay, an impb titration was performed with
maximal nuclear cargo import occurring at 1 mM impb (Appendix A.2), which is similar to
impb levels measured in vivo (3 mM) [Ribbeck et al. 1998]. A transport probe consisting
of a �uorescently-labeled streptavidin molecule bound to four impb binding (IBB) domains
(SA-IBB4) was used as a model cargo. The SA-IBB4 cargo is quite large (∼220 kDa) and,
like many endogenous large cargos, contains multiple import signals. The cargo was added
to digitonin-permeabilized cells either pre-incubated with 1 uM impb only (resulting in pas-
sive equilibration of the cargo across the nuclear envelope) or with impb, Ran, NTF2 (the
RanGDP importer [Ribbeck et al. 1998]), and GTP (yielding active transport), and the
nuclei were imaged over time with a confocal microscope. Because impb was added to the
nuclei �rst before the cargo, I could examine how the cargo molecules translocate through
nuclear pores which are already occupied with transport receptors. The �uorescence inten-
sities within the nuclei were quanti�ed and normalized against the background extranuclear
�uorescence intensity. The data were �tted to single-exponential curves of the form

f(t) = a(1 − e−kt) + b (1)

where f(t) is the normalized nuclear �uorescence intensity in arbitrary units, a, k, and
b are �tting parameters, and t is time. The initial rate of nuclear �uorescence increase
(representing nuclear transport) can then be computed as ak (the time derivative of Equation
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1 at time t = 0). Under conditions of passive equilibration, the cargo translocated the NPC
faster in DNup153 nuclei (0.093 ± 0.028 units/s, mean ± standard deviation) compared to
wild type nuclei (0.051 ± 0.010 units/s), indicating that the transport channel had become
leakier to large cargos in the absence of Nup153 (Figure 2.1). However, for active transport
in the presence of RanGTP, the initial rates of import are nearly the same (0.16 ± 0.02
units/s for wild type nuclei and 0.17 ± 0.06 units/s for DNup153 nuclei) while net nuclear
cargo accumulation was reduced for DNup153 nuclei. This di�erence in the initial cargo
translocation rates between the passive equilibration (=Ran) and active transport (+Ran)
conditions must result from the actions of Ran acting on either impb, the NPC itself, or
both simultaneously.

Interestingly, for the active transport situation, the initial rates of import for the wild
type and DNup153 nuclei are the same whereas the net nuclear transport of cargos in the
nuclei is not. This disparity could be potentially explained by di�erences in the rates of cargo
e�ux from the nucleus. That is, perhaps the DNup153 NPCs are leakier to cargo molecules
already inside the nuclei. To test this possibility, I performed assays to measure the e�ux
rate of cargos from the nuclei. Digitonin-permeabilized nuclei were allowed to import cargos
for 20 min before the extranuclear environment was diluted 20-fold with transport bu�er.
This large dilution step dramatically reduces the concentration of transport factors causing
the rate of the import reactions to drop substantially. The e�ux of molecules from the nuclei
are, however, una�ected, allowing its rate to be measured without the convolving e�ects of
simultaneous import. The results show that the DNup153 NPCs do indeed allow the cargo
molecules to leak out of the nuclei faster than the wild type NPCs (Figure 2.2). Fitting the
data to a single exponential function of the form

f(t) = ae−kt + b (2)

where f(t) is the normalized nuclear �uorescence intensity in arbitrary units, a, k, and b
are �tting parameters, and t is time. Similarly as before, the initial rate of nuclear �uores-
cence decrease is computed as −ak (the time derivative of Equation 2 at time t = 0), which
yields an initial nuclear e�ux rate of 0.052 ± 0.015 units/s for the wild type nuclei and 0.072
± 0.013 units/s for the DNup153 nuclei. This higher cargo leakage may therefore account
for the lower net accumulation of cargos in the nucleus for DNup153 nuclei despite its iden-
tical initial transport rate with wild type nuclei. Taken together, these results suggest that
Nup153 plays an important role in both cargo translocation across the nuclear pore as well
as cargo retention in the nucleus, which supports other �ndings that Nup153 is important
in several transport pathways [Shah et al. 1998b, Walther et al. 2001]. Removing Nup153
appears to make the NPC more permeable to cargo-receptor complexes both in entering and
exiting the nucleus, which results in faster translocation but also impairs the pore's ability
to support net nuclear cargo accumulation.
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Figure 2.1. E�ect of Nup153 reduction on facilitated di�usion and active trans-
port. (A) Representative images of SA-IBB4 cargo transport in HeLa nuclei. (B) Mean
normalized nuclear �uorescence intensities (intranuclear to extranuclear �uorescence ratio)
as a function of time for the experiments shown in (A). Blue and green regions represent
standard errors of the mean (N = 3). Curves represent least-squares �ts of single exponential
functions.
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nuclear SA-IBB4 cargo �uorescence intensities as a function of time. Shaded blue and green
regions represent standard errors of the mean (N = 3). Curves represent least-squares �ts
of single exponential functions.

2.2.2 Cargo-impb complexes stall at the NPC in the absence of

Ran

Next I sought to characterize the Ran-dependence of cargo and impb binding to the NPC.
By itself, the SA-IBB4 cargo does not strongly bind to the nuclear pores; however, in the
presence of 1 mM impb, the cargo strongly stains the nuclear envelope (Figure 2.3). This
bright `nuclear rim' indicates cargo-receptor complexes that are stalled within the NPC,
unable to completely translocate into the nucleus. When RanGTP (5 mM) is added as well,
the �uorescence intensity of the nuclear rim drops 38% while that of the nuclear interior
increases, showing that the cargos are now e�ciently exiting the NPC and accumulating
in the nucleus. Furthermore, for DNup153 nuclei there is a 32% decrease in nuclear rim
intensity, indicating that Nup153 is indeed a binding site for impb.

Additionally, I �uorescently labeled impb with a YFP tag at its N-terminus (YFP-impb)
and examined the NPC binding behavior of the transport receptor itself. YFP-impb was also
able to form a bright nuclear rim as expected for a FG-binding karyopherin. Interestingly,
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as with the SA-IBB4 cargos, the YFP-impb �uorescence signal at the rim was substantially
reduced (39%) in the presence of RanGTP. Ran thus appears to modulate the interactions
of both cargo-bound and free impb with the pore. Speci�cally RanGTP reduces the a�nity
of at least a sub-population of impb molecules for NPC binding sites. The YFP-impb rim
intensity was also reduced for DNup153 nuclei by 42%, again con�rming the importance of
Nup153 as an impb binding site.
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Figure 2.3. E�ect of RanGTP on cargo-impb and impb binding a�nity at the
NPC. (A) SA-IBB4 cargo-impb complexes and YFP-impb stain the nuclear envelope and
form �uorescent `rims'. Scale bar: 10 mm. (B) Quanti�cation of the �uorescent nuclear rim
intensities of the nuclei in (A) normalized to the =RanGTP condition. Error bars represent
the standard deviations about the mean. Asterisks (*) indicate a signi�cance p-value <
10=20 using the Mann-Whitney U test (N > 75 for each condition).
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2.2.3 Impb and Nup153 interact to modulate the NPC

permeability barrier in a Ran-sensitive manner

Having observed that Ran a�ects impb binding at the NPC and that Nup153 plays an
important role in impb-mediated transport, I attempted to characterize how these factors
in�uence the permeability barrier of the pore. I used a series of inert probes consisting of
single GFPs, GFP dimers, and GFP trimers (1xGFP, 2xGFP, and 3xGFP) with molecular
masses of 27, 54, and 83 kDa respectively. Because these probes do not contain an IBB,
they cannot bind impb and thus undergo totally passive transport through the NPC channel.
The rate at which these probes could enter the nucleus, measured as the increase in nuclear
�uorescence intensity over time Figure 2.4A), thus provides a readout of how quickly they can
di�use through the channel and consequently allows me to compare the relative permeability
of the pore under di�erent conditions [Mohr et al. 2009]. I thus attempted to determine
whether impb and Ran a�ect NPC permeability under both normal and reduced levels of
Nup153.

Interestingly, I found that 1 mM impb signi�cantly decreased the permeability of the
NPC for the 1xGFP and 2xGFP probes, whereas the simultaneous addition of RanGTP
dramatically increased the pore's permeability (Figures 2.4B, 2.4C, and 2.5A). The 3xGFP
probe translocated across the NPC at a relatively slow rate with or without impb and
RanGTP, likely because its size is considerably larger than the passive di�usion size cuto�
of the pore (Figure 2.5B). Due to its intermediate size, the 2xGFP probe was then used
to test the NPC's permeability under diminished Nup153 levels (Figures 2.4D and 2.4E).
Surprisingly, for DNup153 nuclei, impb no longer caused the NPC to be more restrictive
to passive cargos. RanGTP, however, continued to increase the NPC's permeability. These
results suggests that the impb�Nup153 interaction, speci�cally, was critical for causing the
nuclear pore to become less permeable. Furthermore, because the inert probes undergo
purely passive translocation across the NPC, the reduced permeability must be due to a
general steric `barrier' in the pore and not to transport receptor-speci�c binding sites. This
impb�Nup153 barrier is also highly sensitive to RanGTP since it causes the pore to become
very permeable to the 2xGFP probe, even more so than when impb is absent.

To determine if the FG domain of Nup153, and not the N-terminal or zinc �nger domains,
is responsible for interacting with impb to alter the NPC's permeability, I tested whether
a Nup153 FG domain truncation (Nup153FG) [Lim et al. 2006], consisting of amino acid
residues 874-1475, could prevent impb from a�ecting the pore. If the impb�Nup153 barrier
is due speci�cally to interactions with the Nup153 FG domain, then the addition of excess
Nup153FG should out-compete impb binding to full-length Nup153 at the pores and therefore
keep the NPC in a more permissive state to the 2xGFP probe. However, if the FG domain is
not responsible for binding impb to form the barrier, then Nup153FG should have no e�ect.
I found, however, that adding 1 mM Nup153FG did in fact prevent the impb from making the
NPC more restrictive (Figure 2.6A). This result suggests that it is indeed the FG domain of
Nup153 which interacts with impb to alter the NPC's transport channel.

To further investigate Ran's e�ect on the NPC, I tested RanGDP's e�ect on the pore's
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Figure 2.4. E�ects of impb, Ran, and Nup153 on passive di�usion. (A) Rep-
resentative images of inert GFP-based probes di�using into nuclei over time. (B) Passive
equilibration of 2xGFP probes into wild type nuclei over time as a function of impb and
RanGTP. (C) The �nal �uorescence intensity histograms of the nuclei in (B). (D) Passive
equilibration of 2xGFP probes into DNup153 nuclei over time as a function of impb and
RanGTP. (E) The �nal �uorescence intensity histograms of the nuclei in (D).
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Figure 2.5. E�ects of impb and Ran on 1xGFP and 3xGFP di�usion. (A) Passive
equilibration of 1xGFP probes into wild type nuclei over time as a function of impb and
RanGTP. (B) Passive equilibration of 3xGFP probes into wild type nuclei over time as a
function of impb and RanGTP.

permeability as well. Unlike the previous observation with RanGTP, RanGDP was unable to
reverse impb's e�ect on the transport channel (Figure 2.6B). It therefore seemed likely that
RanGTP was binding to impb and decreasing its a�nity to the NPC, as was observed in the
nuclear rim measurements, and thus eliminating the impb�Nup153 barrier. It was intriguing,
however, that RanGTP made the pore even more permeable than when impb was excluded.
I hypothesized that perhaps there was a signi�cant amount of endogenous impb, as well as
other transport receptors, still residing at the pore which were not removed even after several
wash steps during the digitonin permeabilization procedure. To test this, I performed an
extra RanGTP `wash' step, in which RanGTP was incubated with the nuclei by itself for 10
min before being washed away. During this step, RanGTP will bind to and dissociate any
endogenous transport receptors bound to the NPC which are then subsequently removed
[Nachury et al. 1999]. In comparison to the condition in which impb and RanGTP are not
added to the nuclei, the RanGTP wash did indeed make the NPCs much more permeable,
although they were still not as permeable as when impb and RanGTP are added together to
the nuclei or when RanGTP is added alone (Figure 2.6C). This same trend was observed for
the DNup153 nuclei (Figure 2.6D), indicating that other FG nucleoporins besides Nup153
must also be involved in how impb alters the channel's permeability properties.
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Figure 2.6. Nup153FG and RanGTP a�ect passive di�usion into the nucleus.
(A) 2xGFP passive equilibration into wild type nuclei over time with and without soluble
Nup153FG. (B) 2xGFP passive equilibration into wild type nuclei over time with and without
RanGDP. (C) E�ect of Ran and a Ran `wash' on 2xGFP passive equilibration into wild type
nuclei over time and (D) DNup153 nuclei over time.

2.2.4 Molecular crowding does not explain the impb-dependent

barrier

Another possible mechanism for the decrease in permeability of the NPC in the presence
of impb is that simple molecular crowding e�ects may sterically hinder the di�usion of the
passive cargo molecules. That is, when impb or other transport receptors bind to the FG
motifs in the pore, they occupy space in the limited channel volume. This space therefore
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becomes unavailable for any inert molecules which do not bind the transport receptors or
the FG repeats and consequently they are excluded from di�using across the NPC.

To test whether molecular crowding is responsible for the observed impb-dependent NPC
permeability changes, I repeated the 2xGFP translocation assays replacing impb with a
related transport receptor transportin-1 (Trn1). Trn1 is the transport receptor for cargos
containing the M9 signal peptide, such as certain ribonucleoproteins, and belongs to the
same family of karyopherins as impb [Pollard et al. 1996]. Like all transport receptors, Trn1
binds speci�cally to FG repeats in the NPC central channel. However, in the presence of one
and even two micromolar Trn1, we observed no signi�cant e�ect on NPC permeability for
the 2xGFP probe (Figures 2.7A and 2.7B), suggesting that non-speci�c molecular crowding
is not responsible for impb's e�ect on NPC permeability.
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Figure 2.7. E�ect of Trn1 on NPC permeability. (A) 2xGFP passive equilibration into
wild type nuclei over time in the presence of one micromolar Trn1 and (B) two micromolar
Trn1.

2.2.5 Super-resolution imaging of impb's spatial distribution in

the NPC

Having demonstrated that impb has a functional impact on the physical properties of the
nuclear pore, my colleagues and I attempted to characterize the spatial localizations of
individual impb molecules within the transport channel. We were also interested in deter-
mining how Ran and Nup153 a�ect the impb distribution inside the pore as well. We used a
super-resolution imaging technique called direct stochastic optical reconstruction microscopy
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(dSTORM) [Rust et al. 2006, Linde et al. 2011] in which the protein of interest is cova-
lently labeled with an organic �uorescent dye which is kept in a dark, non-�uorescent state
until illuminated with laser light of a speci�c wavelength. The dye then �uoresces, emitting
photons as a �ash of light, until it photobleaches and turns to a permanent dark state. For
each dye activation, the corresponding �ash of light is imaged as a point spread function
whose two-dimensional spatial center can be computed giving the location of the dye and
hence the protein of interest [Yildiz et al. 2003]. Because the dyes activate in a stochastic
manner separated temporally, the individual localizations of each protein can be determined
to a high precision, unrestricted by the traditional optical di�raction limit.

Impb was covalently cross-linked to the Cy5 cyanine dye through amine-speci�c N-
hydroxysuccinimide (NHS) ester labeling. The protein was incubated with the digitonin-
permeabilized nuclei, �xed in 4% paraformaldehyde (PFA), and imaged. The impb molecules
were well-resolved with a mean localization precision of 12 nm. They appeared at the NPCs
as bright punctate spots both at the equator of the nucleus (Figures 2.8A and 2.8B) as well
as on the bottom surface of the nucleus (Figure 2.8C). To verify that the impb localizations
occur within the transport channel, we performed two-color STORM imaging of both impb

dSTORM

Simulated
wide�eld 5 μm

+imp

A B

C

Figure 2.8. dSTORM imaging of impb localizations at the NPC. (A) Impb local-
izations at the equatorial plane of the nucleus in dSTORM and simulated wide�eld. (B)
dSTORM of the nuclear envelope portion boxed in (A) showing distinct NPCs (white ar-
rows). (C) dSTORM at the basal surface of the nucleus showing characteristic punctate
NPC spots.
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Fluorescence image of a Nup358/RanBP2 antibodies at the nuclear equator. (B) Fluo-
rescence image of impb at the nuclear equator. (C) Two-color STORM localizations of a
Nup358/RanBP2 antibodies (blue) and impb (red) at the nuclear equator. (D) Histograms
of a Nup358/RanBP2 antibody and impb localizations along the transport axis of NPCs.
Note that the antibodies localize preferentially towards the cytoplasmic face of the pore
compared to impb. (E) STORM localizations of a Nup358/RanBP2 antibodies, (F) impb,
and (G) merged localizations at the basal surface of the nucleus.

as well as an antibody for the nucleoporin Nup358/RanBP2, which is located on the NPC's
cytoplasmic �laments [Wilken et al. 1995] and thus provides a marker for the cytoplasmic
edge of the pore (Figures 2.9A and 2.9B). These two-color experiments con�rmed that the
impb localizations did indeed occur within the NPC transport channel closer to the nuclear
interior than the Nup358/RanBP2 localizations (Figures 2.9C and 2.9D). Furthermore, com-
putational analysis of the STORM images was used to align ∼1000 NPCs and to generate
two-dimensional density distributions of impb localizations based on algorithms developed
for class averaging in single-particle reconstruction EM (Figure 2.10A) [Szymborska et al.
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Figure 2.10. Impb's spatial distributions within the NPC and its Ran-
dependence. (A) Class-averaged impb density distributions in the NPC as a function
of RanGTP and Nup153. Note the strongly reduced impb localizations in the presence of
RanGTP. (E) Impb localization histograms along the transport axis for the distributions in
(A). Histograms were normalized to the signal intensity of the �rst (cytoplasmic) peak.

2013].
Along the NPC transport channel's axial axis, impb seems to form a bilobate (hourglass-

like) shape with more impb localizations towards the cytoplasmic and nuclear faces of the
pore and less in the center. The dimensions of the impb distribution is consistent with
NPC structural measurements derived by others [Frenkiel-Krispin et al. 2010]. Intriguingly,
RanGTP speci�cally decreased the number of impb localizations from the nuclear face of the
channel more than the cytoplasmic face (Figure 2.10B). The Ran-sensitive pool of impb which
was detected in the nuclear rim �uorescence assays thus seems to be predominantly located
at the nuclear face of the pore. This spatial asymmetry in RanGTP's e�ect on impb binding
at the NPC correlates with the observation that large cargo-receptor complexes are less
e�cient in exiting the NPC under low RanGTP conditions. For DNup153 NPCs, there was
a moderate decrease in impb localizations at the nuclear face of the pore, which is expected
since Nup153 is known to reside around the nuclear basket (Figure 2.10B). This indicates
that the impb�Nup153 barrier which was observed in the passive permeability assays likely
occurs predominantly at the nuclear side of the NPC.
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2.2.6 Single-molecule photobleach counting of impb at the NPC

To complement the impb spatial distributions generated from the STORM imaging experi-
ments, we also attempted to estimate the absolute numbers of impb molecules displaced by
RanGTP at the NPC. We used a single-molecule photobleach step-counting assay based on
the methods of Leake et al. 2006. Nuclear pores bound with mCherry-impb molecules were
imaged at the bottom of the nucleus as bright punctate spots (Figure 2.11A). Individual
NPCs could be identi�ed computationally using �uorescence intensity thresholding and cen-
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Figure 2.11. Photobleach step-counting of impb at the NPC. (A) Raw mCherry-
impb �uorescence image of the basal surface of the nucleus showing punctate staining of
NPCs. (B) Fluorescence intensity thresholding to resolve individual pores. (C) Localizations
of individual NPCs are computed. (D) Fluorescence intensity vs. time trace for a single NPC.
Raw intensity signal is shown in blue and the Chung-Kennedy �ltered signal is shown in red.
Original �uorescence intensity DI at the pore is computed as illustrated. (E) Pairwise
di�erence distribution function and its power spectrum (inset).



25

ter �tting algorithms (Figures 2.11B and 2.11C). Under the appropriate imaging conditions,
discrete single-molecule photobleaching steps can be resolved in the photobleaching traces
of mCherry-impb at the pores. The raw �uorescence photobleaching curve for each NPC
is �ltered with the Chung-Kennedy edge-preserving algorithm (Figure 2.11D) [Chung et al.
1991]. The resulting trace is subsequently passed through a pairwise di�erence distribution
function (PDDF) which transforms the single-molecule photobleaching steps into distinct
peaks (Figure 2.11E). Finally, a power spectrum of the PDDF is computed to determine
the most probable step size x (Figure 2.11E inset). The original �uorescence intensity at
the pore, ∆I, is calculated as the di�erence between the initial and �nal �uorescence values
(Figure 2.11D). Finally the number of impb molecules at the pore is computed as the ratio
∆I/x.

In the absence of RanGTP, there were 70 ± 19 (mean ± standard deviation) impb
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molecules at each pore (Figure 2.12). With RanGTP, this number decreased to 51 ± 11
molecules. ForDNup153 nuclei, we obtained 46 ± 11 impb per pore without RanGTP and 47
± 11 impb with RanGTP. These numbers appear to indicate that most of the impb molecules
that are displaced from the NPC by RanGTP are also those that are bound to Nup153.
This agrees with our impb spatial distributions since we found that most of the drop in impb
localizations occurred towards the nuclear face of the pore around where Nup153 is believed
to reside. Taken together, these results suggest the existence of a Ran-sensitive population of
impb that binds predominantly to Nup153. Moreover, this impb�Nup153 interaction may be
responsible for the permeability barrier detected in our inert probe passive di�usion assays.

2.2.7 Impb and Nup153 form higher-order complexes in vitro that

are dissipated by RanGTP

Finally, I investigated the binding behavior of impb and Nup153 in vitro to characterize
how they might interact to form a Ran-sensitive permeability barrier. Micromolar concen-
trations of impb and Nup153FG were incubated together at room temperature and formed
large, micron-sized structures on a timescale of minutes (Figure 2.13). These structures
resembled aggregated protein conglomerates which were massive enough to settle to the sur-
face due to gravity. In order to analyze the impb�Nup153FG interaction quantitatively, I
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Figure 2.13. Impb and Nup153FG form large structures in vitro. Bright�eld and
YFP �uorescence images of the FG domain of Nup153, YFP-impb, and both together. Note
the formation of large micron-sized structures when Nup153FG and YFP-impb are incubated
together.
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used �uorescence �uctuation spectroscopy [Chen et al. 1999]. Using a �uorescence corre-
lation spectroscopy (FCS) microscope setup, the �uorescence intensity signal of di�using
YFP-impb molecules was recorded and showed the characteristic �uctuation pattern of a
freely-di�using protein (Figures 2.14A and 2.14B). However, when Nup153FG was added,
large intensity bursts appeared which were an order of magnitude greater than the �uores-
cence �uctuations of YFP-impb by itself. The appearance of these spikes in intensity (along
with their corresponding long tails in the photon counting histograms [Müller et al. 2000])
indicate the formation of large impb�Nup153FG complexes (Figures 2.14A and 2.14B). These
higher-order complexes are many times brighter than the freely-di�using YFP-impb meaning
that they are comprised of tens or even hundreds of impb molecules. This high multivalency
can be explained by the many FG motifs found in Nup153's FG domain as well as the mul-
tiple sites on impb's surface which may bind FG repeats. A single impb can potentially bind
several Nup153FG molecules, each of which, in turn, can bind many impb s as well. The
cross-linking structures between impb and Nup153FG may contribute to the permeability
barrier in the pore.

Amazingly, the addition of RanQ69L�GTP, a Ran mutant which does not hydrolyze
nucleotides and is therefore in a stably GTP-bound form [Klebe et al. 1995], entirely inhibited
formation of the complexes (Figures 2.14A and 2.14B). RanGDP, however, did not abolish
the intensity spikes although they were somewhat reduced (Figure 2.14A and 2.14B). This
partial reduction of the impb�Nup153FG complex formation could be due to a fraction of
the RanGDP preparation still existing in a GTP-bound state. A RanT24N mutant, which
has much higher a�nity for GDP than GTP and is therefore more reliably in a GDP-
bound form [Klebe et al. 1995], was used to check whether it could inhibit the complexes.
Interestingly, the RanT24N mutant did not reduce the intensity bursts but actually seemed
to increase the size of the bursts instead (Figures 2.14C and 2.14D). Thus, it appears that
speci�cally RanGTP but not RanGDP is able to prevent the impb�Nup153FG complex
formation. Furthermore, RanQ69L�GTP was even able to dissolve existing large complexes,
showing that the cross-linking reaction is reversible by Ran (Figures 2.15A and 2.15B). This
Ran action occurs speci�cally through impb (and not Nup153FG) binding since Nup153FG
in complex with an impb truncation (consisting of amino acid residues 71-876) lacking the
Ran-binding domain, impb (DN70), becomes insensitive to RanQ69L�GTP (Figures 2.15C
and 2.15D).

2.3 Discussion

The importance of impb and Ran in mediating the facilitated cargo translocation step and
the cargo-receptor release step, respectively, in active nuclear transport has been �rmly
established for many years. However, what additional roles these proteins may play at
the NPC have not been as fully explored, particularly the possibility that Ran may be
crucially involved in cargo exit from the channel itself [Görlich et al. 1996, Lowe et al. 2010].
Based on the results presented here, my colleagues and I propose the existence of a Ran-
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sensitive system of interactions between impb and Nup153 at the nuclear face of the NPC
which contributes strongly to the permeability of the pore (Figure 2.15). The impb�Nup153
interaction signi�cantly restricts the ability of inert cargos as well as large cargo-receptor
complexes to di�use across the NPC indicating the presence of a non-speci�c physical barrier
that cannot be explained by simple molecular crowding e�ects. This barrier may take the
form of a highly cross-linked `meshwork' of long, �exible Nup153 FG domains fastened to
each other by impb molecules, which we characterized in vitro at physiological pH and salt
concentrations. The cross-linked nature of these impb�Nup153 structures are reminiscent of
the FG gel materials reported by others [Frey et al. 2006, Frey et al. 2007, Hülsmann et

al. 2012, Labokha et al. 2013]. However, unlike those FG gels, here we show that they can
be generated without the need for highly acidic environments. Remarkably, this meshwork
is strongly sensitive to RanGTP, which is able to prevent and even reverse its formation.
Intriguingly, immuno�uorescence studies of impb localization in wild type and DNup153
nuclei indicate that signi�cantly more impb seems to reside inside the nucleus with reduced
Nup153 levels, suggesting that perhaps the impb�Nup153 barrier may help contain impb
in the cytoplasm and thus prevent futile cargo-impb binding reactions within the nucleus
(Appendix A.3).

Our STORM studies of impb's spatial distribution within the pore corroborate our model
in which we see that a subpopulation of impb at the nuclear face of the channel is signi�cantly
diminished in the presence of RanGTP. While super-resolution imaging techniques have
been used previously to study the nuclear pore, they have focused primarily on the spatial
arrangements of various nucleoporins within the NPC [Löschberger et al. 2012, Szymborska
et al. 2013]. The distribution of transport receptors such as impb within the pore has never
been localized directly. Furthermore, our photobleach counting experiments suggest that the
Ran-sensitive pool of impb is predominantly located at Nup153.

Given our observations that impb interacts strongly with Nup153 and that this impb�Nup153
interaction seems to signi�cantly alter the properties of the NPC transport channel, it is
intriguing to contemplate whether impb and perhaps other transport receptors should be
considered bona �de components of the pore and not purely just soluble transport factors.
Indeed, from inverse FRAP studies looking at impb turnover kinetics at the NPC, it appears
that a subpopulation of impb can reside at the pore for long lengths of time extending to
many minutes (Appendix A.4). Indeed, other theoretical and experimental studies have sug-
gested that transport receptor binding at the NPC plays a critical role in the non-speci�c
occlusion of inert cargos from entering the pore [Zilman et al. 2007, Jovanovic-Talisman et

al. 2009, Zilman et al. 2010]. A functional role of impb within the NPC is particularly
fascinating in light of the structural and functional relationship between karyopherins and
sca�old nucleoporins [Andersen et al. 2013], suggesting that these two classes of proteins
may share a common evolutionary ancestry.

The Ran-dependent modulation of the NPC permeability barrier provides the cell with
an extra layer of control over nucleocytoplasmic transport processes. Indeed, it has been
observed that in certain Ras and PI3K signaling pathways the RanGTP gradient can be
regulated and that this alters active nucleocytoplasmic transport [Yoon et al. 2008]. Addi-
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Figure 2.16. Model of Ran-sensitive impb�Nup153 interactions at the nuclear
face of the NPC. (A) Unexplained empirical observations of large inert cargo and cargo-
receptor complexes unable to fully translocate across the NPC in the absence of Ran. (B) A
system of impb�Nup153 interactions at the nuclear face of the pore form a barrier to di�usion
for large cargos. RanGTP can bind to impb causing it to dissociate from Nup153 and thus
dissipating the barrier and allowing large cargos to translocate into the nucleus.
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tionally, �broblast cells from humans with Hutchinson-Gilford Progeria syndrome (HGPS)
were shown to have an impaired RanGTP gradient which speci�cally a�ected the transport
of large cargos, implicating the importance of proper Ran function in disease-related contexts
as well [Snow et al. 2013]. In the experiments discussed here, we further show that passive
di�usion, as well as active transport, is strongly a�ected by RanGTP indirectly through
its e�ects on impb binding to the NPC. This mode of Ran-dependent regulation may thus
provide the cell a means of shutting down both the active, energy-dependent transport of
cargos as well as the passive di�usion of inert molecules through the nuclear pores. More
experimental work is necessary to further elucidate this potential regulatory role of Ran in
the cell.

2.4 Methods & materials

Molecular cloning

Plasmids for protein constructs were synthesized using the SLIC procedure [Li et al. 2007].
Chemically competent E. coli cells were transformed and selected for by antibiotic resistance.
Plasmids were puri�ed using the QIAprep Spin Miniprep Kit (Qiagen) and sequenced (Elim
Biopharmaceuticals).

Protein puri�cation

E. coli BL21 (DE3) were transformed with the desired plasmid and grown in 1 L of LB
media with the appropriate antibiotic at 37°C to an A600 of ∼0.6 and then cooled to room
temperature. Protein expression was induced with 0.5 mM IPTG overnight. Biotinylated
proteins were co-expressed with the BirA biotin ligase in the presence of 0.1 mM biotin.
Cells were harvested by centrifugation at 5000 g at 4°C for 15 min, and the pellet was
resuspended in 50 mL PBS pH 7.4 containing 20 mM imidazole, 1 mM b-mercaptoethanol,
and a cOmplete Protease Inhibitor Cocktail Tablet (Roche Applied Science). Proteins were
puri�ed by Ni-NTA a�nity chromatography. Proteins were typically dialysed overnight into
XB bu�er (10 mM HEPES pH 7.7, 1 mM MgCl2, 100 mM KCl, 50 mM sucrose), divided
into aliquots, �ash frozen in liquid nitrogen, and stored at =80°C. Protein purity was tested
by SDS-PAGE, and concentrations were determined using the Bradford protein assay.

For puri�cation of Nup153FG, the cell lysate was run over a 5 mL GSTrap HP column
(GE Healthcare Life Sciences) equilibrated in PBS pH 7.4. Bound protein was eluted with 10
mM reduced glutathione in 50 mM TrisHCl pH 8.0. The sample was concentrated and loaded
onto a HiPrep 16/60 Sephacryl S-300 High Resolution size exclusion column (GE Healthcare
Life Sciences) equilibrated in 25 mM HEPES pH 7.5, 400 mM NaCl, 10% glycerol, 1 mM
DTT.

Freshly puri�ed Ran (and Ran mutants) was incubated for 40 min on ice with 6 mM
EDTA and a 50-fold excess of the appropriate nucleotide (GDP or GTP). The reaction was
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stopped with the addition of 25 mM MgCl2 added slowly (in four portions at one minute
intervals). The protein was then dialysed against 30 mM potassium phosphate pH 7.6, 2
mM magnesium acetate, 2 mM GDP or GTP, 7% glycerol, and 2 mM b-mercaptoethanol at
4°C overnight.

Cell culture

HeLa cells were cultured in DMEM media supplemented with 10% fetal bovine serum. Cells
were plated on glass-bottomed poly-lysine coated dishes (MatTek) at a seeding concentration
of 5Ö105 cells/dish one day prior to use.

Nup153 RNAi knockdown

RNAi was used to knock down protein expression of Nup153 using an siRNA corresponding
to nucleotides 2593-2615 of human Nup153 (5'-AAGGCAGACUCUACCAAAUGUdTdT-3')
[Zhou et al. 2010]. HeLa cells were plated on glass-bottomed dishes (MatTek) at a density
of 1.25Ö105 cells/dish (2 mL volume) the day prior to siRNA transfection. Lipofectamine
RNAiMAX Transfection Reagent (Invitrogen) was used following the manufacturer's proto-
col. Brie�y, 5 mL of Lipofectamine reagent was diluted 50-fold into Opti-MEM I Reduced
Serum Media (Invitrogen). 75 pmol of siRNA was diluted into an equal volume of Opti-
MEM media. The Lipofectamine and siRNA were then mixed together, incubated at room
temperature for 10 min, and then added to the cells. Cells were used for experiments ∼48 h
after transfection. Knockdown e�ciency was determined to be about 70% using immuno�u-
orescence and Western blot assays (Appendix A.1).

Nuclear translocation assays

The cell permeabilitzation protocol is based on that of Adam et al. 1990. The HeLa cells
were washed three times for 2 min each with PBS pH 7.4, followed by a 2 min wash with
permeabilization bu�er (50 mM HEPES pH 7.3, 50 mM KOAc, 8 mM MgCl2), followed by
a 5 min permeabilization with digitonin (Sigma Aldrich) at a concentration of 50 ug/mL
supplemented with an energy regenerating system of 100uM ATP (Roche), 100 uM GTP
(Roche), 4mM creatine phosphate (Roche), and 20 U/mL creatine kinase (units of speci�c
activity as stated by Roche) in permeabilization bu�er. The digitonin was subsequently
removed by washing three times for 3 min each with transport bu�er (20 mM HEPES pH
7.3, 110 mM KOAc, 5 mM NaOAc, 2mM MgOAc, 2 mM DTT). After the �nal wash,
excess liquid was removed by aspiration and the appropriate experimental reaction mix was
quickly added to the nuclei. Concentrations used in the reaction mixes were typically: 1
mM impb, 1 mM YFP-impb, 5 mM Ran, 4 mM NTF2, 0.2 mM SA-IBB4, 2 mM 1xGFP, 2 mM
2xGFP, 2 mM 3xGFP, 1 mM Nup153FG, 1 or 2 mM Trn1. The �uorescent SA-IBB4 cargo
was constructed from DyLight 550 Conjugated Streptavidin (Thermo Scienti�c) incubated
with a biotinylated impa IBB construct at a 1:4 molar ratio for 15 min at room temperature.
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An energy regenerating system consisting of 2 mM GTP (Roche), 100 mM ATP (Roche), 4
mM creatine phosphate (Roche), and 20 U/mL creatine kinase (Roche) was supplemented
for active transport experiments involving Ran. In experiments involving a Ran wash, 5 mM
RanGDP and the energy regenerating system were added to the nuclei for 10 min followed
by three washes with transport bu�er, and then the experimental mix was added to the
nuclei. Samples were either imaged immediately after adding the experimental mixes to the
nuclei (for time series imaging), or experimental mixes were incubated with the nuclei for 15
min at room temperature before imaging. For experiments involving a 20-fold extranuclear
dilution step, the nuclear translocation mix was incubated with the nuclei for 15 min at room
temperature, after which a 20-fold volume of transport bu�er was added to the nuclei and
imaging commenced.

Confocal microscope imaging

Images were acquired on a Zeiss LSM 700 laser scanning confocal microscope using a 63Ö
magni�cation oil immersion objective and the Zen 2011 imaging software (Carl Zeiss). Con-
focal image analysis was performed using custom written software in MATLAB (The Math-
Works).

Protein and antibody �uorescent dye labeling

Puri�ed proteins were labeled using N-hydroxysuccinimidyl esters of Cy5 (GE Healthcare
Life Sciences) for dSTORM or with Alexa Fluor 405/488/532 (Life Technologies) for two-
color STORM according to the manufacturers' protocols.

Antibody labeling

Antibodies were purchased from Abcam: aNup153 antibody [SA1] (ab96462), aNup358/RanBP2
antibody (ab64276), donkey polyclonal 2°antibody to rabbit IgG - H&L (ab6701), and don-
key polyclonal 2°antibody to mouse IgG - H&L (ab6707). HeLa cells were washed three
times with PBS and then �xed in 4% PFA for 15 minutes. The PFA was removed and the
cells were washed three time for 2 mins each with PBS. Cells were permeabilized with 0.5%
Triton X-100 for 5 mins at room temperature followed by three washes with PBS for 2 min
each. The cells were incubated in blocking bu�er (PBS + 10% v/v goat/donkey serum +
1.25 mg/mL BSA) for one hour at room tempeature. The antibodies were diluted according
to manufacturers' suggestions in blocking bu�er. The cells were incubated with the primary
antibody for 30 min, washed three times for 5 min each with blocking bu�er, incubated with
the secondary antibody for 30 min, and washed three times for 5 min each with PBS.

Super-resolution imaging

STORM imaging was performed using a custom built microscope and imaging data was col-
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lected using custom written software. Samples were prepared by digitonin-permeabilization
of wild type or DNup153 HeLa cells followed by 15 min incubation with 100 nM dye-labeled
impb with or without 5 mM Ran, 4 mM NTF2, and an energy regenerating system. Samples
were then �xed in 4% paraformaldehyde (PFA) for 15 min followed by three washes with
PBS for 5 min each. For two-color STORM experiments, an antibody labeling procedure
was then performed for Nup358/RanBP2. Samples were �nally prepared in STORM imaging
bu�er containing: 10 mM (STORM) or 100 mM (dSTORM) cysteamine (Sigma Aldrich),
0.5 mg/mL glucose oxidase (Sigma Aldrich), 0.2% v/v catalase (Sigma Aldrich), 10% w/v
D-glucose in PBS pH 7.4. Samples were illuminated with the appropriate laser light in a
HILO illumination scheme [Tokunaga et al. 2008].

Sample drift correction was implemented with 0.5 mm Yellow-green FluoSpheres (Invit-
rogen) which were allowed to settle on the imaging glass surface by gravity prior to STORM
imaging. Drift in the z-direction was corrected in real time by periodically focusing on the
�uorescent beads to determine out-of-focus drift and then adjusting the imaging focal plane.
Drift in the x-y plane was corrected during image analysis by tracking the �uorescent bead
positions over the course of STORM imaging.

STORM localization, image alignment, and class-averaging were performed using custom
written software using MATLAB (The MathWorks), C++, and Python.

Single-molecule photobleach counting

The single-molecule photobleach counting method is based on that of Leake et al. 2006.
Imaging was performed using a custom built microscope and imaging data was collected
using custom written software. Samples were prepared by digitonin-permeabilization of wild
type or DNup153 HeLa cells followed by 20 min incubation with 0.5 mM mCherry-tagged
impb (mCherry-impb) with or without 5 mM Ran, 4 mM NTF2, and an energy regenerating
system in transport bu�er. Samples were then �xed in 4% PFA for 15 min followed by three
washes with PBS for 5 min each. . Samples were illuminated with the appropriate laser light
in a HILO illumination scheme [Tokunaga et al. 2008]. Image analysis was performed with
ImageJ (U.S. National Institutes of Health) and custom written software using MATLAB
(The MathWorks).

In vitro impb and Nup153 binding interactions

For confocal imaging, 4 mMYFP-impb and 5 mMNup153FG were incubated together at room
temperature in PBS for 30 min prior to imaging. For �uorescence �uctuation spectroscopy
experiments, samples were prepared in a total volume of 500 mL PBS in a glass-bottomed
Lab-Tek chamber (Nunc) with factors at the following �nal concentrations: 50 nM YFP-
impb, 50 nM YFP-impb (DN70), 0.5 mM Nup153FG, 2 mM RanQ69L�GTP, 2 mM RanGDP,
2 mM RanT24N�GDP, and 2 mM DTT. Samples were prepared at room temperature and
analyzed after 30 min.

Fluorescence �uctuation detection was performed on a custom built microscope. Pho-
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ton arrival times were recorded and processed with a hardware correlator (Correlator.com).
Photon counting histograms were analyzed using IGOR (WaveMetrics).
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Chapter 3

Parallel properties of sca�old

nucleoporins and karyopherins

This chapter includes work done in collaboration with others and has been previously pub-
lished in the article: Andersen et al. Sca�old nucleoporins Nup188 and Nup192 share struc-
tural and functional properties with nuclear transport receptors. eLife 2:e00745 (2013).

3.1 Introduction

The spatial organization of the nucleoporins relative to each other and the manner in which
they interact with one another are major unresolved issues in the nuclear pore �eld. Although
structures of many of the nucleoporins have been determined at the atomic-level [Brohawn
et al. 2009a], the overall ultrastructure of how these individual proteins are put together
into a complete whole is still unclear. Understanding the organizational principles of the
pore would lead to greater insight into how the NPC is disassembled during cell mitosis and
assembled after mitosis and during interphase. Additionally, elucidating the nature of the
interactions between the components of the pore might provide clues into the evolutionary
origins of the NPC.

In general, the nucleoporins seem to be functionally organized into three types of com-
ponents: the transmembrane anchor, the structural sca�old, and the permeability barrier.
Accordingly, many of the proteins in each of these categories share certain structural sim-
ilarities with each other conferring their shared functions. For instance, the nucleoporins
innermost to the transport channel are characterized by the long, �exible FG motif domains
which form the selective permeability barrier, while the transmembrane nucleoporins contain
transmembrane helices allowing them to incorporate into the lipid membrane [Brohawn et

al. 2009a]. The sca�old nucleoporins, responsible for establishing the structural frame of the
NPC, are distinguished by large a-helical and b-propeller domains [Brohawn et al. 2009a].

The NPC exhibits some inherent structural modularity in which speci�c groups of nu-
cleoporins are able to form distinct sub-complexes which are in turn incorporated into the
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pore. The pore sca�old seems to be constructed from two of these sub-complexes: the Y
sub-complex and the Nic96 sub-complex. X-ray crystallographic and electron microscopy
structures for much of the Y sub-complex have been determined [Berke et al. 2004, Bro-
hawn et al. 2008, Brohawn et al. 2009b, Leksa et al.2009, Whittle et al. 2009, Kampmann
et al.2009]. It is made up of seven nucleoporins which together form a branched, Y-shaped
structure [Lutzmann et al. 2002]. These forked structures share structural homology with el-
ements of the COPI, COPII, and clathrin vesicle coat proteins, suggesting that the NPC and
vesicle coat protomers share a common evolutionary ancestor [Devos et al. 2004, Brohawn et
al.2008, Onischenko et al. 2011]. The architecture of the Nic96 sub-complex, however, has
not been as well-characterized, likely due to the weaker inter-protein binding found between

Figure 3.1. Sca�old nucleoporin and karyopherin structures. Clockwise from top
left: Nic96, Nup170, impa, impb (Kap95p), and Nup192 from S. cerevisiae. Note the struc-
turally similar stacked a-helical arrangement in both the sca�old nucleoporins and karyo-
pherins.
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its proteins. Besides Nic96, it is associated with Nup157, Nup170, Nup188, Nup192, and
Nup53/59 [Amlacher et al. 2011]. Nup157 and Nup170 show signi�cant sequence similar-
ity and seem to be products of a gene duplication event in yeast [Aitchison et al. 1995].
Secondary structure predictions for Nic96, Nup188, and Nup192 show mostly a-helical con-
�gurations, while Nup157/170 contains both a-helical and b-propeller structures [Brohawn
et al. 2009a]. Indeed, partial crystal structures for Nic96, Nup170, and Nup192 from Saccha-

romyces cerevisiae have been solved showing stacked a-helices [Jeudy et al. 2007, Schrader
et al. 2008, Whittle et al. 2009, Sampathkumar et al. 2013].

Intriguingly, the crystal structures of Nic96, Nup170, and Nup192 tantalizingly resemble
those of karyopherins such as impa and impb (Figure 3.1). EM images of Nup188 hint at this
general structural similarity as well [Amlacher et al. 2011, Flemming et al.2012]. Impa is
made up of armadillo (ARM) repeats of a-helices, and impb is composed of 19 a-helical HEAT
repeat domains [Chook et al.2001]. Other karyopherins such as CRM1 and Trn1 contain
similar a-helical repeat domains [Monecke et al. 2009, Imasaki et al. 2007]. Given this
surprising structural similarity, we were interested in examining whether the other sca�old
nucleoporins would also adopt an a-helical repeat arrangement, and furthermore whether
they would share other functional properties with karyopherins. Since probably the most
characteristic trait of the karyopherin family of proteins, and also the trait most important
for their function in nucleocytoplasmic transport, is their ability to bind FG repeats, we
attempted to test if the sca�old nucleoporins could interact with FG repeats in vitro and,
additionally, whether they could translocate across the nuclear pore in a facilitated di�usion-
like manner.

Proteins from thermophilic fungi such as Chaetomium thermophilum and Myceliophthora

thermophila generally exhibit greater stability in vitro and thus serve as useful models for
studying di�cult protein complexes, such as those found in the NPC [Amlacher et al.2011].
With this consideration, my collaborators puri�ed and elucidated the x-ray crystallographic
structures of N and C-terminal fragments of Nup188 from M. thermophila (Mt). Using
structural modeling, they were further able to generate a model for the full-length protein.
My collaborators and I then proceeded to test the functional properties of MtNup188 and
MtNup192. Speci�cally we examined the FG binding properties of these two nucleoporins
using biochemical pull-down assays. We also measured their ability to translocate through
the NPC by facilitated di�usion. Finally, I present preliminary experimental results for the
ability of the sca�old nucleoporins Nup157, Nup170, Nic96, and Nup53 from S. cerevisiae

to translocate the pore as well.

3.2 Results

3.2.1 Nup188 and Nup192 are structurally similar to karyopherins

Full-length Nup188 from M. thermophila was successfully puri�ed but unfortunately did
not produce usable crystals. However, truncations of MtNup188 at the N-terminal and C-
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terminal did generate crystals suitable for x-ray crystallography. The N-terminal fragment
(MtNup188N) encompasses amino acid residues 1-1160, and its structure was determined to
2.65 Åresolution. The C-terminal fragment (MtNup188C) includes residues 1445-1827, and
its structure was solved to a resolution of 3.0 Å.

MtNup188N consists of 52 stacked a-helices which produce a right-handed superhelix as
well as a b-sheeted SH3-like domain (Figure 3.2). The a-solenoid structure contains both
HEAT and ARM repeat elements and can be subdivided into three distinct subdomains.
The �rst 15 a-helices making up subdomain I do not seem to adopt any regular repeat
pattern. Subdomain II, consisting of helices a 16-25, contains three HEAT repeats at a 16-
17, a 18-19, and a 22-23. Finally, subdomain III extends from helices a 26-52 and contains
10 repeats of both HEAT and ARM elements. This subdomain also contains a b-sheeted
element with structural homology to the SRC Homology 3 (SH3) domain family consisting
of �ve anti-parallel b-strands.

The MtNup188C structure is made up of 19 a-helices which are also stacked into a right-
handed superhelix (Figure 3.3). The �rst two helices form a HEAT repeat and �ve ARM
repeats compose the rest of the structure. At the N-terminal of this fragment, helices a 1
and a 2 expose a hydrophobic surface suggesting that the full-length protein would likely
continue in a stacked helical pattern. Interestingly, the MtNup188C fragment crystallized as
a dimer in the asymmetrical crystal unit with the protein-protein contact at the hydrophobic
surface generated from the truncation. The two MtNup188C copies, chains A and B, in the
asymmetrical unit adopt signi�cantly di�erent curves, suggesting that the protein is likely
quite �exible.

To surmise how the N and C-terminal fragments �t into the larger full-length MtNup188
protein, my collaborators attempted to model the missing middle 283 residues. Using sec-
ondary sequence prediction algorithms, we hypothesized that these residues fold into 10
a-helices which likely adopt a similar repeat arrangement as the N and C-terminal fragments
creating a continuous right-handed superhelix extending across the entire protein (Figures
3.4A and 3.4B). This con�guration is supported by the known structures of other stacked
superhelical proteins.

EM was used to check if the full-length MtNup188 protein generally resembles the pro-
posed model in its overall tertiary structure. Negatively stained samples were imaged and
single particles were used to construct two-dimensional class averages (Figure 3.4C). The
results showed that MtNup188 does indeed form a structure consistent with the one pro-
posed and is similar to Nup188 EM structures observed by others [Amlacher et al. 2011,
Flemming et al.2012]. Furthermore, the protein appears to be quite �exible since it is able to
adopt several conformations, ranging from a `closed' P-shape to an `open' S-shape. To test
how well this architecture is conserved across species, the Nup188 protein from S. cerevisiae

(ScNup188) was also examined with EM. Although S. cerevisiae andM. thermophila are sep-
arated by ∼800 million years of evolution and there is only ∼15% sequence identity between
their Nup188 protein homologs, two-dimensional class averages of ScNup188 show a similar
structure as well as the same closed and open conformations seen in MtNup188 indicating
that this sca�old protein is structurally well-conserved. Finally, EM analysis of Nup192 from



41

N

C

1 1160 1827

A

B

SH3-like domain

α7

α8

α11 α1
2

α1
3

α14

α16

α19

α18 α2
2

α23

α24

α26
α27

α28 α30

α31
α32

α3
3

α34

α35α3
7

α3
8

α4
0

α3
9α4
2

α43

α4
5

α2
5α17

α4
8

α51

Nup188 N-terminal

Subdomain I Subdomain II Subdomain III

α1-9 α14-15 α16-25 α26-33 α34-52b1-5
H

EA
T 

1N

H
EA

T 
2N

H
EA

T 
3N

A
RM

 4
N

H
EA

T 
5N

A
RM

 6
N

A
RM

 7
N

A
RM

 8
N

A
RM

 9
N

Clamp

α10-13

α1
0

α36

α4
1

α4
4α4
6

α4
7

α1

α2

α3

α4

α6 α21

α20

α1
5

α4
9

α50

α9

α5
2

H
EA

T 
10

N

A
RM

 1
1N

A
RM

 1
2N

A
RM

 1
3N

-60˚ 

α23

α52

α51

SH3-like domain

α12

α12
α11

α44

α13
α17 α19

α17

α21
α24

α2
6

α25

α27α2
8

α3
1

α33

α36

α33

α35

α3
7

α3
9

α38

α4
2

α41

α45

α43

α4
6

α48

α12

α4
9

α4
0

α3
4

α18

α22

α16

α14

α47

α30

α29

C

MtNup188 SH3-like

NCAsp 643

Lys 666

Ser 649 Arg 703
ß1

ß2
ß3

ß4

ß5

SH3-like

Figure 3.2. Nup188 N-terminal crystal structure. (A) Linear sequence of Nup188N
structural elements annotated relative to full-length Nup188. (B) Crystal structure of
Nup188N color-coded as in (A). (C) The SH3-like domain of Nup188. (Figure adapted
from Andersen et al. 2013)



42

Nup188 C-terminal
1 1160 1445 1827

A
Nup188 N-terminal

Subdomain III

α1-19

H
EA

T 
1C

A
RM

 2
C

A
RM

  3
C

A
RM

 4
C

A
RM

 5
C

A
RM

 6
C

N

C

B

α1

α2α3
α4

α5

α6

α7

α8
α9

α10

α12

α11

α13

α1
4

α15

α1
6

α1
7

α1
8 α19

-60˚

α1
α2

α3
α4

α5

α6

α7

α8
α9

α10

α1
2

α11

α13 α14

α1
5

α16

α1
4

α19
N C

α7

α11

α13 α1
7

α16

C

Chain A
Chain B

-60˚
3-4 Å

N

C

NC

Figure 3.3. Nup188 C-terminal crystal structure. (A) Linear sequence of Nup188C
structural elements annotated relative to full-length Nup188. (B) Crystal structure of
Nup188C chain A color-coded as in (A). (C) Chains A and B crystal structures of Nup188C
superposed to show the �exibility of the C-terminal fragment. (Figure adapted from Ander-
sen et al. 2013)



43

C

D

B

Model

MtNup188

ScNup188

MtNup192

Nup188C

Nup188N

“closed” “open”

Nup188N Importin-α Nup188CImportin-β

~170 Å

~85 Å

N-term

C-term

�
Clamp

7
8

9

10

11

12
13

1

2

3

4

5
6

6

Nup188 C-terminal
1 1160 1445 1827

A
Nup188 N-terminal

Subdomain I Subdomain II Subdomain III

SH3-like

α1-9 α14-15 α16-25 α26-33 α34-52 α1-19b1-5

H
EA

T 
1N

H
EA

T 
2N

H
EA

T 
3N

A
RM

 4
N

H
EA

T 
5N

A
RM

 6
N

A
RM

 7
N

A
RM

 8
N

A
RM

 9
N

H
EA

T 
10

N

A
RM

 1
1N

A
RM

 1
2N

A
RM

 1
3N

H
EA

T 
1C

A
RM

 2
C

A
RM

  3
C

A
RM

 4
C

A
RM

 5
C

A
RM

 6
C

Clamp

α10-13
Model

Figure 3.4. Full-length Nup188 model structure and comparison to Nup192 and
karyopherins. (A) Linear sequences of Nup188N and Nup188C structural elements and
modeled region annotated relative to full-length Nup188. (B) Proposed full-length Nup188
structure consisting of Nup188N (shown in red), Nup188C (shown in blue), and intervening
modeled region (shown in gray). (C) Negatively stained single-particle EM class averages
of full-length MtNup188, ScNup188, and MtNup192. Note the `closed' and `open' confor-
mations shared by all three proteins. (D) Comparison of structures of Nup188N, Nup188C,
impa, and impb. Note the similar stacked a-helical arrangements. (Figure adapted from
Andersen et al. 2013)
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M. thermophila (MtNup192) revealed the same overall architecture and �exibility seen in
MtNup188 and in Nup192 from C. thermophilum [Amlacher et al. 2011]. Recently published
crystal structures of Nup192 fragments indicate that this protein also contains a-helical re-
peat elements like Nup188, which �ts with earlier observations that these two nucleoporins
seem to share certain functional properties and that they are likely paralogs generated from
a gene duplication event [Sampathkumar et al. 2013, Stuwe et al.2014].

Like Nic96, Nup170, and Nup192, it is striking how similarly the structure of Nup188
resembles the a-helical repeat patterns of the karyopherin family of proteins. Indeed, the
same types of ARM and HEAT element motifs found in impa and impb can be found in
MtNup188 as well (Figure 3.4D). This structural similarity hints that perhaps the resem-
blance between these sca�old nucleoporins and karyopherins extends into shared functional
properties as well.

3.2.2 Nup188 and Nup192 can speci�cally bind FG repeats

A property common to all karyopherins is their ability to bind FG repeat motifs. This is
a central requirement for their function as nuclear transport receptors since it allows them
to interact favorably with the interior of the nuclear transport channel and thus undergo
facilitated di�usion, allowing them to carry cargo molecules across the pore. It had been
previously observed that Nic96 from S. cerevisiae was capable of binding speci�cally to FG
nucleoporins [Schrader et al. 2008], suggesting a link between at least certain sca�old nucle-
oporins and karyopherins. We therefore wished to test whether MtNup188 and MtNup192
would exhibit this property as well.

FG-containing domains from several S. cerevisiae nucleoporins were puri�ed and used
to test whether the sca�old nucleoporins could bind them. These included Nup116(348-
458), Nup100(1-310), and Nup100(1-610) as representative GLFG-type repeats and Nsp1(1-
603) representing FXFG-type repeats. A negative control, Nup116(348-458)FA, was also
generated in which the phenylalanine residues of the FG motifs of Nup116 were mutated
to alanine residues to speci�cally abolish FG binding interactions. These FG domains were
immobilized onto beads and mixed with full-length MtNup188 and MtNup192 for bead pull-
down assays to determine their binding interactions. Impb from S. cerevisiae (ScKap95) and
a fusion of three GFP proteins (3xGFP) were also used as positive and negative controls for
FG binding respectively. To minimize non-speci�c binding interactions, a background pool
of E. coli lysate proteins was added as well.

The positive and negative controls behaved as expected, with high pull-down levels of
ScKap95 for all FG nucleoporins except Nup116(348-458)FA and little to no pull-down of
the 3xGFP in all cases (Figures 3.5A and 3.5B). MtNup188 and MtNup192 also showed
signi�cant pull-down levels with the FG domains except Nup116(348-458)FA, recapitulating
the same results as the known FG binding protein ScKap95. Thus the pull-down experiments
seem to indicate that these two sca�old nucleoporins can bind speci�cally to FG repeat
domains just as karyopherins do.
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3.2.3 Nup188 and Nup192 do not bind RanGTP

Since another property common to many karyopherins is the ability to bind Ran in its GTP-
bound form, we wished to check whether MtNup188 and MtNup192 could form a complex
with RanGTP as well. A gel �ltration assay did not show signi�cant binding between these
proteins and RanGTP, whereas a positive control, ScKap95, was strongly complexed with
RanGTP (Figures 3.5C and 3.5D). Analysis of the MtNup188 and MtNup192 sequences also
did not show any obvious binding sites for RanGTP. These results are not surprising given
that the Ran binding site on karyopherins are distinct from their FG binding pockets. It
seems, therefore, that Ran binding is not a shared functional property between Nup188,
Nup192, and karyopherins.

3.2.4 Nup188 and Nup192 can translocate the NPC by facilitated

di�usion

For karyopherins, the resulting consequence of being able to bind FG repeats is the ability
to translocate the NPC transport channel by facilitated di�usion. To test whether the
sca�old nucleoporins Nup188 and Nup192 could adopt this property as well, I conducted in

vitro nuclear translocation assays using the digitonin-permeabilized HeLa cell system [Adam
et al.1990]. MtNup188 and MtNup192 were tagged with YFP to allow for quantitative
�uorescence imaging using a confocal �uorescence microscope. Human impb (HsImpb) was
also tagged with YFP and served as a positive control for nuclear translocation whereas a
fusion of three GFP molecules (3xGFP) was used as a negative control since its size (∼85
kDa) is signi�cantly larger than the passive di�usion size limit of the NPC (∼40 kDa). An
even larger �uorescent molecule, 155 kDa TRITC-labeled dextran, was used as a marker for
intact nuclei.

The protein of interest along with the dextran were added to the HeLa cell nuclei and nu-
clear translocation was allowed to proceed for 15 minutes before imaging. Those nuclei with
signi�cant amounts of the 155 kDa dextran inside were considered to be `leaky' and were
thus excluded from analysis. As anticipated, the positive control YFP-HsImpb showed high
levels of translocation and accumulation inside the nuclei, likely due to intranuclear binding
sites for impb (Figures 3.6A and 3.6B). Furthermore, the YFP-HsImpb was able to translo-
cate the NPC both in the absence or presence of a nuclear transport mixture consisting of X.
laevis oocyte cytosolic extract, which contains a rich supply of soluble transport factors, sup-
plemented with an energy-regenerating system. To further verify that transport speci�cally
occurs through the NPC, wheat germ agglutinin (WGA), a commonly used speci�c inhibitor
of nuclear translocation, was used to block the NPC transport channel. It is believed that
WGA prevents nuclear transport by binding to O-linked N-acetylglucosamine (O-GlcNAc)
glycosylated nucleoporins in the pore. Indeed, in the presence of 100 ug/mL WGA, levels
of YFP-HsImpb in the nuclei were dramatically reduced. Conversely, the negative control
3xGFP showed relatively little nuclear translocation under all transport conditions. The
YFP-MtNup188 and YFP-MtNup192, on the other hand, showed behavior most similar to
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Figure 3.6. In vitro nuclear translocation assays for Nup188 and Nup192. (A)
Nuclear translocation of YFP-tagged MtNup188, MtNup192, and HsImpb and 3xGFP in
digitonin-permeabilized HeLa cell nuclei (shown in green). A 155 kDa TRITC-labeled dex-
tran was used to check nuclear integrity (shown in red). Translocation assays were also
performed in the presence X. laevis oocyte cytosolic extract and WGA. (B) Fluorescence
quanti�cation of results in (A). Intranuclear �uorescence was normalized against the extranu-
clear background �uorescence. Bars represent mean values ± standard deviations. Asterisks
(*) indicate a signi�cant di�erence in median value using the Mann-Whitney U test (p-value
< 0.01, N > 50 for each condition). (C) Similarly-performed nuclear translocation assays
as in (A) with HsImpb as a competitor for facilitated nuclear translocation. (D) Fluores-
cence quanti�cation of results in (C). Data are normalized and represented as in (B). (Figure
adapted from Andersen et al. 2013)
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YFP-HsImpb (Figures 3.6A and 3.6B). Both sca�old nucleoporins were able to translocate
the NPCs and showed nuclear accumulation independent of the nuclear transport cytosolic
mixture. Additionally, WGA also strongly inhibited transport, con�rming that translocation
was occurring through the nuclear pores.

Nuclear translocation was further tested using non-�uorescent human impb as a speci�c
competitor for FG binding sites in the NPC. By pre-incubating impb with the nuclei, many
of the FG repeats in the pore will be pre-bound to impb, reducing the accessibility for other
proteins with FG binding a�nity. As expected, this impb competition reduced the nuclear
translocation of the YFP-HsImpb probe but not the 3xGFP probe (Figures 3.6C and 3.6D).
YFP-MtNup188 and YFP-MtNup192 also showed much less nuclear translocation in the
presence of the impb competitor, suggesting that these sca�old nucleoporins traverse the
NPC using the same binding sites as impb. Especially considering that the sizes of YFP-
MtNup188 and YFP-MtNup192 (∼220 kDa) are much greater than the passive di�usion size
limitof the NPC, these results suggest that Nup188 and Nup192 cross the NPC in a similar
manner as karyopherins, namely facilitated di�usion.

In an attempt to quantify the rate of nuclear translocation of YFP-MtNup188 and YFP-
MtNup192, quantitative time-lapse imaging of the proteins was performed and compared to
the positive and negative controls used earlier. The YFP-HsImpb positive control exhibited
fast nuclear translocation into the nucleus whereas the 3xGFP negative control entered
the nuclei at a much slower rate (Figure 3.7A). Both YFP-MtNup188 and YFP-MtNup192
translocated at intermediate rates. The kinetic data for each nuclei in the measurements
were separately �t to a single exponential function (Equation 1) and initial rates of nuclear
accumulation could be computed as the time derivative at time t = 0. The results indicate
that the sca�old nucleoporins accumulated in the nuclei at least 30-fold faster than the
3xGFP probe. YFP-HsImpb translocated fastest, followed by YFP-MtNu192 and then YFP-
MtNup188 (Figure 3.7B).

Because the digitonin-permeabilization protocol is not able to eliminate all endogenous
transport factors in the NPC, we wished to determine whether the nuclear translocation
rates of YFP-MtNup188 and YFP-MtNup192 could be increased by removing more of the
endogenous transport receptors. To do this, I performed a `Ran wash' in which Ran and
an energy-regenerating system was incubated with the nuclei for 10 min and then washed
away prior to adding YFP-MtNup188 and YFP-MtNup192. During this extra incubation
step, RanGTP can bind to the endogenous transport receptors at the pore causing them to
lower their a�nity with the FG repeats and thus allowing more of the transport receptors
to be washed away [Nachury et al. 1999]. I found that with the Ran wash, YFP-MtNup188
was able to translocate faster while there was no signi�cant di�erence for YFP-MtNup192
(Figures 3.8A and 3.8B). Even with this Ran wash, the translocation kinetics for the sca�old
nucleoporins is still much lower than that for YFP-HsImpb.

We also noticed that the nature of YFP-MtNup188 and YFP-MtNup192 nuclear accu-
mulation is di�erent compared to that of YFP-HsImpb. Whereas the impb accumulation
begins rapidly and later slows in a plateau-like manner, the two sca�old nucleoporins show a
relatively constant rate of accumulation with no sign of leveling o� at the 15 min time point.
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Figure 3.7. Nuclear translocation kinetics. (A) The time-dependent nuclear accumu-
lation of YFP-MtNup188 and YFP-MtNup192 are compared to that of YFP-HsImpb and
3xGFP. Nuclear accumulation is quanti�ed as intranuclear �uorescence intensity normal-
ized against extranuclear �uorescence intensity. Mean values are represented by the solid
curves and standard deviations are shown as the shaded regions. (B) Quantitative analysis
of the initial nuclear translocation rates computed as the time derivative at t = 0 for single-
exponential �ts to the normalized nuclear �uorescence of individual nuclei in the experiments
shown in (A). Asterisks (*) denote a signi�cant di�erence in median value from the 3xGFP
initial translocation rates using the Mann-Whitney U test (p-value < 0.01, N > 30 for each
condition). Box plots show the median, �rst and third quartiles, and non-outlier extrema.
Values greater than six standard deviations from the mean are marked as outliers. (Figure
adapted from Andersen et al. 2013)

We hypothesized that perhaps there are strong Nup188 and Nup192 binding sites inside the
nucleus that act as a sink for the intranuclear pool of these proteins leading to an arti�cially
low nuclear e�ux rate and thus reducing the counterposing element to nuclear in�ux. To test
this idea, I allowed the proteins to accumulate in the nuclei as before and then performed
a sudden 10-fold dilution of the extranuclear pool of proteins while imaging the subsequent
nuclear �uorescence changes. Because the sudden extranuclear dilution dramatically reduces
the nuclear in�ux of the proteins, we can better observe the nuclear e�ux. The experimental
controls YFP-HsImpb and 3xGFP showed nuclear �uorescence decrease over time, indicat-
ing that the proteins are able to leave the nucleus as expected (Figure 3.9). YFP-MtNup188
and YFP-MtNup192, however, did not exhibit continuous nuclear �uorescence decrease but
actually showed slow �uorescence increase instead. These results indicate that the nuclear
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Figure 3.8. E�ect of Ran wash on nuclear translocation kinetics. (A) The time-
dependent nuclear accumulation of YFP-MtNup188 and YFP-MtNup192 in permeabilized
HeLa cells are compared with and without a pre-incubation wash step with Ran and an
energy-regenerating system. (B) Quantitative analysis of the initial nuclear translocation
rates for the results shown in (A) as described in Figure 3.7B. The asterisk (*) denotes a
signi�cant di�erence in median values in YFP-MtNup188 translocation rates between the
no Ran pre-wash and Ran pre-wash conditions using the Mann-Whitney U test (p-value <
0.01, N > 45 for each protein). Box plots show the median, �rst and third quartiles, and
non-outlier extrema. (Figure adapted from Andersen et al. 2013)

e�ux of these proteins must be very slow relative to their in�ux, suggesting that many of
these proteins are likely `stuck' inside the nucleus, likely bound to unidenti�ed intranuclear
sites.

3.2.5 Other sca�old nucleoporins can translocate the NPC by

facilitated di�usion

Having shown that Nup188 and Nup192 are capable of binding FG repeats and translocating
through the NPC, we endeavored to test whether these properties are shared by other sca�old
nucleoporins as well. For instance, it has been previously observed that Nic96 is also able to
bind FG repeats [Schrader et al. 2008] and unpublished results for Nup157 and Nup170 show
this property as well. To this end, I performed nuclear translocation experiments for GFP-
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Figure 3.9. E�ect of extranuclear 10-fold dilution on nuclear translocation ki-
netics. The time-dependent nuclear accumulation of YFP-MtNup188, YFP-MtNup192,
YFP-HsImpb, and 3xGFP are measured after a 10-fold dilution of the extranuclear com-
partment with transport bu�er. Note that unlike YFP-HsImpb and 3xGFP, YFP-MtNup188
and YFP-MtNup192 continue to accumulate in the nuclei even after the 10-fold dilution in-
dicating a relatively low nuclear e�ux rate. (Figure adapted from Andersen et al. 2013)

tagged Nup157, Nup170, and the C-terminal domain of Nic96 (Nic96C) from S. cerevisiae

(Figure 3.10). Like MtNup188 and MtNup192 and the positive control impb, these proteins
were able to enter the nuclei with or without cytosolic extract and an energy-regenerating
system. Furthermore, WGA strongly reduced the ability of the proteins to traverse the pore.
A negative control, 3xGFP, and a non-sca�old nucleoporin, Nup53, lacking its C-terminal
domain (Nup53DC) were also tested and did not show strong nuclear accumulation. These
results suggest that, besides Nup188 and Nup192, the other sca�old nucleoporins of the
Nic96 sub-complex are also able to translocate across the NPC via facilitated di�usion.
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Figure 3.10. In vitro nuclear translocation assays for Nup157, Nup170,
Nic96C, and Nup53DC. (A) Nuclear translocation of GFP-tagged ScNup157, ScNup170,
ScNic96C, and ScNup53DC compared to HsImpb and 3xGFP (shown in green) with a 155
kDa TRITC dextran marker for nuclear integrity (shown in red). Translocation assays were
also performed in the presence X. laevis oocyte cytosolic extract and WGA. (B) Fluores-
cence quanti�cation of results in (A). Intranuclear �uorescence was normalized against the
extranuclear background �uorescence. Bars represent mean values ± standard deviations.
Asterisks (*) indicate a signi�cant di�erence in median value using the Mann-Whitney U
test (p-value < 0.01, N > 40 for each condition).
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3.3 Discussion

The similarities found between the nucleoporins forming the sca�old of the NPC and the
soluble transport receptors responsible for shuttling cargos into and out of the nucleus hint
at some potential evolutionary relationship between these two classes of proteins. Although
there is no signi�cant sequence homology detected, the structural resemblances shown in sev-
eral of the sca�old nucleoporins and karyopherins is suggestive of a shared biological history.
The use of stacked helical arrangements such as the ARM and HEAT repeats in Nup188,
Nup192, Nup170, and Nic96 and the seemingly inherent �exibility seen in EM images of
Nup188 and Nup192 evoke the structure and conformational plasticity observed in karyo-
pherins. Perhaps this �exibility in the NPC sca�old is necessary for the e�cient transport
of large cargos such as ribonucleoproteins. However, while these structural likenesses are
alluring, they can only be described broadly since more precisely shared structural details
have not been observed. Since many other proteins besides karyopherins and sca�old nucle-
oporins also contain stacked a-helical elements, it is likely that this structural arrangement
has evolved independently many times. As a result, we cannot infer a phylogenetic link
between these two types of proteins based only on their general structural similarity.

Conversely, the sca�old nucleoporins' karyopherin-like ability to bind FG domains is
highly speci�c and robust. Indeed, mutating the FG repeat's phenylalanine residue to an
alanine strongly abolishes binding, highlighting the exactitude of this protein-protein interac-
tion. Furthermore, this FG binding behavior grants the sca�old nucleoporins the capability
to traverse the NPC transport channel in a facilitated di�usion-like manner, consistent with
how karyopherins move within the pore. Given that the nucleoporins making up the Nic96
sub-complex are integrated into the structural framework of the NPC and that the measured
residence times of other sca�old nucleoporins at the pore are on the order of days [Rabut
et al.2004], it is not likely that the ability for facilitated di�usion is a core aspect of their
function. Rather, the ability to bind FG repeats may play an important role in how the
Nic96 sub-complex organizes the FG nucleoporins within the NPC. Perhaps these FG in-
teractions are necessary in the recruitment and proper orientation of the FG nucleoporins
to the transport channel during NPC biogenesis. Especially in cell interphase, when NPC
assembly seems to require nucleoporins to come together from both the cytoplasmic and
nuclear faces of the nuclear envelope [D'Angelo et al. 2006], having certain architectural
nucleoporins with an intrinsic ability to traverse existing NPCs to enter the nucleus seems
essential. Alternatively, perhaps FG binding helps the sca�old nucleoporins tether various
NPC sub-complexes together thus playing a role in maintaining the structural organization
of the entire complex. While details about intra-sub-complex protein-protein interactions
have been well-studied, relatively less is known about how inter-sub-complex interactions
keep the whole NPC intact. Another possibility is that maybe this FG binding property
provides the cell with a means of further regulating the FG-�lled transport channel, perhaps
by a�ecting whether the FG domains extend fully into the channel and thus making the
pore more restrictive or by tethering the FG domains at the sca�old walls and making the
pore leakier. In any case, the exquisite FG binding interactions observed in the sca�old
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nucleoporins along with the structural parallels points to a shared evolutionary origin with
karyopherins.

The implications of a common history between the nuclear membrane-associated and
soluble proteins making up the nucleocytoplasmic transport machinery are astounding. Did
karyopherins evolve from a subset of ancient nucleoporins which were able to dissociate from
the NPC and thus came to exist predominantly in a soluble phase? If this is true, does this
mean that ancient transport cargos originally docked directly to the NPC without having
to �nd a nuclear transport receptor in the cytoplasm �rst? Or instead, did certain ancient
karyopherins bind the NPC so tightly that they eventually became a permanent �xture of the
pore? In this case, what did the original NPC look like without an architectural sca�old? And
can we detect any residual cargo binding sites left over in present day sca�old nucleoporins?
Clearly, there are many fascinating questions left unresolved and many discoveries remain
buried, waiting to be uncovered in this exciting �eld.

3.4 Methods & materials

Protein puri�cation

M. thermophila and S. cerevisiae constructs were prepared as described in Andersen et

al.2013. HsImpb constructs were expressed in E. coli BL21 (DE3) and puri�ed on Ni-a�nity
resin followed by dialysis against gel �ltration bu�er (10 mM HEPES pH 7.4, 150 mM NaCl,
and 1 mM DTT) at 4°C overnight. Ran constructs were expressed in E. coli BL21 (DE3)
and puri�ed on Ni-a�nity resin. Ran was then incubated for 40 min on ice with 6 mM
EDTA and a 50-fold excess of nucleotide (GDP or GTP). The reaction was stopped with
the addition of 25 mM MgCl2 added slowly (in four portions at one minute intervals). The
protein was then dialysed against 30 mM potassium phosphate pH 7.6, 2 mM magnesium
acetate, 2 mM GDP or GTP, 7% glycerol, and 2 mM b-mercaptoethanol at 4°C overnight.

Structure determination

Protein crystallization, x-ray di�raction data collection, crystal structure determination, and
single-particle EM data collection and analysis were performed as described in Andersen et

al. 2013.

FG pull-down and Ran binding assays

FG pull-down and Ran binding assays were performed as described in Andersen et al. 2013.

Cell culture



55

HeLa cells were cultured in DMEM media supplemented with 10% fetal bovine serum. Cells
were plated on glass-bottomed poly-lysine coated dishes (MatTek) at a seeding concentration
of 5Ö105 cells/dish one day prior to use.

Nuclear translocation assays

The cell permeabilitzation protocol is based on that of Adam et al. 1990. The HeLa cells
were washed three times for 2 min each with PBS pH 7.4, followed by a 2 min wash with
permeabilization bu�er (50 mM HEPES pH 7.3, 50 mM KOAc, 8 mM MgCl2), followed by
a 5 min permeabilization with digitonin (Sigma Aldrich) at a concentration of 50 ug/mL
supplemented with an energy regenerating system of 100uM ATP (Roche), 100 uM GTP
(Roche), 4mM creatine phosphate (Roche), and 20 U/mL creatine kinase (Roche) in perme-
abilization bu�er. The digitonin was subsequently removed by washing three times for 3 min
each with transport bu�er (20 mM HEPES pH 7.3, 110 mM KOAc, 5 mM NaOAc, 2mM
MgOAc, 2 mM DTT). After the �nal wash, excess liquid was removed by aspiration and
the appropriate experimental reaction mix was quickly added to the nuclei. Concentrations
used in the reaction mixes were: 1 mM YFP-MtNup188, 1 mM YFP-MtNup 192, 1 mM YFP-
HsImportin -b, 1 mM HsImportin-b, 1 mM 3xGFP, 200 mg/mL 155 kDa TRITC-dextran
(Sigma-Aldrich), 2 mM DTT, 100 mg/mL WGA (Sigma-Aldrich), and 5% v/v cytosolic ex-
tract. Cytosolic extract from Xenopus laevis oocytes was prepared as described in Levy et al.
2010. The cytosolic extract was supplemented with an energy regenerating system consisting
of 2 mM GTP (Roche), 100 mM ATP (Roche), 4 mM creatine phosphate (Roche), and 20
U/mL creatine kinase (units of speci�c activity as stated by Roche). In experiments using
WGA, 100 mg/mL WGA was �rst incubated with the nuclei for 10 min, removed, and then
the experimental mix was added to the nuclei. In experiments involving a Ran wash, 5 mM
RanGDP and the energy regenerating system were added to the nuclei for 10 min followed
by three washes with transport bu�er, and then the experimental mix was added to the
nuclei. Experimental mixes were incubated with the nuclei for 15 min at room temperature
before imaging. For experiments involving a 10-fold extranuclear dilution step, the nuclear
translocation mix was incubated with the nuclei for 15 min at room temperature, after which
a 10-fold volume of transport bu�er was added to the nuclei and imaging commenced.

Confocal microscope imaging

Images were acquired on a Zeiss LSM 700 laser scanning confocal microscope using a 63Ö
magni�cation oil immersion objective and the Zen 2011 imaging software (Carl Zeiss).

Image analysis

Image segmentation and �uorescence quanti�cation were performed using custom written
software in MATLAB (The MathWorks). The �uorescence intensity inside each nucleus and
the average background �uorescence intensity were determined, and the intranuclear to ex-
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tranuclear �uorescence ratios were then calculated giving normalized �uorescence intensities
for both the protein of interest and the dextran control. All nuclei with normalized dextran
�uorescence ratios greater than 0.3 were considered to be `leaky' (overly permeable to the
dextran) and rejected. Only `intact' nuclei were included in further analysis (Appendix A.5).
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Chapter 4

Calcium-dependent proteases and the

nuclear pore complex

4.1 Introduction

It has been previously observed that large cargos have greater di�culty in translocating
across the NPC than smaller cargos due to the steric e�ects of moving molecules within a
�nite, crowded volume [Ribbeck et al. 2002]. However, while ine�cient, successful import of
large cargos does occur in both in vitro and in vivo systems. For instance, gold nanoparticles
with diameters of up to 39 nm and quantum dot cargos with diameters of 30 nm have been
observed to translocate through the NPC [Panté et al. 2002, Lowe et al. 2010]. Furthermore,
certain viruses such as the hepatitis B virus are known to introduce their genetic material
into the host nucleus by transporting the entire intact viral capsid, which can be 36 nm in
diameter, through the NPC [Panté et al. 2002].

In previous single-molecule tracking experiments looking at nuclear import, quantum dots
(QDs) were functionalized with the IBB domain of snurportin-1, a nuclear import adapter
protein, allowing them to bind impb and thus undergo active nuclear import [Lowe et al.

2010]. Because these QD-IBB cargos are quite large with a diameter of ∼18 nm on their
own and a diameter of ∼30 nm when bound to impb, the import e�ciency for these cargos
was relatively low (∼10%) [Lowe et al. 2010]. However, during the testing and development
of the QD-IBB cargos, it was found by Dr. Alan Lowe that, when using a crude cytosolic
extract of Xenopus laevis oocyte lysate as a source of soluble nuclear transport factors, the
addition of millimolar amounts of calcium led to a dramatic increase in QD-IBB import.
This increase in import e�ciency seemed to be caused by some unknown element(s) present
in the X. laevis extract.

I endeavored to elucidate the mysterious mechanism by which the X. laevis extract in-
creased QD-IBB nuclear import in response to calcium. I �rst characterized the phenomenon
through in vitro active and passive transport assays using the digitonin-permeabilized cell
system [Adam et al. 1990]. Second, I attempted to determine the speci�c factor(s) responsi-
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ble for modulating the permeability of the pore. I found that this phenomenon is dependent
on a calcium-responsive factor present in the extract, a�ects the passive permeability of the
NPC channel, and is not transient but remains even after calcium is removed from the sys-
tem. This permanent modi�cation to the NPC seems to involve cysteine proteases from the
calpain and caspase families as speci�c inhibitors to these classes of enzymes signi�cantly
reduce the potency of the e�ect. While unfortunately the reaction pathway was not com-
pletely deduced, I believe certain observations from this work can provide insight into how
the NPC transport channel can be modulated as well as how calcium-dependent processes
are carried out in the cell.

4.2 Results

4.2.1 Adding millimolar levels of calcium to X. laevis oocyte

extract increases QD import

A nuclear import signal protein, Snurportin-1 IBB, was constructed comprising of a cyan
�uorescent protein (CFP) fused to a biotin ligase and the IBB domain of snurportin-1, the
import adaptor for spliceosomal U snRNPs (small nuclear ribonucleic particles) [Huber et al.
1998]. Quantum dots surface-functionalized with streptavidin molecules were then coated
with these import signals via their biotin-streptavidin binding a�nities. This functionaliza-
tion scheme produced a QD-IBB cargo with an estimated diameter of ∼23 nm [Lowe et al.
2010].

To check the nuclear transport properties of this cargo, the digitonin-permeabilized cell
assay was used [Adam et al. 1990]. In the presence of cytosolic extract from X. laevis

oocytes, the QD-IBB cargoes formed a bright ring at the nuclear envelope, indicating that
the cargos have been localized at the nuclear pores. QDs without the import signal do not
form a bright ring at all (Figures 4.1A and 4.1B) which shows that the binding is speci�c to
impb-dependent recruitment to the NPC. Notably, even with the import signal, there was
relatively low nuclear import. With the addition of 2 mM Ca2+, there was an approximately
three-fold increase in cargo accumulation in the nucleus. To verify that this transport was
due to Ran-mediated nuclear import, GTP was removed from the system which resulted
in roughly half the nuclear accumulation, as would be expected in energy-dependent active
nuclear transport. However, even without adding GTP, there was still a signi�cant amount
of QD-IBB cargo in the nucleus, which may be due to the presence of endogenous GTP left
remaining in the cytosolic extract. Finally, the dependence on calcium was also examined
to determine whether the increased import could be produced by divalent cations more
broadly. Mg2+ ions were added to the cytosol extract but were unable to increase nuclear
accumulation even at a concentration of up to 10 mM, suggesting that the phenomenon is
not solely due to general electrostatic e�ects but on calcium speci�cally.

To determine whether the transport factors such as impb, Ran, and NTF2 are responsible
for the calcium's e�ect or if other proteins present in the cytosolic extract are involved, a
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Figure 4.1. Nuclear import of the QD-IBB probe in HeLa cell nuclei. (A) Facili-
tated import of the QD-IBB using X. laevis cytosolic extract is greatly increased by 2 mM
Ca2+, is dependent on a source of chemical energy (GTP), and is not a result of electrostatic
charge e�ects from divalent anions in general. (B) Intranuclear �uorescence quanti�cation
for the samples shown in (A). Asterisks (*) indicate a signi�cant di�erence in median value
using the Mann-Whitney U test (p-value < 0.01, N > 60 for each condition). (C) A recom-
binant nuclear transport system can support nuclear accumulation of a 3xGFP-IBB cargo
but not the QD-IBB cargo with or without the addition of calcium.
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Figure 4.2. Titration and transient treatment with calcium. (A) Calcium titration
of QD-IBB nuclear import. Data �t to a sigmoidal curve to guide the eye. (B) Transient
exposure to X. laevis cytosol with 2 mM Ca2+ causes permanent modi�cation to NPC
permeability. Data �t to a single exponential curve to guide the eye.

recombinant nuclear import system was tested. Recombinantly expressed impb, Ran, and
NTF2 were able to successfully import a cargo comprising the snurportin1 IBB fused to three
green �uorescent proteins (3xGFP-IBB) (Figure 4.1C). This system, however, was unable to
e�ciently import the QD-IBB cargo with or without the addition of 2 mM Ca2+, although
a bright nuclear rim was present again indicating successful binding to the NPC. This result
shows that there must be additional factors in the cytosolic extract that is responding to the
calcium and leading to the increased nuclear import of the QD-IBB cargos.

The calcium sensitivity of these mysterious factors was examined by titrating calcium
levels and quantifying the nuclear accumulation of the QD-IBB cargos. The titration revealed
a sigmoidal relationship between calcium concentration and nuclear import, resulting in
an approximately 12-fold increase in QD-IBB import levels (Figure 4.2A). There was no
signi�cant e�ect until a concentration of roughly 1.25 mM Ca2+ was reached, at which point
there was a steep and dramatic increase in QD-IBB import until approximately 3 mM, after
which the import of QD-IBBs seemed to reach a plateau. Additionally, the sigmoid response
curve suggests that a positive cooperative binding behavior of calcium ions to the unknown
factor(s) seems to be involved.
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4.2.2 Increased QD import results from a modi�cation to the NPC

To further characterize the nature of calcium's e�ect on the nuclear import machinery, the
nuclei were exposed for varying lengths of time to the X. laevis cytosolic extract treated
with 2 mM calcium. This calcium-treated extract was then removed, and new fresh extract
without calcium was added to the nuclei along with the QD-IBB cargos (Figure 4.2B). This
experiment separates the calcium-extract `activation' step from the cargo translocation step,
thus revealing at what stage in the nuclear import process the calcium is acting.

I found that the calcium is not involved in the actual cargo transport process but instead
seems to produce its e�ect directly on the NPC itself. Even when calcium is not present in
the cytosolic extract used to carry out the QD-IBB import, there is a signi�cant increase
in QD-IBB nuclear accumulation when the nuclei have been pre-exposed to calcium-treated
extract. Furthermore, the length of time to which the nuclei had been exposed to the
calcium-treated extract was critical for increasing QD import. Speci�cally, the longer the
nuclei were incubated with the calcium/extract mix, the greater the nuclear accumulation
of the QD-IBB cargo.

These results show that the calcium-responsive factor(s) present in the X. laevis cytoso-
lic extract are acting upon the NPC itself, and not the soluble transport factors and cargo
molecules, when increasing QD-IBB nuclear accumulation. Furthermore, this alteration to
the NPC is not instantaneous but requires time in order to produce an observable e�ect
on cargo import. However, once the NPCs have been su�ciently modi�ed, the continued
presence of calcium is not required to increase the import of the QD-IBB cargos. In fact, the
entire calcium/extract mix can be replaced with fresh extract, and the NPCs still demon-
strate higher QD-IBB import, indicating that the NPCs have been permanently altered.

4.2.3 Calcium and X. laevis cytosolic extract alters the

permeability barrier of the NPC

The ability of the calcium to a�ect the permeability of the NPC to passive cargo molecules
(those without a nuclear import signal peptide) was also examined. A �uorescent cargo
molecule consisting of three GFPs fused together (3xGFP) was used as a probe for passive
translocation through the pore. With a size of 83 kDa, this cargo is much larger than the
passive permeability limit of ∼40 kDa. The 3xGFP probe by itself or in the presence of
either 2 mM Ca2+ or cytosolic extract individually does not fully equilibrate into the nuclei
over a time span of 10 min (Figures 4.3A and 4.3B). However, when the Ca2+ and cytosolic
extract are added together with the 3xGFP, there is a signi�cant increase in the probe's
ability to enter into the nuclei, indicating that the passive permeability of the NPC has been
compromised. As expected, a single GFP probe readily equilibrates in the nuclei both in the
absence or presence of cytosol plus calcium.

A change to the passive permeability of the transport channel indicates again that the
NPC itself is being directly altered and not any of the soluble transport factors. Furthermore,
this result suggests a possible explanation for the higher QD-IBB import success rate. The
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QD-IBB cargos are large, with an estimated diameter of ∼23 nm before binding to impb and
a diameter of ∼41 nm after binding [Lowe et al. 2010]. Considering that the vertebrate NPC
transport channel is estimated to have a diameter of approximately 50 nm [Frenkiel-Krispin
et al. 2010], it is likely that the QD-IBB probe is very near the physical limit of what the
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Figure 4.3. Passive nuclear import of 1xGFP and 3xGFP probes in HeLa cell
nuclei. (A) The passive import of the 3xGFP probe is signi�cantly increased in the presence
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to outside the nuclei) for the samples in (A). Asterisks (*) indicate a signi�cant di�erence in
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NPC is capable of transporting. If calcium-treated cytosolic extract somehow makes the
NPC channel more accessible to large molecules in general, then the QD-IBB probes will
much more easily enter and move within the channel, which increases the probability that
they can successfully exit into the nucleus as well.

4.2.4 Calpain and caspase-family protease inhibitors reduce

calcium's e�ect

In an attempt to identify the factor(s) in the X. laevis oocyte cytosolic extract responsible for
modifying the NPC, inhibitors to various calcium-binding proteins including protein kinases,
phosphatases, and proteases were tested for their ability to reduce calcium's e�ect on the
pore's permeability. It was found that E-64, an irreversible inhibitor of cysteine proteases,
could signi�cantly reduce the permeability of the NPCs to both the QD-IBB and 3ÖGFP
probes in the presence of 2 mM Ca2+ (Figure 4.4). E-64 contains a trans-epoxysuccinyl
group which irreversibly binds to the thiol group of the cysteine in the active site of cysteine
proteases thus abolishing proteolytic activity [Matsumoto et al. 1999]. A literature search for
calcium-dependent cysteine proteases revealed calpain as possibly responsible for modifying
the NPC. Indeed, a special peptide fragment from calpastatin, the highly speci�c endogenous
inhibitor to calpain [Murachi et al. 1980], was also able to signi�cantly reduce the nuclear
accumulation of the QD-IBB and 3xGFP probes.

Calpains are a family of calcium-activated cysteine proteases which are evolutionarily
conserved in many species, including X. laevis and humans. There are many types of cal-
pains which are di�erentially expressed in di�erent types of tissues. Two calpains that are
widely expressed in many tissues are mu-calpain and m-calpain, which require micromolar
and millimolar calcium concentrations to become activated respectively. Typically, calpains
are heterodimers and are composed of a large ∼80 kDa subunit and a smaller ∼30 kDa sub-
unit. Each subunit in turn is composed of distinct domains including a proteolytic domain,
a C2-like domain, and calcium-binding domains [Perrin et al. 2002]. Interestingly, crystal
structures of calpains reveal several calcium-binding sites, including EF-hand motifs, capable
of binding multiple Ca2+ ions [Hos�eld et al. 1999, Moldoveanu et al. 2002]. Furthermore,
studies have revealed that calcium binding likely occurs sequentially in a cooperative manner
[Sakihama et al. 1985, Hata et al. 2001, Moldoveanu et al. 2002], providing a possible ex-
planation for the sigmoidal relationship between calcium concentration and QD-IBB import
e�ciency. If multiple Ca2+ ions must bind cooperatively to calpain in order to activate its
proteolytic activity, then a sharp increase in protease activity will occur at a certain thresh-
old concentration of calcium. Furthermore, calpains are believed to be able to cleave a large
number of substrates and have loose sequence cleavage speci�cities [Carafoli et al. 1998].
Some of the substrates that calpain is believed to cleave include members of a family of
proteases commonly involved in apoptosis called caspases [McGinnis et al. 1999, Nakagawa
et al. 2000a, Nakagawa et al. 2000b, Sharma et al. 2004, Bello et al. 2007].

Caspases are cysteine-dependent aspartate-directed proteases, and at least 14 di�erent
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Figure 4.4. E�ects of protease inhibitors on QD-IBB and 3xGFP nuclear im-
port. (A) Speci�c inhibitors to cysteine proteases (E-64), calpains (calpastatin peptide),
and caspase-family enzymes (Ac-DNLD-CHO and AZ 10417808) signi�cantly reduce the ac-
tive nuclear import of the QD-IBB probe. (B) The protease inhibitors can also signi�cantly
decrease the passive nuclear import of the 3xGFP probe. (C) Intranuclear �uorescence
quanti�cation for the samples in (A). Values are normalized to the no inhibitor condition.
Asterisks (*) indicate a signi�cant di�erence in median value using the Mann-Whitney U
test (p-value < 0.01, N > 70 for each condition). (D) The normalized intranuclear �uores-
cence (ratio of �uorescence inside to outside the nuclei) for the samples in (B). Asterisks (*)
indicate a signi�cant di�erence in median value using the Mann-Whitney U test (p-value <
0.01, N > 70 for each condition).
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caspases have so far been observed [Riedl et al. 2004]. They are key players in many
in�ammatory and apoptotic response pathways in the cell and are observed in many species
ranging from yeast to humans. All caspases are originally in an inactive, pro-enzyme form,
and in response to certain stimuli they are cleaved, either autoproteolytically or by another
protease, to generate the active caspase form whose proteolysis activities consequently lead to
the breakdown of a wide variety of substrates ultimately leading to cell death. To determine
whether caspases may be involved in increasing nuclear pore permeability due to calcium,
various inhibitors to many di�erent caspases were tested. After extensive testing, I found
that Ac-DNLD-CHO, a potent inhibitor to caspase-3 and caspase-7 (and, to a lesser degree,
caspase-8 and caspase-9) [Yoshimori et al. 2007], was able to inhibit both QD-IBB import
and 3xGFP passive equilibration in nuclei exposed to calcium and cytosolic extract (Figure
4.4). Like other similar peptide-based inhibitors, Ac-DNLD-CHO is a reversible inhibitor
to caspases based on its speci�c tetrapeptide sequence motif recognized by the caspase of
interest [Garcia-Calvo et al. 1998]. To further hone in on the responsible caspase(s), a small-
molecule inhibitor speci�c to caspase-3, AZ 10417808, [Scott et al. 2003] was tested and was
also able to decrease calcium's e�ect as well. This suggests that caspase-3 is highly likely
involved in altering the NPC's permeability.

4.3 Discussion

The identi�cation of calpain and caspase family proteases as factors in the X. laevis cytosolic
extract responsible for making the NPC more permeable in the presence of calcium suggests
a possible physiological pathway behind the e�ect. Cross-talk between calpain and caspase
activities has been observed across multiple cellular pathways [Orrenius et al. 2003, Harwood
et al. 2005]. It has been reported that caspase-3 is a substrate of calpain and can be acti-
vated from its procaspase form through calpain-mediated proteolysis [McGinnis et al. 1999,
Sharma et al. 2004, Bello et al. 2007]. Interestingly, calpastatin, the endogenous inhibitor of
calpain, has been shown to be a target of caspase-3 during cell death [Pörn-Ares et al. 1998,
Wang et al. 1998]. Caspases involved in apoptosis are generally classi�ed as either e�ector
caspases, those responsible for broad proteolysis of cellular substrates, or initiator caspases,
those responsible for activating the e�ector caspases. As an e�ector caspase, caspase-3, once
activated, can lead to the breakdown of many targets, likely including those at the nuclear
pore complex. Indeed, it has been observed that one of the consequences of apoptosis is
alteration of certain nucleoporins and increased permeability of the nuclear pore [Roehrig et
al. 2003, Kramer et al. 2008]. Thus it appears that the increased QD-IBB cargo import and
3xGFP passive di�usion is a direct result of apoptotic proteolysis activity at the pore.

The question of how and why this apoptotic response occurs physiologically can be par-
tially illuminated by the calcium conditions leading to increased nuclear pore permeability.
The response to millimolar concentrations of calcium is most likely due to the activity of
m-calpain, the member of the calpain family most characterized by such high calcium level
requirements. Since the normal, resting Ca2+ level within the cytoplasm is on the order of
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∼100 nM with calcium signaling events typically on the order of ∼1 uM [Clapham 2007],
the usual calcium signaling apparatus does not seem capable of triggering the apoptotic re-
sponse. Instead, the only sources of calcium high enough to activate m-calpain in vivo would
seem to be either extracellular calcium or calcium stores within the ER, both of which are
at the millimolar levels [Clapham 2007]. Thus, the physiological occurrence of high levels
of cytosolic calcium appears to result from one of two possible cases. First, extracellular
calcium may �ood the cell through a disrupted plasma membrane resulting from cellular
injury, or second, calcium stores from the ER may be released into the cytoplasm due to
prolonged ER stress. Interestingly, it has been observed that in ER stress, which can occur
from calcium-overloading in the ER or from the unfolded protein response (UPR) pathway,
caspase-12 localized at the ER can be activated through cleavage by m-calpain [Nakagawa
et al. 2000a, Nakagawa et al. 2000b]. Caspase-12 may, in turn, lead to the downstream
activation of further caspases, including possibly caspase-9 and caspase-3 [Morishima et al.

2002, Hitomi et al. 2003]. In either case, the high in�ux of calcium triggers m-calpain which
in turn cleaves and activates certain caspases including caspase-3, thus causing the apoptosis
cascade and �nally leading to compromised nuclear pores (Figure 4.5).

4.4 Methods & materials

Molecular cloning

Plasmids for protein constructs were synthesized using the SLIC procedure [Li et al. 2007].
Chemically competent E. coli cells were transformed and selected for by antibiotic resistance.
Plasmids were puri�ed using the QIAprep Spin Miniprep Kit (Qiagen) and sequenced (Elim
Biopharmaceuticals).

Protein puri�cation

E. coli BL21 (DE3) were transformed with the desired plasmid and grown in 1 L of LB
media with the appropriate antibiotic at 37°C to an A600 of ∼0.6 and then cooled to room
temperature. Protein expression was induced with 0.5 mM IPTG overnight. Biotinylated
proteins were co-expressed with the BirA biotin ligase in the presence of 0.1 mM biotin.
Cells were harvested by centrifugation at 5000 g at 4°C for 15 min, and the pellet was
resuspended in 50 mL PBS pH 7.4 containing 20 mM imidazole, 1 mM b-mercaptoethanol,
and a cOmplete Protease Inhibitor Cocktail Tablet (Roche). Proteins were puri�ed by Ni-
NTA a�nity chromatography. Proteins were typically dialysed overnight into XB bu�er (10
mM HEPES pH 7.7, 1 mM MgCl2, 100 mM KCl, 50 mM sucrose), divided into aliquots, �ash
frozen in liquid nitrogen, and stored at =80°C. Protein purity was tested by SDS-PAGE,
and concentrations were determined using the Bradford protein assay.

Cell culture
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HeLa cells were cultured in DMEM media supplemented with 10% fetal bovine serum. Cells
were plated on glass-bottomed poly-lysine coated dishes (MatTek) at a seeding concentration
of 5Ö105 cells/dish one day prior to use.

Nuclear import assay

The cell permeabilitzation protocol is based on that of Adam et al. 1990. The HeLa cells
were washed three times for 2 min each with PBS pH 7.4, followed by a 2 min wash with
permeabilization bu�er (50 mM HEPES pH 7.3, 50 mM KOAc, 8 mM MgCl2), followed by
a 5 min permeabilization with digitonin (Sigma Aldrich) at a concentration of 50 ug/mL
supplemented with an energy regenerating system of 100uM ATP (Roche), 100 uM GTP
(Roche), 4mM creatine phosphate (Roche), and 20 U/mL creatine kinase (Roche) in per-
meabilization bu�er. The digitonin was subsequently removed by washing three times for
3 min each with transport bu�er (20 mM HEPES pH 7.3, 110 mM KOAc, 5 mM NaOAc,
2mM MgOAc, 2 mM DTT). After the �nal wash, excess liquid was removed by aspiration
and the appropriate experimental reaction mix was quickly added to the nuclei.

For active nuclear import assays, the digitonin-permeabilized HeLa cells were treated
with 100 uL of a nuclear import reaction mix consisting of transport bu�er containing a
�uorescent import cargo (10 nM QD-IBB or 1 uM 3xGFP-IBB probe) and either the X.

laevis oocyte cytosolic extract or recombinant proteins as a source of soluble transport
factors. The QD-IBB cargo was generated by mixing the Qdot 605 Streptavidin Conjugate
(Life Technologies) with the snurportin-1 IBB construct at a 1:50 stoichiometric ratio for
15 min at room temperature. For reactions with the X. laevis cytosolic extract, transport
bu�er was supplemented with 5% v/v cytosolic extract and an energy regenerating system
(2mM GTP, 0.1 mM ATP, 4 mM creatine phosphate, and 20 U/mL creatine kinase). For
reactions using recombinant proteins, 1 uM importin-b, 5 uM RanGDP, 4 uM NTF2, and
an energy regenerating were added. Import reactions proceeded at room temperature for 20
min before the cells were �xed with a 4% paraformaldehyde solution for 15 min and washed
with PBS three times for 2 min each. Cells were then imaged.

For passive nuclear import assays, the digitonin-permeabilized HeLa cells were treated
with 100 uL of a passive nuclear import reaction mix consisting of transport bu�er containing
a �uorescent passive import cargo (1xGFP or 3xGFP) and 10% v/v X. laevis oocyte cytosolic
extract. Passive import reactions proceeded at room temperature for 10 min before the cells
were imaged.

For protease inhibitor assays, the appropriate protease inhibitor, 50 uM E-64 (Sigma-
Aldrich), 0.5 mM calpastatin peptide (Calbiochem), 1 mM Ac-DNLD-CHO/Caspase-3/7
inhibitor II (Calbiochem), or 1.25 mM AZ 10417808 (Tocris Bioscience), was incubated with
the active or passive nuclear import reaction mix for 30 min at room temperature prior to
being added to the cells.

Xenopus laevis oocyte cytosolic extract was obtained from Rebecca Heald's lab and was
prepared as described in Maresca et al. 2006.
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Confocal microscope imaging

Images were acquired on a Zeiss LSM 700 laser scanning confocal microscope using a 63Ö
magni�cation oil immersion objective and the Zen 2011 imaging software (Carl Zeiss).

Image analysis

Image segmentation and �uorescence quanti�cation were performed using custom written
software in MATLAB (The MathWorks).
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Appendix A

Appendix

A.1 Nup153 RNAi knockdown

Nup153 RNAi knockdown e�ciency was measured using two independent assays. Im-
muno�uorescence labeling of Nup153 using a primary mouse monoclonal antibody to Nup153
(Abcam, ab96462 [SA1]) was performed on mock transfected and Nup153 siRNA transfected
HeLa cells 48 h after transfection. Nup153 antibody �uorescence staining was imaged with
a confocal microscope and the intensity at the nuclear envelope was quanti�ed, giving a
knockdown e�ciency of 68% (Figure A.1A). A Western blot assay on HeLa cells either not
treated, mock transfected, or transfected with Nup153 siRNA for 48 h was also performed
(Figure A.1B), giving a knockdown e�ciency of 72%.
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Figure A.1. Nup153 RNAi knockdown e�ciency. (A) Immuno�uorescence labeling
of Nup153 in mock transfected and Nup153 siRNA transfected HeLa cells. (B) Western blot
assay of Nup153 in non-treated, mock transfected, and Nup153 siRNA transfected HeLa
cells. b-actin was used as a gel loading control.
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A.2 Optimal impb concentration for active import

To determine the best concentration of impb to use for the in vitro active import assays, a
titration was performed using digitonin-permeabilized HeLa cells. Various concentrations of
impb (0, 0.1, 0.2, 0.5, 1.0, 1.5, 2.0, 5.0, and 10.0 mM) were tested with constant concentrations
of 2xGFP-IBB cargo (2 mM), Ran (5 mM), NTF2 (4 mM), and an energy regenerating system
(2 mM GTP, 100 mM ATP, 4 mM creatine phosphate, and 20 U/mL creatine kinase) for both
wild type and DNup153 cells. The import reactions were allowed to proceed for 20 min at
room temperature after which point they were �xed with 4% PFA for 15 min, washed three
times with PBS for 5 min each, and imaged on a confocal microscope. The �uorescence
intensities within the nuclei were quanti�ed (Figure A.2).

The results show that optimal import for both wild type andDNup153 cells occurs within
a relatively narrow window of impb concentrations with a maximum at 1 mM. Higher impb
levels dramatically reduce import, likely due to competition between cargo-impb complexes
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Figure A.2. Impb titration of active import. Active import (nuclear cargo �uo-
rescence) is quanti�ed as a function of impb concentration for both wild type (blue) and
DNup153 (green) cells. Error bars indicate the standard error of the mean (N>100 for each
concentration).
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and free impb for accessible binding sites in the NPC. When a large excess of impb over
cargo is present, almost all binding sites in the pore become occupied by free impb, and
cargo-impb complexes cannot rapidly enter and translocate through.

Interestingly, active import for DNup153 cells was signi�cantly reduced at all impb con-
centrations compared to wild type cells. Like previous observations (Figure 2.1), this result
suggests that Nup153 plays an important role in nuclear import, as observed by others [Shah
et al. 1998b, Walther et al. 2001].

A.3 E�ect of Nup153 reduction on impb localization

Given Nup153's importance as an impb binding site in the NPC [Shah et al. 1998a, Shah et

al. 1998b, Walther et al. 2001], I was interested in exploring whether reducing Nup153 levels
in the cell would have more general e�ects on impb localization. Immuno�uorescence stain-
ing for impb using a primary mouse monoclonal antibody to impb (Abcam, ab2811 [3E9])
was performed on mock transfected and Nup153 siRNA transfected HeLa cells 48 h after
transfection. Impb antibody �uorescence staining was imaged with a confocal microscope
(Figure A.3A), and the intensities in the nucleus and cytoplasm were used to compute a
ratio of nuclear to cytoplasmic impb localization (Figure A.3B).

Intriguingly, the results suggest that reducing Nup153 levels in the cell causes impb to
localize more inside the nucleus. In wild type cells, the nuclei appear to contain much less
impb than the cytoplasm. While this general trend is the same for DNup153 cells, there is
visibly more impb in the nucleus. Indeed, the ratio of nuclear to cytoplasmic �uorescence for
wild type cells is 0.38 ±0.10 (mean ±standard deviation), whereas in DNup153 cells the ratio
is 0.49 ±0.09. This di�erence has a signi�cance p-value<10=11 using the Mann-Whitney U
test (N = 109 for wild type cells, N = 89 for DNup153 cells).

In consideration of the model highlighted in Chapter 2 (Figure 2.15), it is tantalizing
to consider whether the greater nuclear localization of impb in DNup153 cells is due to a
reduction of the impb�Nup153 barrier. With less Nup153 present, this barrier would be
less restrictive to both inert molecules as well as transport receptors and cargo-receptor
complexes. Consequently, impb and possibly other transport receptors may `leak' into the
nucleus more rapidly. Given that impb functions in nuclear import, it is advantageous to
the cell to maintain higher levels of impb in the cytoplasm than the nucleus where it may
bind with its cognate cargos. Conversely, impb in the nucleus would bind RanGTP and
potentially lead to a futile round of GTP to GDP hydrolysis. This result thus suggests
another potential role of the impb�Nup153 barrier in sequestering transport receptors, and
not only cargos, in their appropriate cellular compartment.
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A.4 A stable, Ran-insensitive impb subpopulation at

the NPC

Inverse �uorescence recovery after photobleaching (iFRAP) experiments were performed to
examine the dissociation kinetics of impb at the NPC. In iFRAP, impb was tagged with the
photoconvertible �uorescent protein mEos2 (mEos2-impb) and incubated with digitonin-
permeabilized nuclei, which formed a green �uorescent nuclear rim at the nuclear envelope.
Using a Zeiss LSM 700 laser scanning confocal microscope, a portion of the rim was pho-
toconverted with 405 nm laser light to a red �uorescent state, and the red �uorescence was
imaged over time. The decrease in red �uorescence gives a measure of the dissociation rate
of the transport receptor (i.e. impb unbinding from the pore and di�using away). This
experiment was performed for both mEos2-impb alone and mEos2-impb in the presence of
Ran and GTP (Figure A.4).

The results seem to indicate that in the absence of Ran, impb undergoes relatively rapid
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Figure A.4. Inverse FRAP detects long-lived impb population at the NPC.
iFRAP curves for mEos2-impb with and without Ran are normalized to the initial post-
photoconversion �uorescence intensity. Impb is detected at the pore for long time lengths
(>25 min).
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dissociation from the pore (blue curve). However, when Ran and GTP are added, the pool
of impb still bound to the NPC (i.e. the Ran-insensitive subpopulation of impb) undergoes
slower dissocation from the pore (green curve). The Ran-sensitive subpopulation of impb
(detected as the decrease in impb binding to the pore in Figure 2.3) likely dissociates from the
pore too rapidly (or are never strongly bound to the pore in the �rst place) to be detected
in this iFRAP experimental con�guration. These results thus suggest that there are two
or more impb subpopulations at the NPC, at least one of which is sensitive to Ran. The
Ran-sensitive pool unbinds from the pore relatively rapidly, while the Ran-insensitive pool
dissociates more slowly.

Additionally, the iFRAP experiment also detects a population of impb which resides at
the NPC for long time lengths (>25 min). Furthermore, these impb molecules belong to the
Ran-insensitive pool since they persist even in the presence of Ran. This long-lived impb
population at the pore is fascinating since it suggests that perhaps impb may be considered
a true component of the NPC. Curiously, it has been previously reported that the residence
time of impb at the pore is just a few seconds [Rabut et al. 2004]. Since the experiments
described in that report were performed in a live cell context, additional factors not examined
here, such as cargo-dependent turnover e�ects and binding competition with other transport
receptors, may account for the much lower measured impb residence times.

A.5 Quanti�cation of sca�old nucleoporin nuclear

translocation

A quanti�cation protocol was developed for robust analysis of the nuclear translocation
assays of the YFP and GFP-tagged sca�old nucleoporins and the positive and negative
controls YFP-impb and 3xGFP respectively (Figures 3.6, 3.7, 3.8, 3.9, and 3.10). Nuclei
were prepared by digitonin permeabilization and the appropriate proteins and a 155 kDa
TRITC-dextran marker were incubated with the nuclei for 15 min followed by confocal
imaging of both the YFP/GFP (protein of interest) channel and the TRITC channel. The
YFP/GFP and TRITC �uorescence inside and outside the nuclei were determined and a
normalized nuclear �uorescence ratio was determined. The dextran marker is much greater
than the NPC passive di�usion size cuto� (∼40 kDa) and is thus suitably large enough
that it should be strongly excluded from the nuclei. Therefore, any nuclei which exhibited
a nuclear to cytoplasmic TRITC �uorescence ratio greater than 0.3 were considered to be
`leaky' and were excluded from further analysis (Figure A.5).
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Figure A.5. Outline of nuclear translocation quanti�cation. (A) Illustration of
nuclear translocation assay. (B) Two-channel confocal imaging of �uorescent protein fusions
(YFP) and 155 kDa TRITC-dextran (TRITC channel). (C) Procedure used to quantify
nuclear translocation. (D) Intensities inside and outside the nuclei were quanti�ed using
custom MATLAB code. The normalized intranuclear �uorescence intensity was calculated
by taking the ratio of the �uorescence inside to outside the nucleus. Nuclei with normalized
TRITC �uorescence exceeding 0.3 were considered `non-intact' and omitted from further
analysis. (Figure adapted from Andersen et al. 2013)
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A.6 Table of protein constructs

Table A.1. Protein constructs

Name Description Source

1xGFP His6=GFP This study
2xGFP GFP=GFP=His6 This study
2xGFP-IBB His6=Snurportin-1 IBB=GFP=GFP This study
3xGFP GFP=GFP=GFP=His6 This study
3xGFP-IBB His6=Snurportin-1 IBB=GFP =GFP=GFP This study
GFP-ScNic96C His6=GFP=ScNic96(186-839) This study
GFP-ScNup157 His6=Arg7=SUMO=GFP=ScNup157(82-1391) This study
GFP-ScNup170 His6=GFP=ScNup170(979-1502) This study
Importin-a IBB His6=Importin-a IBB=CFP=Biotin ligase This study
Importin-b His6=Importin-b Adam et al. 1990
mCherry-importin-b His6=mCherry=Importin-b This study
mEos2-importin-b His6=mEos2=Importin-b This study
MtNup188 His10=Arg7=SUMO=MtNup188 This study
MtNup188C His10=Arg7=SUMO=MtNup188(1445-1827) This study
MtNup188N His10=Arg7=SUMO=MtNup188(1-1160) This study
MtNup192 His10=Arg7=SUMO=MtNup192=Arg9=His7 This study
NTF2 His6=NTF2 This study
Nup153FG GST=(TEV)=Nup153(874-1475)=His6 Lim et al. 2006
Ran His6=Ran Kalab et al. 2002
RanQ69L His6=RanQ69L Kalab et al. 2002
RanT24N His6=RanT24N Kalab et al. 2002
ScKap95 His6=ScKap95=His6 This study
ScNsp1(1-603) GST=ScNsp1(1=603) This study
ScNup100(1-310) GST=ScNup100(1=310) This study
ScNup100(1-610) GST=ScNup100(1=610) This study
ScNup116(348-458) GST=ScNup116(348=458) Patel et al. 2007
ScNup116(348-458)FA GST=ScNup116(348=458)FA Patel et al. 2007
ScNup188 His10=Arg7=SUMO=ScNup188=His6 This study
Snurportin-1 IBB His6=Snurportin-1 IBB=CFP=Biotin ligase Lowe et al. 2010
Transportin-1 Transportin-1=His6 K. Weis lab
YFP-importin-b His6=YFP=Importin-b K. Weis lab
YFP-importin-b(DN70) His6=YFP=Importin-b(71-876) This study
YFP-MtNup188 His10=Arg7=SUMO=YFP=MtNup188 This study
YFP-MtNup192 His10=Arg7=SUMO=YFP=MtNup192 This study




