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3 Introduction

3.1 Overview of Eag1

3.1.1 hEag1 protein

hEag1 (human ether-à-go-go-1, Kv10.1) is a voltage-gated potassium channel. Its gene belongs to

the eag subfamily of the EAG family, together with hEag2. The EAG family has a shared homology

with both voltage-gated Kv1-6,8-9 and cyclic nucleotide-gated cation channels [Bauer and Schwarz,

2001]. Based on the structural homology, the functional channel is assumed to be a tetramer[Jenke

et al., 2003]. Each subunit has six putative transmembrane domains with both the N and C-termini

facing the cytoplasm (Fig. 1). There are numerous regulatory domains on both termini, including

three calmodulin (CaM) binding domains [Ziechner et al., 2006], a biparticle nuclear localization

signal (NLS, RKisdvKReeeermKRKN) [Hegle et al., 2006] and a predicted nuclear export signal

(NES, LseiLriL) for soluble proteins [la Cour et al., 2004].

3.1.2 Properties of Eag1 current

In heterologous systems, under physiological ion distribution, the single channel conductance of

Drosophila Eag in oocytes is 4.9pS derived from noise analysis [Brüggemann et al., 1993]. In HEK

cells that value for rat Eag is 7.4pS [Stansfeld et al., 1996] and in myoblast for hEag1 it was

measured to be 8.4pS [Bijlenga et al., 1998]. Inside-out patch clamp recordings have often shown

that the currents run down quickly (both in the HEK cell line [Stansfeld et al., 1996] and oocytes

[Ludwig et al., 1994]). This is probably due to the wash-out of large cytosolic factors, because there
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Figure 1: Schematic representation of Eag1 subunit on the plasma membrane. Some of its motifs
and enzymatic modification sites are also shown.

is much less run-down in whole-cell patch clamp mode. And the current in inside-out patch can be

rescued by putting the patch back to the cell, termed ’cramming’ [Robertson et al., 1996].

The macroscopic Eag1 current is slow-activating, non-inactivating. Its rate of activation is

positively correlated with the holding potential before depolarization [Bauer and Schwarz, 2001].

This phenomenon is reminiscent of the Cole-Moore effect initially described for potassium currents

in the squid axon [COLE and MOORE, 1960]. This slow-down of activation by negative holding

potential is more pronounced in the presence of extracellular Mg2+ at physiological concentrations

[Brelidze et al., 2009, Terlau et al., 1996].

Drosophila Eag has certain traits that are lost in hEag, such as partial inactivation and per-

meability to Ca2+. Cyclic nucleotides are not able to enhance the current of hEag, as they do to
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Drosophila Eag, despite the presence of a cyclic nucleotide binding domain in its structure[Ludwig

et al., 1994].

The macroscopic current rectifies at positive membrane potential due to a blockage from intra-

cellular Na+ [Pardo et al., 1998]. Interactions with other proteins also modulate Eag1 current. The

current amplitude is reduced by binding to Ca-CaM [Schönherr et al., 2000, Ziechner et al., 2006]

or actin filaments [Camacho et al., 2000]. Interaction with microtubulin reduces the selectivity and

thereby the rectification [Camacho et al., 2000].

Eag1 current varies in a cell-cycle dependent manner. During the M phase in oocytes and CHO

cells, rearrangement of the cytoskeleton alters the current as explained [Camacho et al., 2000]. In

neuroblastoma cells, Eag1-like current is reduced when cells are arrested in G0/G1 transition by

retinoic acid, which is a secondary, metabolic effect since the acute application of retinoid acid

increases Eag1 current [Meyer and Heinemann, 1998]. Eag1 is also expressed transiently before

myoblast fusion (G1/G0) [Bijlenga et al., 1998].

The only available small molecular blocker with relative specificity is astemizole. It was orig-

inally used as a histamine H1-receptor antagonist but later shown to be a blocker for channels in

the EAG family [Garćıa-Ferreiro et al., 2004]. It is able to permeate the lipid bilayer and bind to

the open channel from the intracellular side with an IC50 around 200 nM [Garćıa-Ferreiro et al.,

2004]. No other potassium channels have been shown to be blocked by astemizole.

A very specific blocker for Eag1 is a monoclonal antibody (mAb56) against the extracellular

pore region of Eag1, with an IC50 around 300 nM. Unlike astemizole, mAb56 does not affect current

from HERG or hEag2 [Gómez-Varela et al., 2007].
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3.2 Physiological role of Eag

3.2.1 D. melanogaster and C. elegans Eag

The Drosophila genome contains only one eag gene [Ganetzky et al., 1999]. Drosophila Eag has

been most widely studied at the neuromuscular junction (NMJ) where it has been implicated

in the repolarization after action potential [Drysdale et al., 1991]. Loss of function mutant flies

show reduction in four potassium currents: the transient, delayed, fast Ca-activated and slow Ca-

activated [Zhong and Wu, 1991]. Consequently, these flies have longer and larger depolarizations

as well as more frequent spontaneous excitatory junction potentials, both of which result in an

increase in neurotransmitter release [Ganetzky and Wu, 1983]. All these effects together explain

the rhythmic leg-shaking phenotype of mutant flies upon etherization from which the gene was

named [Kaplan and Trout, 1969]. Loss of function of eag also enhances the habituation of post-

synaptic response [Engel and Wu, 1998] and produces defects in the olfactory system [Dubin et al.,

1998] as well as associated learning [Griffith et al., 1994].

Drosophila eag acts synergistically with another potassium channel, shaker. Hence the flies

with double mutations have a plateau-shaped action potential at the NMJ and an even longer

duration of neurotransmitter release [Warmke et al., 1991]. Because of this it is not surprising that

the gain-of-function point mutation of eag in the voltage-sensor can rescue the shaker mutation in

a Mg2+-dependent manner [Cardnell et al., 2006].

The C. elegans orthologue of eag gene is egl-2. It acts in parallel with erg to inhibit the sex

muscle contraction [LeBoeuf et al., 2007]. In gain of function mutants, neurons and muscles are

less excitable and those mutants have defects in odorant sensing [Weinshenker et al., 1999].

14



3.2.2 Mammalian Eag1

Though Eag1 is expressed almost exclusively in the central nervous system of rats and humans

[Martin et al., 2008], no endogenous Eag1 current has been reported from the soma of neurons

and little is known about its role. Intriguingly, Eag1 is distributed predominantly intracellularly in

neurons [Jeng et al., 2005, Martin et al., 2008, Saganich et al., 2001]. It is not present at the NMJ

but it is transiently expressed before myoblast fusion [Bijlenga et al., 1998]. In addition, an Eag-

like current has been reported in rod inner segment of bovine retina [Frings et al., 1998] and Eag

immunoreactivity has been detected in the rat retina [Jow and Jeng, 2008], both of which suggest

a contribution of Eag1 to the dark current. In cultured rat hippocampal neurons, surface Eag1

is localized mostly at presynaptic termini, where it diffuses into and out of laterally. Its diffusion

behavior also differs inside or outside of presynaptic membrane because the cytoskeleton restricts

its mobility inside the presynaptic region in a fast manner, which may indicate its physiological

role as well as a regulation mechanism [Gómez-Varela et al., 2010].

3.3 hEag1 in pathological conditions

3.3.1 Ion channels in normal cell proliferation and cell cycle

Since many ion channels are responsible for regulating various fundamental physiological processes

such as maintenance of resting membrane potential, it is of no much surprise that inhibition of

different ion channels leads to impairments of cell proliferation. This has been described in numerous

cell types, most thoroughly in T-lymphocytes. Besides, it has also been noted that the membrane

potentials of terminally differentiated cells are more hyperpolarized than those of quiescent cells,
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which require a hyperpolarization by potassium channels to initiate the G0/G1 transition. It was

also noticed that potassium channels associated with hyperpolarization were required during the

G1/S transition of cycling cells [Wonderlin and Strobl, 1996].

3.3.2 Cancer-related ion channels

Parallel to these findings in normal cells, membrane potentials of cancer cells under continuous

mitotic cycles are the least polarized [Wonderlin and Strobl, 1996]. Hence, it is easy to postulate a

relationship between the proliferation of a cell and its ion channels content, particularly for cancer

cells. On one hand, expression of many K, Na and Ca channels has been found to be deregulated

in tumors [Kunzelmann, 2005, Pardo et al., 2005, Wang, 2004]. And a number of channel blockers,

either specific or broad spectrum, have the ability to inhibit tumor growth. On the other hand,

only a few channels provide growth advantages for tumors. Among these few channels, only hEag1

has been shown to have transforming capability [Pardo et al., 2005].

As mentioned previously, hundreds of channels are able to conduct ion flow across the membrane

and affect the membrane potential and/or cell volume to some extent. The question that imposes

itself is why are only a few are expressed during the micro-evolution of tumor progression, or to

put it in the context of this study, why hEag1 [Pardo, 2004]?

3.3.3 Distribution of Eag1 in tumors

A striking feature of Eag1 is its prevalent mRNA and protein distribution in various tumor tissues,

that do not express hEag1 under normal physiological conditions [Hemmerlein et al., 2006]. Eag1

16



has been detected in >75% of primary solid tumor samples from various origins [de Queiroz et al.,

2006, Hemmerlein et al., 2006] and around 50% of hemopoietic neoplasms [Agarwal et al., 2010].

And its expression level correlates with the survival rate in both sarcoma and leukemia.

As a well established plasma membrane channel, its current can be measured in neuroblastoma

cell lines [Meyer and Heinemann, 1998], melanoma cell line [Meyer et al., 1999] and primary tumors

[Farias et al., 2004]. For example, before the proliferation of MCF-7 cells, there is a significant

increase of Eag1 current and mRNA [Ouadid-Ahidouch et al., 2001]. However, similar to the

situation in neurons, the majority of Eag1 stays in the intracellular pool in tumor and tumor cells.

3.3.4 Transforming ability of hEag1

When ectopically expressed, hEag1 shows oncogenic potential. The host cells proliferate faster and

lose the contact inhibition as well as the requirement of serum for growth. They form tumors in

immunocompromised mice after transplantation [Pardo et al., 1999]. For tumorigenesis in vivo,

hEag1 expression is more likely to take place secondary to other initiating factors [Pardo and

Stühmer, 2008a] such as papillomavirus oncogenes [Dı́az et al., 2009].

Nevertheless, these transformed cells become dependent on hEag1 expression possibly due to

the selective advantages conferred by hEag1 [Pardo et al., 1999]. Both the knock-down of hEag1

expression level by antisense oligonucleotides [Pardo et al., 1999] or siRNA [Weber et al., 2006], and

the blockage of Eag1 open channel by drugs [Dı́az et al., 2009, Downie et al., 2008] or monocolonal

antibodies [Agarwal et al., 2010, Gómez-Varela et al., 2007] can inhibit the growth of cancer cell

lines or tumors in mice.
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3.3.5 Roles of hEag1 in neoplasia

It is not only intriguing to understand the role of Eag1 from a basic research aspect, also of equal

importance to understand the mechanism in tumors for diagnosis and therapeutic reasons[Pardo

and Stühmer, 2008a,b, Wulff et al., 2009]. As noted above, ectopic expression of ion channels in

cancer cells is not uncommon. However, hEag1 is so far the only one the fulfills all four criteria: to

be absent from its normal tissue counterpart, to be able to transform normal cells, to be able confer

selective advantages and the inhibition of which can prevent cancer proliferation [Pardo et al., 2005,

Pardo, 2004].

Exactly what hEag1 coffers the tumor with remains unclear. hEag1 is involved in many signaling

pathways. IGF-1 activation up-regulates hEag1 through increasing Akt/PI3K level [Borowiec et al.,

2007]. It is also well established that hEag1 is under progesterone control through mitosis-promoting

factor [Brüggemann et al., 1997, Camacho et al., 2000]. In solid tumors, the interaction with oxygen

homeostasis and angiogenesis seems to make the tumor more adaptive in a hypoxia environment

by boosting a hypoxia-driven response and trimming the vascular systems around tumors [Downie

et al., 2008]. The involvement of hEag1 in the etiology of leukemia, where angiogenesis is not

present, is unknown.

3.3.6 Discrepancy on the role of Eag1 conductance in tumorigenesis

One particular, and perhaps the most intuitive, mechanism for the role of Eag1 in tumor is its

permeability as a potassium channel. However, because of hEag1’s distinguished character in

tumorigenicity compared to other channels, it is unlikely that any normal property of an ion channel,

K+ permeability for instance, can explain its prominent relationship with cancer. This makes the
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hypothesis on the involvement of cell volume check point or membrane potential regulation in

malignant transformation less appealing [Pardo, 2004].

In terms of its known interaction with oxygen homeostasis, vascularization or extracellular

matrix organization [Toral et al., 2007], there is no obvious link to K+ flow. Besides, Drosophila

Eag can induce oncogenic proliferation independently of ion influx [Hegle et al., 2006]. This issue

becomes more debatable when it was found that non-conducting Eag1 from point mutation still

promotes the tumor progression but to a lesser extent [Downie et al., 2008]. Yet another intriguing

observation is that hEag2, the closest family member to hEag1, has no oncogenic properties. This

result strongly indicates that the transforming capability hEag1 is not dependent on a portion of

its sequence, at least not the ion-conducting pore, but on the protein and its conformation as a

whole, probably carrying out some non-canonical functions as a channel.

3.4 Nuclear envelope and inner nuclear membrane proteins

3.4.1 Structure of nuclear envelope

During the interphase of eukaryotes, the nucleoplasm is separated from the cytoplasm by the

nuclear envelope (NE). This is a membrane structure composed of two layers, the inner and the

outer nuclear membranes (INM and ONM). Both are connected at the nuclear pore complex (NPC),

which controls trafficking between the two compartments [Mattaj, 2004]. The space between outer

and inner nuclear membrane (peri-nuclear space) is an extension of the lumen of the endoplasmic

reticulum (ER). The surface of nuclear envelope is roughly 5% of ER, not taking into account the

invaginations in the NE[Georgatos, 2001].
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The nuclear lamina is an intermediate filament meshwork located beneath the inner nuclear

membrane and it is composed mainly of polymerized lamin proteins [Soullam and Worman, 1995,

Wu et al., 2002b]. Lamina acts as the scaffold of the nuclear structure and provides the platform

for numerous interactions. Although the outer nuclear membrane is an extension of the rough ER

(rER), it has a distinct set of proteins, different from those found in the ER [Schirmer and Gerace,

2005] (Fig 2).

Figure 2: Structure of nuclear envelope and its associated proteins [Güttinger et al., 2009]. See
main text for details.

3.4.2 Inner nuclear membrane proteins and their physiological roles

The differences between the ER and the nuclear envelope in terms of protein composition are much

more pronounced at the inner nuclear membrane; only a handful of transmembrane proteins can

reach the inner nuclear membrane [Schirmer and Foisner, 2007]. The transmembrane proteins in

the inner nuclear membrane come mainly from three groups: the LEM-domain (LUMA, Emerin
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and MAN1 domain) family, the SUN-domain (Sad1 and UNC-84 homology domain) family and the

KASH-domain (Klarsicht, ANC-1 and SYNE1 homology) family [Tzur et al., 2006] (Fig 2).

LEM domain family in human includes LUMA, emerin, MAN1, lamina associated polypeptides

(LAP) 1,2�,2 and LAP-emerin-MAN1 domain protein 2 (LEM2) [Brachner et al., 2005]. They

all contain a globular LEM domain at the N terminus and bind to lamin A/C or lamin B and to

BAF (barrier to autointegration factor) which is a chromatin associated protein. Some of them also

bind to HA95, also a chromatin associated protein containing zinc finger for binding. Therefore,

the functions of LEM proteins have always been tightly linked to chromatin organization and gene

regulation at the inner nuclear membrane [Gruenbaum et al., 2005, Heessen and Fornerod, 2007]

(Fig 2).

In the simplest scenario, sequestering transcription factors, repressors or other regulators to the

inner nuclear membrane may up or down-regulate the expression levels of a multitude of genes, as in

the case for LAP2� [Dorner et al., 2006] and MAN1 [Lin et al., 2005]. At a higher level of complexity,

inner nuclear membrane proteins can influence gene expression by direct interaction with chromatin.

The chromatin in the vicinity of the nuclear envelope may contain genes that would be actively

transcribed while in areas close to the NPC; those located away from the NPC (heterochromatin)

would be silent[Akhtar and Gasser, 2007]. The physical structure of heterochromatin does not

influence only the transcription efficiency. In alternative splicing, nucleosome density correlates

with exon-inclusion probability [Tilgner et al., 2009] and siRNA can affect the splicing product

through heterochromatin [Alló et al., 2009]. Last but not least, during the open mitosis of higher

eukaryotic cells, the nuclear envelope is at first completely disassembled and dissipated into the

ER. After telophase, those nuclear envelope fragments have to be sequestered from the ER and

reconstitute a new nuclear envelope. This segregation is mediated by interactions of inner nuclear

membrane proteins with chromatin [Anderson and Hetzer, 2007, Holaska et al., 2002, Mattaj, 2004].
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The SUN family composed of SUN1 and 2. These proteins have a SUN domain located at the

very end of their C terminus facing peri-nuclear space [Tzur et al., 2006]. They function as bridges

between cytoskeleton and nucleoskeleton by forming a LINC complex with the KASH proteins in

the outer nuclear membrane [Gruenbaum et al., 2005, Holmer and Worman, 2001]. With SUN

domain proteins linked to the lamina, KASH proteins further connect to cytoskeleton through

other mediators [Starr and Fischer, 2005] (Fig 2). This is essential for the correctly positioning

the nuclei during interphase and the migration of nuclei in development. KASH domain proteins

such as nesprin-1 are mainly found in the outer nuclear membrane. However, there is evidence for

the presence of KASH proteins in the inner nuclear membrane and correspondingly, an inverted

conformation of the LINC complex [Starr and Fischer, 2005].

There are some other inner nuclear membrane proteins that cannot be assigned to the afore-

mentioned families. For example, ring-finger-binding protein (RFBP) belongs to lipid pump family

but binds to a transcription factor RUSH in the inner nuclear membrane [Mansharamani et al.,

2001]. Inositol 1,4,5-trisphosphate (InsP3) receptor is a ligand-gated calcium channel [Humbert

et al., 1996]. Lamin B receptor (LBR) also binds to chromatin and lamin B [Makatsori et al.,

2004]. In addition it may also be a sterol reductase [Georgatos, 2001]. There are very few func-

tional studies on the nuclear rim protein (nurim) and its intimate binding to the inner nuclear

membrane [Hofemeister and O’Hare, 2005]. Finally, one should always include the transmembrane

proteins that are components of the NPC [Anderson and Hetzer, 2008],

3.4.3 Transport of transmembrane proteins into nucleus

Small (<40 kDa) soluble proteins can cross the NPC freely, while larger molecules are actively

and selectively transported through the NPC in a Ran GTPase dependent manner[Terry et al.,
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2007]. The situation is more complex for transmembrane proteins. The model with the most

experimental supports is the ’diffusion-retention’ hypothesis [Soullam and Worman, 1995]. Inner

nuclear membrane proteins on the ER presumably back-diffuse to the outer nuclear membrane and

then employ the machinery for selective transport of large soluble proteins across the NPC [Zuleger

et al., 2008], at least in budding yeast [King et al., 2006] and insect cells [Braunagel et al., 2007].

Once they cross the NPC, inner nuclear membrane proteins are normally trapped in the inner

nuclear membrane, due to the aforementioned ’retention’ taking place there.

Different regions of protein sequences have been found to be required for the inner nuclear

membrane localization of transmembrane proteins. For example, the residues at the N-terminus of

LAP2� [Furukawa et al., 1995, 1998], MAN1 [Wu et al., 2002b] or LBR [Soullam and Worman, 1993];

in N [Ostlund et al., 1999] and C [Dabauvalle et al., 1999] termini of emerin; in transmembrane

domain of nurim [Rolls et al., 1999] and LUMA [Bengtsson and Otto, 2008]; in the N terminus and

transmembrane domain of LEM2[Brachner et al., 2005]. Still, it is worth mentioning that there

is so far no conserved NLS pattern for transmembrane proteins. And a canonical NLS for soluble

protein is neither necessary nor sufficient to target transmembrane proteins into the inner nuclear

membrane [Soullam and Worman, 1995]. Actually, the size of transmembrane segments is more a

crucial determinant of inner nuclear membrane localization than the cytosolic domains [Lusk et al.,

2007].

Another mechanism for inner nuclear membrane localization would be the recruitment of the

nuclear-envelope-originated cytoplasmic vesicles or ER tubular networks that already contain the

inner nuclear membrane proteins during the assembly of the nuclear envelope during mitosis [Yang

et al., 1997], as mentioned before. This mechanism, however, cannot be applied to all situations.

Yeast posses transmembrane proteins in the inner nuclear membrane while the cells undergoes a

closed mitosis, which does not involve nuclear envelope breakdown.

23



There are two other less feasible ways for transporting membrane proteins into the nuclei: one

involves sequential budding of vesicles from one side of the nuclear envelope and fusion with the

other, which has only been described for viruses [Mettenleiter, 2004]; Transmembrane protein can

also be transported to the nucleus in endosome [Giri et al., 2005] or in a membrane-free form with

the help of chaperons to shield the hydrophobic part [Wells and Marti, 2002]. Both normally result

in the presence of the protein in the nucleoplasm.

3.5 Ion channels in the nuclear envelope

3.5.1 Permeability of nuclear envelope to ions and electrophysiological studies of

nuclear envelope

NPC is a protein complex (around 60MDa) spanning nuclear envelope with a central canal sur-

rounded by two layers of rings. This canal has been suggested to have hydrogel-like properties and

to be permeable to ions [Frey and Görlich, 2007]. Since there are numerous NPCs at the nuclear

envelope (10-50/�m2[Mazzanti et al., 2001]), it has been extensively debated whether the nuclear

envelope can serve as a diffusion barrier to ion-flow between cyto- and nucleoplasm [Bootman et al.,

2000, Carafoli et al., 1997]. If it were so, the ionic composition could be different between those

two compartments, and there could be an electrical potential across the nuclear envelope.

From the very few reports on its ion composition [Hoffman and Geibel, 2005, Kowarski et al.,

1985], there seems to be an enrichment of K+ and exclusion of Cl- in the nucleoplasm. In most

cases, the intranuclear potential is only slightly negative compared to the cytoplasm presumably due

to the Gibbs-Donnan potential from DNA [Mazzanti et al., 2001]. Nevertheless, the intranuclear

potential is dependent on the cytoplasmic K+ concentration [Draguhn et al., 1997, Mazzanti et al.,
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1990], and it becomes more negative when cell progresses from late telophase to late anaphase

[Giulian and Diacumakos, 1977]. This is probably due to the competitive binding between K+

and histone to the negatively-charged DNA back-bone at different conformations of chromatin in

different cell cycle phases.

One obvious solution to this debate would come from measuring the conductance of the nuclear

envelope electrophysiologically (Fig. 3), which is not as simple as once thought. On one hand,

measurements on the impedance of whole Xenopus nuclei yielded results favoring a leaky nuclear

envelope [Danker et al., 1999]. On the other hand, there are compelling evidence from patch-clamp

studies suggesting that the NPC can completely close in a voltage-dependent manner and can

prohibit any ion flow when occluded by cargos [Bustamante, 2006, Mazzanti et al., 2001]. From

an experimental point of view, the fact that NPC can close in certain conditions also allows to

measure currents from other smaller channels on either the outer or inner nuclear membrane. This

is compatible with the existence of a difference in voltage between cyto- and nucleoplasm.

Regardless of the issue of ion exchange between cyto- and nucleoplasm, it should also be noted

that channels at the outer nuclear membrane can participate in the regulation of ion exchange

between the cytoplasm and peri-nuclear space, and those at the inner nuclear membrane could

regulate the exchange between nucleoplasm and peri-nuclear space. Furthermore, it cannot be

ruled out that those ion channels may have functions not associated to ion permeation.

3.5.2 Channels in nuclear envelope

Since the first patch-clamp study on the nuclear envelope in 1990 [Mazzanti et al., 1990], some ion

channels have been characterized at the outer nuclear membrane [Bustamante, 1994, Mazzanti et al.,
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Figure 3: Model of ’nucleus-attached’ single channel recording, adapted and modified from [Maz-
zanti, 1998]. The upper and lower panel show the diagram for recording on the outer or inner
nuclear membrane, respectively. The left panel shows the scheme including NE, NPC, other ion
channels and the pipette. The right panel demonstrates the corresponding electric circuits. The
NPC and other nuclear channels are in parallel in this configuration, therefore the current through
the larger conductor (in this case, the NPC) will dominate the total current recorded.

2001] in various systems, from the coconut endosperm [Matzke et al., 1992] to human lymphocyte

[Franco-Obregón et al., 2000]. These include voltage-gated [Tabares et al., 1991] or ligand-gated

channels [Mak and Foskett, 1994, Maruyama et al., 1995], and can be either highly [Longin et al.,

1997] or poorly [Draguhn et al., 1997] selective.

To the best of our knowledge, there has been only four reports on inner nuclear membrane

channels so far. These are InsP3 receptor (biochemical approaches [Humbert et al., 1996] and

electrophysiological approaches [Marchenko et al., 2005]), a zinc and a calcium channel [Longin

et al., 1997], one chloride and one non-selective cation channel [Rousseau et al., 1996]. The role of

InsP3 receptor would be to amplify cytoplasmic Ca2+ transients into the nucleoplasm [Marchenko

and Thomas, 2006]. For the rest, there is neither a molecular identity nor a physiological role
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proposed.

3.6 Aims of this work

The majority of Eag1 remains in intracellular pool, including the peri-nuclear region, in either

heterologous systems [Napp et al., 2005], neurons [Jeng et al., 2005, Martin et al., 2008, Saganich

et al., 2001] or tumor cells [de Queiroz et al., 2006, Farias et al., 2004, Hemmerlein et al., 2006].

Unpublished results in our lab also clearly showed that Lamin A/C colocalized with Eag1 by

immunofluorescent studies in heterologous expressing system (Fig. 4 c, A. Sánchez, personal com-

munication). Endogenous Eag1 has been detected at the inner nuclear membrane in cancer cell line

MCF-7, and the hippocampus and cerebellum in rat by immunoelectron microscopy (IEM) (Fig. 4

a, b, M. Rubio, personal communication).

Hence, the aim of this study was to provide further evidence that Eag1 is localized at the

inner nuclear membrane. Furthermore, it was also important to find methods able to discriminate

between outer and inner nuclear membrane. And lastly, this study aimed at investigating if the

Eag1 is still functioning as an ion channel in the inner nuclear membrane and what kind of topology

it acquires there.
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Figure 4: Eag1 is found at the INM by IEM in native expression systems and colocalized with
Lamin A/C in CHO cells. a,b, IEM staining in MCF-7 cancer cell line (a) and rat hippocampus
(b). Anti-Eag1 antibodies (mAb62) and anti-mouse antibodies conjugated with gold particles (5nm
in diameter) were used for probing. Both show the presence of hEag1 at the INM in these native
expression systems. c, Colocalization of hEag1 (green) and Lamin A/C (red) in CHO cells was
detected by immunofluorescence staining. (A. Sánchez and M. Rubio, personal communications)
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4 Materials and Methods

4.1 Chemicals and Solutions

All chemicals unless otherwise stated were from either Sigma or Merck.

Table 1: List of solutions

Solutions Concentration Component

General

TBS
20 mM Tris
0.15 M NaCl
pH 7.4

LB medium
2.5 % Luria Broth Base (Invitrogen)

PBS
137 mM NaCl
43 mM Na2HPO4

27 mM KCl
15 mM KH2PO4

pH 7.3

Imaging

HMK buffer
20 mM HEPES
1 mM MgCl2
100 mM KCl
pH 7.5

Live cell imaging extra-
cellular solution

continued on next page
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continued from previous page

Solutions Component Concentration

10 mM HEPES
1 mM MgCl2
2.5 mM KCl
2 mM CaCl2
160 mM NaCl
8 mM Glucose
pH 7.4

Nuclear extraction

Extraction buffer
10 mM HEPES
30 % glycerin
80 mM KCl
16 mM NaCl
1.5 mM MgCl2
1 mM DTT
1 tablet per 10ml Complete protease inhibitor mix-

ture (Roche Applied Science)
pH 7.9

Assay buffer in cy-
tochrome c activity

50 mM Na2HPO4

pH 7.7 by KH2PO4

Nuclear isolation
medium

0.25 M sucrose
25 mM KCl
5 mM MgCl2
10 mM Tris
pH 7.4 by HCl

Hypoosmotic medium
10 mM Tris
10 mM Na2HPO4

continued on next page
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continued from previous page

Solutions Component Concentration

pH 8.0 by HCl

SDB
2.3 M sucrose
25 mM KCl
5 mM Tris
pH 7.4 by HCl

Modification buffer
200 mM HEPES
1 mM MgCl2
250 mM sucrose
pH 8.5 by NaOH

LISM
0.1 mM MgCl2

SB8.5 buffer
0.3 M sucrose
0.1 mM MgCl2
5 mM 2-mercaptoethanol
10 mM triethanolamine
pH8.5 by HCl

SB7.4 buffer
0.3 M sucrose
0.1 mM MgCl2
5 mM 2-mercaptoethanol
10 mM triethanolamine
pH7.4 by HCl

NMSM
20 % v/v glycerol
1 mM EDTA
10 mM Tris
pH 7.5 by HCl

continued on next page
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continued from previous page

Solutions Component Concentration

Western Blot

Denaturing lysis buffer
50 mM NaHCO3

15 mM Na2CO3

2 % SDS

NuPAGE LDS Sample
Buffer (4×)

106 mM Tris HCl
141 mM Tris base
2 % LDS
10 % Glycerol
0.51 mM EDTA
0.22 mM SERVA Blue G250
0.175 mM Phenol Red
pH 8.5

Loading buffer
2.5 �l NuPAGE LDS Sample Buffer (4×)
1 �l NuPAGE Reducing Agent (10×)
6.5-x �l ddH2O
x �l sample

Running buffer upper
chamber

10 ml Tris-Acetate buffer 20 ×
190 ml ddH2O
500 �l NuPAGE Antioxidant

Running buffer lower
chamber

40 ml Tris-Acetate buffer 20 ×
760 ml ddH2O

Transfer buffer
800 ml ddH2O

continued on next page
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continued from previous page

Solutions Component Concentration

200 ml Methanol
10 mM NaHCO3

3 mM Na2CO3

0.01 % SDS

TBST
20 mM Tris
0.15 M NaCl
0.05 % Tween 20

Electrophysiology

Bath solution
150 mM KCl
5 mM MgCl2
10 �M LaCl3
10 mM HEPES
pH 7.4 by KOH

Pipette solution
150 mM KCl
5 mM MgCl2
10 �M LaCl3
10 mM HEPES
200 �M CaCl2
pH 7.4 by KOH
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4.2 Antibodies

Table 2: List of antibodies

Name Host Epitope Clonality Dilution Final Con-
centration
(�g/ml)

Purpose Obtained
from

mAb33 Mouse C terminus of
Eag1

monocolonal 1:1000 1 IHC L.A. Pardo
Gómez-Varela
et al. [2007]

mAb56 Mouse Pore of Eag1 monocolonal 1:20(EP),
1:1000

50(EP),1 EP/IHC L.A. Pardo
Gómez-Varela
et al. [2007]

mAb66 Mouse Pore of Eag1 monocolonal 1:1000 1 IHC L.A. Pardo
Gómez-Varela
et al. [2007]

9391 Rabbit C terminus of
Eag1

polycolonal 1:1500(IB),
1:200

IB,IHC L.A. Pardo
Napp et al.
[2005]

7543 Rabbit C terminus of
Eag1

polycolonal 1:1000 IHC L.A. Pardo

Anti
Eag1

Rabbit C terminus of
Eag1

polycolonal 1:1000 IHC Alomone
(Jerusalem,
Israel)

mAb414 Mouse FXFG repeats
in nuceloporins
of NPC

monocolonal 1:250 4 EP,IHC Abcam (Cam-
bridge, UK)

anti-
LAP2

Rabbit All membrane
isoforms of
LAP2

polycolonal 1:2000 IB H. Otto
[Bengtsson
and Otto,
2008]

anti-
LUMA

Rabbit LUMA soluble
loop

polycolonal 1:2000 IB H. Otto
[Bengtsson
and Otto,
2008]

*IB-immnuoblotting, IHC-immunohistochemistry,EP-Electrophysiology
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4.3 DNA constructs

pCDNA3.1Eag1-Venus construct was generated A. Sánchez. Venus was inserted in frame to the

end of the coding sequence of Eag1. The stop codon of Eag1 was replaced by three alanine residues

as a linker. This tagged-Eag1 has been shown to preserve the electrophysiological characters of

Eag1 in heterologous expression systems (doctoral thesis of J.T. Goncalves).

4.4 Mutagenetic cloning

pCDNA3.1-Eag1-mVenus construct was generated from pCDNA3.1Eag1-Venus by introducing a

point monomeric mutation in Venus reported to minimize dimerization [Nagai et al., 2002] using

the QuikChange XL site-directed mutagenesis kit (Stratagene) according to the manufactures’

instructions. The full coding region was latter on sequenced to assure that no additional mutation

was introduced.

The principle of this method is to use two complementary primers, which contain the desired

mutation(s) of the parental construct, to amplify the parental construct by PCR (Polymerase Chain

Reaction). The methylated parental construct is latter on digested by Dpn I endonuclease while the

amplified, un-methylated DNA containing the desired mutation(s) is transformed into competent

cells for further expression.

4.4.1 Primer and PCR
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Table 3: Primers for mutagenesis

Protein Mutations Primer (5’-3’)

Venus monomeric
(L221K)

GCGATCACATGGTCCTGAAGGAGTTCGTGACCGCC

Eag1 NLS (KRK to
ARA)

GAACGCATGGCACGAGCGAATGAGGC

Eag1 NES (LRIL to
ARIA)

CTGAGATAGCCAGGATAGCAACTTCCAG

Table 4: PCR reaction solution

5 �l of 10×reaction buffer

10 ng of dsDNA template

125 ng of oligonucleotide primer 1

125 ng of oligonucleotide primer 2

1 �l of dNTP mix

1 �l of PfuUltra HF DNA polymerase (2.5 U/�l)

ddH2O to a final volume of 50 �l

Table 5: PCR reaction for QuikChange mutagenesis

Segment Cycles Temperature (∘C) Time

1 1 95 1 min

2 18 95 50 s
60 50 s
68 10 min

3 1 68 7 min
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4.4.2 Enzymatic digestion and transformation

Following temperature cycling, reaction tubes were placed on ice for 2 min to cool the reaction

below 37∘C. 1 �l of the Dpn I restriction enzyme (10 U/�l) was directly to each amplification

reaction for digestion of DNA templates. Pipetting the solution up and down several times gently

and thoroughly mixed each reaction mixture. Reaction mixtures were then spined down in a

microcentrifuge for 1 min and each reaction was immediately incubated at 37∘C for 1 hour for

digestion of the parental DNA.

For transformation, the XL1-blue ultra-competent cells were gently thawed on ice. For each

reaction to be transformed, 45 �l of the super-competent cells were added to an eppendorf tube.

Then 2 �l of the �-mercaptoethanol provided with the kit were mixed to 45 �l of cells. The contents

of the tube were then swirled gently and incubated on ice for 10 min. 2 �l of the Dpn I-treated

DNA were transferred from each reaction to separate aliquots of the super-competent cells. The

transformation reactions were swirled gently and incubated on ice for 30 min. Then they were

heated for 45 seconds at 42∘C and placed on ice for 2 min. 0.5 ml of LB preheated to 42∘C was

incubated with the transformation reactions at 37∘C for 1 hour with shaking around 250 rpm. The

appropriate volume of each transformation reaction was plated on agar plates containing the 1

mg/ml of ampicillin to grow overnight.

4.4.3 Mini- and Midipreparation of DNA

The colonies were incubated overnight in LB medium with 1 mg/ml of ampicillin. After miniprep

by NucleoSpin Plasmid (Macherey-Nagel) and the sequence was confirmed by sequencing. Large

quantity of DNA was prepared using PureLink HiPure Filter kit (Invitrogen).
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Isolation of plasmids of small quantity

1-5 ml of overnight saturated E. coli LB culture were centrifuged at 11,000×g for 30s and the

pellets were resuspended in 250 �l of buffer A1, mixed gently with 250 �l of buffer A2 containing

sodium dodecyl sulfa (SDS)/alkaline to lysis the cell at R.T. for around 5 min. Then 300 �l of

buffer A3 was added to neutralize the lysates and precipitate proteins by potassium dodecyl sulfa.

The lysates were centrifuged for 10 min at 11,000×g and the supernatant were loaded to a column

containing silica membrane where the plasmid bound. The flow-through was discarded after 1 min

of centrifugation at 11,000×g and the membranes were washed by 600 �l of buffer A4 at 11,000×g,

1 min and dried at 11,000×g, 2 min. Finally the plasmid was eluded in low-ion, slightly alkaline

solution by centrifugation for 1 min at 11,000×g.

Isolation of plasmids of large quantity

Bacterial were harvested by centrifuging the 15-25 ml overnight LB-culture at 4,000× g for 10

min and resuspended in 4 ml R3 with RNase A, mixed with 4 ml of lysis buffer R7 and neutralized

with 4 ml precipitation buffer N3. The lysates were centrifuged at 12000×g for 10 min at R.T

to remove the precipitated proteins and debris. The supernatant were then loaded on columns

(equilibrated with buffer EQ). The columns were washed twice by buffer W8 and the plasmid DNA

was eluded by 5 ml of buffer E4, precipitated by 3.5 ml of isopropanol and pelleted by centrifugation

at 15,000×g for 30 min at 4∘C. The DNA was then resuspended in 3 ml of 70% ethanol, centrifuged

at 15,000×g for 5 min at 4∘C, air-dried in a sterile hood and resuspened in sterile ddH2O.
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4.5 Cell culture

CHO cells were cultured in F12 Nutrient Mix (Gibco) containing 10% fetal calf serum at 37∘C in

a humidified atmosphere with 5% CO2. HEK293 cells (DSMZ) stably expressing Eag1 (clone a,

selected for high surface expression of Eag1, referred as HEK-Eag1 from below) were maintained in

the same condition except using DMEM:F12+GlutaMaxTM medium (Gibco) with Zeocin (Calya,

3 �g/mL). Ts20 cells [Kulka et al., 1988] were cultured in Eagle’s minimal essential medium-� with

nucleosides and deoxyribonucleosides (Gibco) plus 10% fetal calf serum at 30∘C in a humidified

atmosphere with 5% CO2. The NES inhibitor leptomycin B (Sigma) was stocked at 5.5ng/�l in

70% methanol at -20∘C and was used at 1:1000 dilution for 1 to 12h to CHO cells.

4.6 Transfection

The cells were plated on glass coverslips and allowed to grow until they reached 70-90% confluency.

Then they were transfected using LipofectmineTM 2000 (Invitrogen). OPTI-MEM I (Invitrogen)

reduced serum medium without serum was mixed with DNA or Lipofectamine separately at R.T.

for 5 min. Then the two were mixed together and incubated at R.T. for 20 min. The old medium

from cells was removed before adding the transfection mixture. The cells were incubated at 37∘C

in incubator for 4 h before the transfection mixture was replaced by normal medium. An aliquot of

Lipofectamine mixture for transfection of one coverslip in a 24-well plate contained 200 �l of OPTI,

0.5 �g of DNA and 1 �l of Lipofectamine for CHO cells and 250 �l of OPTI, 2 �g of DNA and 4 �l

of Lipofectamine for Ts20 cells. Immunofluorescence staining and photobleaching experiment were

carried out within 16-30 h after transfection.
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4.7 Immunofluorescence Microscopy

4.7.1 Double staining of NPC and Eag1

The method was adapted from [Maeshima et al., 2006] with modifications. The cells were washed

with TBS and fixed with 2% Formalin solution (Sigma) for 15 min at R.T.. After 3 times washing

with TBS, the remaining cross-linking reagent was quenched with 50 mM glycine for 5 min in HMK

buffer. (From here on, the coverslips were washed five times by HMK between each incubation step.)

The cells were then rinsed with HMK and permeabilized with HMK containing 0.5% Triton X-100

(Sigma) for 5 min. The unspecific epitopes were further blocked by 10% normal goat serum (NGS)

(Gibco) in HMK for 30 min. The cells were then incubated with rabbit anti-Eag1 antibodies

(Alomone) in HMK buffer supplemented with 1% NGS for 1 h and incubated with anti-rabbit

Alexa Fluor 488 (Invitrogen, 1:1000) for 1 h. After a second blocking by 10% NGS in HMK for 30

min, the cells were incubated with mouse anti-NPC for 1 h and incubated with anti-mouse Alexa

Fluor 680 (1:1000). The coverslips were mounted using Prolong Gold Antifade reagent containing

DAPI (Invitrogen) to counterstain DNA.

4.7.2 Triton X-100 extraction

Triton X-100 extraction experiments were performed as described in [Hofemeister and O’Hare,

2005] with modifications. Briefly, CHO cells transfected with Eag1-mVenus were incubated on ice

for 5 min with or without 3% Triton X-100 in extraction buffer to remove the lipid structures inside

the cells before fixation. Then those cells were further fixed by 4% paraformaldehyde at R.T. for 15

min. The cells were then washed three times with TBS, incubated with 50 mM NH4Cl for 10 min
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to quench the remanent cross-linking reagents and mounted using Prolong Gold Antifade reagent

containing DAPI (Invitrogen) to counterstain DNA.

4.7.3 Digitonin permeabilization

Digitonin permeabilization experiments were performed as described in [Soullam and Worman,

1995], with modifications. CHO cells transfected with Eag1-mVenus were fixed with 4% paraformalde-

hyde for 10 min at R.T.. The cells incubated for 10 min in 50 mM NH4Cl diluted in PBS. After

that, the cells were incubated for 5 min at 4∘C in 40 �g/ml digitonin, which was diluted from 20

mg/ml DMSO stock solution, or 0.5% Triton X-100 diluted in PBS. Then the unspecific binding

sites were blocked in 10% series bovine serum albumin (BSA) in PBS for 30 min. The cells were

incubated with the desired primary antibodies (either mAb66 or mAb33) for 1 h at a concentration

of 0.5 �g/ml in TBS and mouse Alexa Fluor 546 antibody (Invitrogen) at 1:1000 dilution in TBS for

30 min and mounted with Prolong Gold Antifade reagent containing DAPI to counterstain DNA.

The coverslips were washed three times by TBS between each incubation step.

4.7.4 Microscopy

Fluorescence signals were collected with a laser scanning confocal microscope (TCS-SP2; Leica) us-

ing oil immersion objective (HCX PL Apo, 63×/NA=1.4). The images were collected at 1024×1024

pixels, using 1 airy disk pinhole and a spatial sampling frequency above 100 nm/pixel.

ImageJ [Abramoff et al., 2004] was employed for the post-acquisition image processing. The

curved peri-nuclear region was straingtened using plugin ”Straighten Curved Objects” [Kocsis et al.,
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Table 6: List of fluorophores and respective spectral settings

Fluorophore Excitation
Laser

Excitation Wave-
length (nm)

Collected Emission
wavelength (nm)

mVenus/Venus Ar 514 527-608
ALex488 Ar 488 510-612
Alex546 Ar 561 572-668
Alexa680 HeNe 633 700-800
DAPI BD 405 419-500

1991]. JACoP plugin was used for colocalization analysis[Bolte and Cordelières, 2006]. Overlap

coefficient according to Manders (R) was calculated at following:

R =

∑
i

S1i ⋅ S2i√∑
i

(S1i)
2 ⋅

∑
i

(S2i)
2

(1)

with S1i or S2i representing the intensity of pixel i in channel 1 or 2, respectively. R ranges from 0

to 1 with 0 indicating a complete exclusion and 1 indicating a complete colocalization.

4.8 Nuclear Isolation and western blot

4.8.1 Triton X-100 extraction experiments

Nuclear extraction was performed by NucBuster Protein Extraction Kit (Novagen, Darmstadt, Ger-

many) according to manufacturers’ instructions. Briefly, HEK-Eag1 were harvested by trypsiniza-

tion and centrifuged at 500×g at 4∘C for 5 min in PBS. For every 50 �l of cells, pellets were

resuspended in 150 �l NucBuster Reagent, vortexed, incubated on ice for 5 min, vortexed again for
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15 s and centrifuged at 16,000 × g for 5 min at 4∘C. Subsequently, the supernatant corresponding

to the cytoplasmic fraction were removed and stored. The pellets were resuspended in 0.5% Triton

X-100 in 12 �l extraction buffer. After sedimented at 15,000 × g, 4∘C for 3 min, the supernatant

containing the outer nuclear membrane fraction was saved for further analysis. Then the pellets

were washed in extraction buffer at 15,000 × g, 4∘C for 3 min and resuspended in 75 �l NucBuster

Extraction Reagent 2 supplemented with 1 �l of 100× Protease Inhibitor Cocktail supplemented

by the kit, 1 �l of 100 mM DTT. The suspension was then vortexed, incubated on ice for 5 min,

vortexed and centrifuged at 16,000 × g for 5 min at 4∘C. The final supernatant was the nuclear

extract.

4.8.2 Cytochrome c activity assay

Cytochrome c assay was performed as described in [Graham, 2001b]. NADPH cytochrome c reduc-

tase is present in the ER and catalyzes the reduction of cytochrome c using NADPH as substrate,

which results in an increase of absorbtion at 550nm (A550).

50 �l of 25 mg/ml cytochrome c in assay buffer, 10 �l 10 mM EDTA, and 10 �l of 1 mg/ml

rotenone (to inhibit interference from mitochondrial oxidation) in ethanol were added to 1 ml of

assay buffer, following by mixing with samples. A550 was recorded until the baseline was steady

and then 0.1 ml of 2 mg/ml fresh NADPH in assay buffer was added to the reaction. The increase

in A550 was measured over a period of 1 to 2 min.
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4.8.3 Nuclear protein isolation

The nuclear protein preparation method was based on low-ionic-strength method [Graham, 2001a]

and [Schindler, 1984] with minor modifications. Plasma membranes were broken by homogenization

in hypoosmotic solution and nuclei were isolated by ultracentrifugation in sucrose cushion based on

the higher density of nuclei compared to other subcellular organelles. The outer nuclear membrane

was further removed by citraconic anhydride (CA) and the nuclear envelope was broken down using

low-ionic strength method (which outperforms high-ionic method in purity).

All the solutions contain 1 mM PMSF to inhibit protease activity and all procedures were carried

at 4∘C. For rat whole brain, male adult Wistar rat were sacrificed according to the institutional

and governmental guidelines. The rats were first decapitated under CO2 anesthesia and whole

brains were taken out and minced on ice in nuclear isolation medium (NIM). Then the mince was

homogenized by Dounce homogenizer with a tightly fitted pestle for 25 times. For HEK-Eag1, the

cells were dissociated with trypsin-EDTA, washed with PBS, resuspended in hypoosmotic medium

5 times the pellet volume and incubated on ice for 5min. Then the cells were homogenized by

Dounce homogenizer with a tightly fitted pestle for 25 times and the osmolality was adjusted by

adding same volume of 2× concentrated NIM.

The rat or HEK nuclei were washed twice by centrifugation at 800×g for 10 min in NIM. The

pellets were then resuspended in 8 ml NIM, mixed thoroughly with 16 ml sucrose density barrier

(SDB) and laid on top of 8 ml SDB. The tubes were centrifuged in SW28 rotor (Beckman) at

100,000×g for 1 h. After removing any material that had floated to the meniscus with a pasteur

pipette and decanting all the liquid from above the pellet, the pellets were resuspended in modi-

fication buffer to have an OD260 value of 20. The suspension were either subjected to (for inner

nuclear membrane preparation) or not to (for whole nuclei preparation) CA (0.89 M stock solution
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in ethanol) to a final concentration of 8.8 mM of CA. The nuclei were then centrifuged at 15000×g

for 3 min, resuspended in 0.4 ml low-ionic-strength suspension medium (LISM) and broken by using

4 to 5 gentle strokes in the Dounce homogenizer. 1.6 ml SB8.5 buffer and DNase I were then added

to a final concentration of 5 �g/ml. The mixtures were incubated for 15 min with gentle stirring at

22∘C, mixed with an equal volume of ice-cold ddH2O and centrifuged in SW60ti rotor (Beckman)

at 38,000×g for 15 min. The pellets were resuspended in 2 ml SB7.4 buffer with 1 �g/ml DNase

I, incubated for 15 min with gentle stirring at R.T., mixed with an equal volume ice-cold ddH2O

and centrifuged in SW60ti rotor at 38,000×g for 15 min. Finally the sediments were resuspended

in nuclear membrane storage medium (NMSM).

Whole cell lysate was extracted by lysating the cells or brain tissue in denaturing lysis buffer

for 10 min at R.T., centrifuged at 11,000×g 10m min and homogenized with syringes of 0.5 mm

diameter.

4.8.4 Protein gel electrophoresis and western blot

The protein concentration was then determined by Bradford based detergent-compatible colori-

metric assay (Bio-Rad, Hercules, U.S). This assay is based on the shift of absorbance at 595nm of

coomassie. After its binding to arginine and hydrophobic amino acids, coomassie changes from its

unbound, green/red state into a bound, blue state.

Briefly, samples were diluted roughly to within 2-120 �g/ml and mixed with 4 �l of BCA reagent

A plus 200 �l of BCA reagent B. Then the probes were incubated at 37∘C for 30 min and A595

was measured in a spectrophotometer. The concentrations were calculated by calibration with a

standard curve from measuring a series of BSA solutions from 10 to 200 �g/ml.
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10 to 100 �g of proteins were incubated at 70 ∘C with NuPAGE loading buffer (Invitrogen)

for 10 min and loaded to 3-8% gradient NuPAGE gel with a Tris-acetate system. The protein

molecular weight standard ladder used was Precision Plus Protein Prestained Standards (BioRad).

The separation the protein was achieved at 150V, 45mA for about 1.5h. Then the proteins were

transferred to nitrocellulose membrane in transfer buffer at 10 mV raising to 50 mV with a step of

10 mV increase every 10 min. Then the membrane was rinsed in ddH2O and dried overnight.

The membrane was then rehydrated in ddH2O for 10 min and incubated in western blot enhance-

ment with Quentix (Pierce) amount reagent A for 2 min, washed 5 times with ddH2O, incubated

with reagent B for 10 min and rinsed 5 times with ddH2O. Afterwards, non-specific bindings were

blocked by TBST+0.1% casein (Roche) for 1 h, probed with first antibodies for 2h followed by

horseradish peroxidase-coupled secondary antibody (1:10,000) for 1 h, with a washing step using 7

times extensive rinsing by ddH2O [Wu et al., 2002a] and 5 min incubation with TBST after each

antibody incubation. Afterwards, blots were developed using Millipore Immobilon system which

generates light by catalyzing the reaction of Luminol and H2O2 with horseradish peroxidase. The

light was detected in a ChemDoc luminescence detection system (Bio-Rad). The same blots were

then washed and stripped by western blot stripping reagent for 15 min (Pierce, Rockford, US) and

redeveloped using same protocol with other antibodies.

4.9 Electrophysiological recordings

Nuclei from HEK-Eag1 were prepared essentially as those for western blot analysis as described

previously except that all the solutions contain 10 mM EGTA. After sedimented through 2.3 M

sucrose cushions, the nuclei were resuspended directly in NIM solution for outer nuclear membrane

measurement. For inner nuclear membrane measurement, nuclei were further treated with CA in
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modification buffer and washed twice in NIM solution. The nuclei were all stored at 4∘C in NIM

and measured within 36 h after preparation.

Single channel recordings were performed in a solution with an osmolarity within 300-330

mmol/kg at R.T.. Suspended nuclei attached to the bottom of a plastic chamber within 5 min and

were then perfused by gravity extensively with bath solution to remove trace amounts of EGTA.

Currents were recorded in nucleus-attached configuration similar to the standard cell-attached tech-

niques in either inside-out (for inner nuclear membrane) or outside-out (for outer nuclear membrane)

mode using an EPC9 patch-clamp amplifier (HEKA Elektronik, Lambrecht, Germany). Pulse pro-

tocol generation and data acquisition were controlled with Pulse software (HEKA Elektronik). Data

were filtered at 1 kHz and acquired at 5 kHz. Patch pipettes were fabricated from WPI.PG10165-4

glass (World precision Instruments) with resistance values in the range of 7-12 MΩ. It is also of

equal importance that the shape of the pipette was monitored under microscope to ensure that its

shank was slim for a better chance of achieving a stable seal. Sylgard liquid was applied to the tip

of the pipette and solidified (polymerized) by exposing for 5 s to hot air under microscope. The

nuclei were held at 0 mV and voltage steps in increment of 20 mV were applied over the range of -60

to +60 mV with 60 s durations. Off-line analysis of data was performed using TAC (Bruxton Corp.

Seattle, US.). Astemizole (Sigma) was prepared in a 10 mM stock solution in DMSO and used at

1:5000 dilution shielded from light. Solution exchanges were completed in 5 min. W-7 (Sigma) was

used at 10 �M concentration diluted from 100 mM stock solution in DMSO. For antibody blockage,

the tip of pipette was loaded with normal pipette solution then backfilled with 300 nM mAb56.

Other chemicals used in the experiments: wheat germ agglutinin (Sigma) was used at 0.1

mg/ml in the EGTA-containing bath solution and perfused extensively to remove trace sucrose

(which binds to agglutinin) left during preparation. Zn2+ was used at 100 �M in EGTA-free

solutions. EGTA were used at 5 mM and total Ca2+ concentration were 0.2 mM and 0.7 mM in
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the bath and pipette solution (diluted from 1M CaCl2 stock solution), respectively, to achieve a

stable seal in an EGTA-containing solution. Cl channel blocker SITS and niflumic acid were used

at 500 �M and 100 �M (both were diluted 1:1000 from DMSO stock solutions), respectivelly.

4.10 Photobleaching experiments

The fluorescent proteins in the ROI were photo-bleached by brief, high intensity light and the

fluorescence from the whole cell was monitored over time until the fluorescence in the ROI stopped

recovering. The recovery of the fluorescence comes largely from the exchange of bleached fluorescent

proteins inside ROI with the un-bleached ones outside and therefore serves to measure diffusion of

proteins and their docking sites in live cells.

4.10.1 Experiment condition

CHO cells plated on 40 mm coverslips were transfected as describe above. Immediately before

FRAP experiments, cells were incubated with Hoechst 33342 at 50 ng/ml for 5 min at R.T. to

stain the nuclei and washed twice with TBS. FRAP was performed using a 40×, HCX PL Fluo-

tar, 1.25×NA oil immersion objective on a Leica TCS SP II Confocal Microscope with identical

parameters in all experiments. The living cells were kept in live cell imaging extracellular solution

at 37∘C in Focht Live-Cell Chamber System (Bioptechs Inc, Butler, US.) during the experiment.

The temperature of the whole microscope system was also maintained at 37∘C. At a spatial sam-

pling frequency around 40 nm/pixel, two 2 �m strips either on the peri-nuclear region or through

the cytoplasm were chosen as the ROI. The cells were scanned at 1400 Hz with Ar 514 laser at

transmission of 7% every 0.47 sec for 5 times before bleaching as the reference images at in 12-bit,
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512×512 pixels format and then ROI were bleached 20 times at 100% transmission. The first 10,

15 and the last 15 postbleached images were taken every 0.47, 5 and 20 seconds respectively, so

that the kinetic of the initial recovery phase was sampled closely while the photobleaching in the

slower phase at the plateau was minimized.

4.10.2 Data analysis

The backgrounds of all images were subtracted. All slow photobleaching of the postbleach images

were corrected, such that the intensity of whole images should stay the same as the intensity out

side of ROI in the reference images. Then the time-lapse images were corrected for lateral drift

using StackReg [Thevenaz et al., 1998], which registers one image to its previous image by shifting

and rotating the coordinates of the former image to achieve a maximum overlap.

The fluorescence intensities of the ROIs were normalized to a function of time as described in

[Snapp et al., 2003], using the difference between pre-bleached and first post-bleached image as a

unit.

F (t)′ =
F (t)− F0

Fpre − F0
(2)

F (t) is the fluorescence intensity of the ROI at time t. F0 is the ROI intensity of the first

postbleach image, and Fpre is the average ROI intensity of the first 5 reference images. F (t)′ is the

ROI fractional fluorescence intensity at time t.

The diffusion coefficients D were calculated as [Ellenberg et al., 1997], which is the most widely
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used empirical formula in the field of inner nuclear membrane proteins.

F (t)′ = F (∞)

√
1− !2

!2 + 4� ⋅D ⋅ t
(3)

D is the one dimensional diffusion constant; ! represents the width of the strip or the square,

which was 2 �m in this study. t0 was taken as the midpoint of the last bleaching. F(∞) is the

asymptote value of the fractional intensity when t approaches infinity. All the fitting process was

processed by Igor Pro 6.0.2 (WaveMetrics, Inc. Lake Oswego, OR).

Based on the fitting curves, the Mobile fractions (Mf ) were calculated as described in [Snapp

et al., 2003]

Mf = 100× Fpre − F0

F∞ − F0
(4)
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5 Results

5.1 Eag1 colocalizes with known inner nuclear membrane proteins

Previous data suggested a localization of Eag1 to the nuclear envelope. To test this observation

biochemically, subcellular fractionation of both rat brain and HEK-Eag1 cells were performed.

After ultracentrifugation through sucrose cushions, nuclear pellets from the rat brains were treated

with citraconic anhydride (CA) that specifically removes the outer nuclear membrane [Schindler

et al., 1985].

Using PAGE the proteins from the whole cell lysates, nuclei and nuclei devoid of outer nuclear

membrane were separated. The proteins were then probed for Eag1 and two established inner

nuclear membrane proteins (LAP2 and LUMA) by sequentially blotting using specific antibodies.

Eag1, LAP2 and LUMA were all present predominantly in the nuclear fraction in comparison to

the total brain homogenate, as shown by an increase of the band’s intensity at a position compatible

to the expected molecular mass of the respective protein. Removal of the outer nuclear membrane

by CA resulted in a concurrent enrichment of all of the three proteins (Fig 5 b). This result suggests

that Eag1 is present in the inner nuclear membrane under physiological conditions.

In HEK-Eag1 cells, a substantial amount of Eag1 was detected in the nuclear membrane fraction,

which could be further enriched together with LAP2 and LUMA by CA in the inner nuclear

membrane enriched fractions (Fig 5 a).

It should be noted that more Eag1 protein was found in the total cell extract compared to

endogenous expression situation in the rat brain. This is a common phenomenon called ’back up’
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in overexpression systems that has been observed for many other inner nuclear membrane proteins,

such as LBR [Ellenberg et al., 1997, Soullam and Worman, 1993], MAN1 [Lin et al., 2000], Nurim

[Hofemeister and O’Hare, 2005, Rolls et al., 1999], LUMA [Bengtsson and Otto, 2008] and emerin

[Ostlund et al., 1999]. It takes place when the overload of inner nuclear membrane proteins saturate

the inner nuclear membrane retention sites, forcing the proteins to accumulate in the ER. This was

also shown by immunofluorescence studies of Eag1 (Fig 6 lower left).

These data, from both heterologous and native systems, together indicate that Eag1 is localized

in the inner nuclear membrane.

Figure 5: Eag1 protein is co-purified in the inner nuclear membrane fraction with other inner
nuclear membrane proteins. Nuclear membrane fractions either from HEK-Eag1 (a) or rat brain
homogenate (b) were sedimented by ultracentrifugation in sucrose gradient. Outer nuclear mem-
brane was further removed by CA treatment. Protein from whole cell extract(lane 1), nuclear
fraction (lane 2) and nuclei without outer nuclear membrane (lane 3) was separated by PAGE,
transferred to nitrocellulose membrane and probed with anti-Eag1, anti-LUMA and anti-LAP2
antibodies in western blot analysis. Eag1 can be detected in both conditions in the inner nuclear
membrane fractions. Positions of protein molecular weight markers indicated on left from top to
bottom are 100, 37 and 37 kDa.
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5.2 Neither side of the peri-nuclear Eag1 is accessible from the cytoplasm

The outer nuclear membrane is continuous with the rER, where integral membrane proteins are

synthesized. Those proteins could, in principle, diffuse to the outer nuclear membrane [Soullam

and Worman, 1993] and result in a peri-nuclear distribution pattern that is similar to, yet should

not be mistaken as an inner nuclear membrane distribution.

An established way to distinguish between inner and outer nuclear membrane distribution is

differential permeabilization studies of cells by digitonin [Bengtsson and Otto, 2008, Lin et al.,

2000, Ostlund et al., 1999, Wu et al., 2002b].

ER and nuclear envelope have a lower cholesterol content compared to the plasma membrane

[van Meer et al., 2008]. Since digitonin preferentially permeabilizes the cholesterol-rich membrane,

ER and nuclear envelope remain largely intact upon digitonin treatment while the plasma membrane

becomes porous. In those selectively-permeabilized cells, antibodies can only reach the cytoplasm

and access the cytoplasmic side of ER/outer nuclear membrane proteins, but not the luminal

domains of ER/outer nuclear membrane proteins or the inner nuclear membrane proteins shielded

by nuclear envelope [Adam et al., 1990].

In the case of Eag1, because the ER/peri-nuclear lumen is equivalent topologically to the ex-

tracellular space, the pore of ER/outer nuclear membrane Eag1 is expected to face the unreachable

lumen, and the C terminus of Eag1 should otherwise face the exposed cytoplasm [Deutsch, 2003].

The inner nuclear membrane Eag1, regardless of its orientation, cannot be accessed as long as the

outer nuclear membrane is intact. If Eag1 is indeed distributed at the inner nuclear membrane, in

digitonin-permeabilized cells one would expect not to see a peri-nuclear rim by immunofluorescence.
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CHO cells were transfected transiently with Eag1-mVenus to monitor the distribution of Eag1

based on mVenus fluorescence. These cells were permeabilized either thoroughly with Triton X-

100 or selectively with digitonin. Then the cells were probed with antibodies against either the

extracellular pore region (mAb66) or intracellular C terminus (mAb33).

In Triton-X-100-permeabilized cells, signals from the mVenus channel overlapped perfectly with

the immunofluorescent staining (Fig 6 right panel), confirming the specificity and effectivity of

these two antibodies. As shown, both the cytoplasmic and peri-nuclear pool of Eag1 can be equally

stained by these two antibodies.

In those cells permeabilized by digitonin, due to the reasons explained above, most of intracel-

lular Eag1 signal was abolished in mAb66 staining (Fig 6 lane 1 and 2 of left panel), suggesting

the preservation of the integrity of ER/NE upon digitonin treatment. As mentioned, most of Eag1

resides in intracellular pool and hence has the extracellular poor region facing the ER/NE lumen

unaccessible by antibodies in selective-permeabilized conditions.

Most importantly, mAb33 stained the intracellular Eag1 with the exception of that localized at

the peri-nuclear rim (Fig 6 lane 3 and 4 of left panel). From the mVenus signal, there were two easily

recognized pools in the picture, ER and peri-nuclear, of the intensities at similar level. However,

this was no longer the case for the digitonin-permeabilized cells where the ER pool of Eag1 became

the only dominating source of signal in the whole picture. This indicates that the peri-nuclear

Eag1 is localized in a subcellular compartment different from ER/outer nuclear membrane, as the

it could not be detected by cytoplasmic antibodies against either side of the channel, an observation

strongly suggesting an inner nuclear membrane distribution.
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Figure 6: Peri-nuclear Eag1 is not accessible from cytoplasm. Transiently transfected CHO cells
were permeabilized at 4∘C by either digitonin (left panel) or Triton X-100 (right panel), fixed
and labeled with anti-Eag1 antibody targeting either the pore (1) or the C-terminus (3). The
corresponding fluorescence from mVenus is shown in 2 and 4. The absence of peri-nuclear rim in
digitonin-permeabilized cells indicates that the peri-nuclear pool of Eag1 is not accessible from the
cytoplasm, thereby representing an inner nuclear membrane localization.
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5.3 Peri-nuclear Eag1 distribution does not correlate with expression levels

A serious concern is if that the peri-nuclear signal observed could just be an overexpression artifact.

This of course would not apply to native tissues, where inner nuclear membrane localization had

been shown by IEM (M. Rubin, personal communication) and subcellular fraction.

If there is an overload of Eag1 in the ER due to the overexpression, it could diffuse back to the

outer nuclear membrane or even the inner nuclear membrane, resulting in the peri-nuclear distri-

bution pattern. If this were the case, the density of peri-nuclear Eag1 would be either proportional

to or less than that of the ER pool. On the other hand, if inner nuclear membrane-localization of

Eag1 is a specifically regulated process, it will not show any such correlation and the density of

peri-nuclear Eag1 will be higher than the ER pool.

To address this, the peri-nuclear fluorescence intensity was plotted against the cytoplasmic

intensity from 89 randomly chosen Ts20 cells transiently expressing Eag1Venus. Three concentric

rings were drawn around nuclear envelope based on the DNA staining. One was immediately inside

the nuclear envelope, the second outside the nuclear envelope and the third outside the second

one. The fluorescence intensity between the inner and middle rings was used as the peri-nuclear

intensity and the one between the middle and outer was the cytoplasmic intensity (Fig 7 a).

It was revealed that the peri-nuclear fluorescence intensity of Eag1 did not dependent on cyto-

plasmic intensity. On the contrary, many cells have much higher peri-nuclear fluorescence than the

immediate proximal cytoplasmic region, as they skewed to the peri-nuclear axis (Fig 7 b). Those

cells were classified blindly as cells with a peri-nuclear distribution of Eag1. Cells that were rec-

ognized as not having a peri-nuclear distribution were dispersed around the diagonal, indicating a

random distribution.

56



This result reinforces, together with EM and subcellular fraction findings, the concept that Eag1

is specifically enriched in the inner nuclear membrane by processes independent of the expression

level in the ER.

Figure 7: The peri-nuclear intensity of Eag1-Venus fluorescence shows no correlation with the
cytoplasmic intensity. a, Scheme representing the peri-nuclear region (inner ring) and the cyto-
plasmic region (outer ring) chosen for plotting. b, Plot of peri-nuclear fluorescent intensity against
cytoplasmic fluorescence intensity. Two populations have been grouped in an independent blind
classification: blue (cells without peri-nuclear Eag1) and red (cells with peri-nuclear Eag1). The red
population skews towards the peri-nuclear axis while the blue one displays good linearity, suggesting
a specific mechanism underlying the peri-nuclear localization of Eag1.
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5.4 Peri-nuclear Eag1 is resistant to Triton X-100 extraction

Inner nuclear membrane proteins are characterized by resistance to non-ionic detergent extraction

[Ellis et al., 1998, Hofemeister and O’Hare, 2005, Rolls et al., 1999]. To confirm that peri-nuclear

Eag1 also has the same characteristic, CHO cells transiently expressing Eag1-mVenus were incu-

bated with extraction buffer containing 3% of Triton X-100 before fixation and the fluorescence

was checked by confocal microscopy.

In control cells (without Triton X-100 treatment), there was a significant amount of proteins

distributed all over the cells as a consequence of the ’back up’ phenomenon explained before (Fig 8 a

left). In those cells that had been extracted before fixation, the peri-nuclear pool of Eag1 persisted

whereas the cytoplasm was clear of Eag1 (Fig 8 a right). Some punctate structures remained

visible. This observation is compatible with that reported by [Hofemeister and O’Hare, 2005] for

another inner nuclear membrane protein and probably represent stubborn aggregates resistance to

extractions.

The resistance of peri-nuclear Eag1 to detergent extraction should also be observed at biochem-

ical level and therefore subcellular fractionation with Triton-X 100 extraction experiments in the

HEK-Eag1 cell line were performed. After detergent extraction of the nuclear fraction, a significant

amount of Eag1 remained in the inner nuclear membrane fraction as marked by a reduction in

activities of the ER/outer nuclear membrane marker: NADPH reductase (Fig 8 b). A considerable

amount of Eag1 was also extracted, possibly representing the ER/outer nuclear membrane pool of

Eag1 in this overexpression system.

Both results (imaging and biochemistry) suggest a tight retention of peri-nuclear Eag1, probably

in association with detergent-resistant structures such as lamina or chromatin.
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Figure 8: Peri-nuclear Eag1 is resistant to Triton X-100 extraction. a, CHO cells transfected with
Eag1-mVenus were washed, incubated on ice without (left) or with (right) 3% Triton X-100 for 5
min, fixed with 4% paraformaldehyde and analyzed by laser scanning confocal microscopy. The
cytoplasmic signal was largely removed by Triton X-100, while the peri-nuclear signal could still
be detected. b, Western Blot analysis using anti-Eag1 antibody shows cytoplasmic protein (lane
1) and nuclear protein (lane 2) prepared by NucBuster (Novagen) from HEK-Eag1 cell line. One
additional extraction by 0.5% Triton X-100 was introduced to produce the Triton-resistant fraction
(lane 3). Position of protein molecular weight marker is indicated on the left in kDa. Enrichment
in nuclear protein was indicated by NADPH reductase activity as seen in lane 2 compared to the
cytoplasmic fraction. Removal of outer nuclear membrane protein in lane 3 was confirmed by a
reduction of NADPH reductase activity while significant amounts of Eag1 protein still remained in
this fraction.
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5.5 Lateral diffusion is compromised in perinuclear Eag1

Outer nuclear membrane/ER and inner nuclear membrane proteins have completely different envi-

ronment. Inner nuclear membrane proteins are subjected to various interactions at the lamina and

are more restrained in lateral diffusion compared to their ER counterparts [Ellenberg et al., 1997,

Ostlund et al., 1999, Wu et al., 2002b].

To compare the mobility of Eag1 in nuclear envelope and ER, 1-D FRAP experiments were

carried out in CHO cells expressing Eag1-mVenus. Peri-nuclear regions where Eag1-mVenus sig-

nals were both thin and long and devoid of mass cytoplasmic signals around were chosen as ROI of

nuclear envelope. Cytoplasmic regions where Eag1-mVenus signals were both bright and homoge-

nous and devoid of aggregates were chosen as the ROI of ER. Two strips of 2�m width were then

bleached at nuclear envelope and ER and the recoveries of fluorescent intensities were monitored

for 5 min (Fig 9 a). The ER region regained almost all of the fluorescence within 3 min whereas

the nuclear envelope region recovered only slowly and partially(Fig 9 b).

Quantitatively, nuclear envelope Eag1 not only had a smaller mobile fraction (Mf) than ER

Eag1 (54.34±4.34%, n=38 compared to 89.96±4.87%, n=33, p<0.001) but also a smaller diffusion

coefficient (D) (4.37±0.81, n=38 compared to 10.30±2.09, ×10-3�m2/s, n=33, p<0.001). These

parameters are consistent with those reported for other inner nuclear membrane proteins [Ellenberg

et al., 1997, Ostlund et al., 1999, Wu et al., 2002b] and meet the criteria of an inner nuclear

membrane-targeted protein.

As an indicator of the photo-damage caused to the cell, a second FRAP experiment is normally

induced in the same ROI as the first FRAP to compare of the D and Mf. The D should not change

too much while the Mf should be close to 100% since all the immobile proteins were bleached in
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the first FRAP experiment, otherwise it indicates a change in the environment, probably caused

by photo-damage. A second bleaching in the same ROI was performed in some cells. D was not

significantly different while Mf was around 100%(data not shown). This indicated that no damage

had been induced in the ROI or cells by laser during the time of the experiments.

Again, the significant amount of immobile Eag1 and the restricted diffusion of the remaining

mobile protein point to a tight interaction of Eag1 with its inner nuclear membrane environment.
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Figure 9: Quantitative FRAP analysis of lateral diffusion of Eag1 in CHO cells transiently express-
ing Eag1-mVenus. a, Upper panel shows the photobleaching in the peri-nuclear region and the ER
membrane (bleached areas are indicated as boxes). The recovery is shown at 0, 10s and 300s after
bleaching. Bar, 10 �m. b, Lower panel shows the averaged and normalized fluorescent intensity
during recovery from all cells. The first 10 data points were taken every 0.47 seconds, the next 15
every 5 seconds and the last 15 every 20 seconds. Fittings, as described in Material and Methods,
are shown as black continuous curves. Diffusion constant (determined by the parameters resulted
from fitting) in nuclear envelope (blue) and ER (red) membrane are 4.37 ± 0.81(n=38) and 10.30
± 2.09 (n=33) (10-3�m2/s) respectively. Mobile fraction in the nuclear envelope and ER membrane
are 54.34 ± 4.34 (n=38) and 89.96 ± 4.87 (n=33) % respectively. Error bars indicate SEM.
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5.6 Peri-nuclear Eag1 is not co-localized with NPC

During these studies, it was often noticed that the inner nuclear membrane Eag1 was more of

an intermittent than a continuous structure. Similar discrete nuclear envelope microdomains have

already been reported for nurim [Rolls et al., 1999], emerin [Maeshima et al., 2006] and LBR [Bailer

et al., 1991]. The spaces between these microdomains were devoid of NPC and therefore named

’NPC-free island’ [Maeshima et al., 2006]. In addition, LBR in these regions has been shown to

recruit heterochromatin [Makatsori et al., 2004].

To gain further insight into this interesting pattern of distribution of Eag1, double staining of

Eag1 and NPC were performed (Fig 10). A closer look revealed that Eag1 frequently resided at

regions of low or no NPC staining, as indicated by Manders’ colocalization coefficient (explained

in Material and Methods) of 0.27±0.17 (n=15). Since the distribution of NPC on nuclear envelope

is nearly ubiquitous, it is already quite difficult to observe an exclusion Eag1 from NPC. Besides,

the segregation of inner nuclear membrane proteins from NPC only takes place in specific phases

of cell cycle [Maeshima et al., 2006], which means even the segregation in complete in those cells,

in other cells they will be found to overlap. Taking this two factors into account, the average level

of segregation here indicates a practically exclusion of Eag1 from NPC in many cells.

Further more, peri-nuclear Eag1 was often found to be close to intense DAPI staining, which

was likely to be heterochromatin. Similar results were observed using other antibodies against Eag1

(7453,9391) in CHO cells transiently expressing Eag1, in CHO cells expressing Eag1-mVenus (data

not shown) or by IEM in native expression systems (Fig. 4 a,b). Based on the separation of Eag1

and NPC, as well as the proximity of Eag1 to heterochromatin, a role for Eag1 in the recruitment

of heterochromatin to the NPC-free island of the NE could be hereby proposed.
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Figure 10: Peri-nuclear Eag1 is localized to NPC-free islands. a, A picture of a CHO cell transiently
expressing Eag1 and stained with anti-NPC antibodies (red) and anti-Eag1 (Alomone, green). In
the peri-nuclear region marked by the boundary of DNA stained by DAPI (blue), exclusion of Eag1
from the region containing NPC can be seen. b, An enlargement of the peri-nuclear region showing
the exclusion of Eag1 from NPC and proximity of Eag1 to heterochromatin. c, A straightened view
of the whole peri-nuclear region. Note that Eag1 signals localize mostly between NPC signals
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5.7 Single channel current compatible with Eag1 at the inner nuclear membrane

The results on localization of Eag1 can not provide information to confirm if Eag1 is indeed func-

tionally active at the nuclear envelope. Hence, single channel recording in the ’nucleus-attached’

mode was performed. Nuclei were prepared by homogenization of HEK-Eag1 cells in hypoosmotic

solutions and purified by density gradient centrifugation. Nuclei were patched directly for outer

nuclear membrane measurement or treated with CA for inner nuclear membrane recordings (Fig

11 A).

5.7.1 Large conductance NPC currents

As mentioned in the introduction, the NPC needs to be in a non-conducting state so that it does

not mask the smaller currents from other permeabilities. At first, recordings in a Ca-free solution

using EGTA were performed since Eag1 current is readily inhibited by the binding of Ca-CaM

[Schönherr et al., 2000].

In this configuration, however, large openings of conductance up to 1nS were observed in nearly

every nuclei during long lasting recording, especially when the patch was highly hyper- or depolar-

ized or subjected to mechanical pressure (Fig 11 B).

This current was still present in Cs+-containing solutions (Cs+ blocks most of K+ current but

not Eag1 current) and was not affected by Cl channel blockers (data not shown).

The large conductance activity shows features compatible with NPC current. Two established

NPC current blockers (mAb414 and wheat germ agglutinin [Bustamante et al., 1995]) reduced the
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current, and other two (Zn2+ and La3+ [Bustamante, 1993]) suppressed it. The observation that

NPC current remained after outer nuclear membrane removal suggests that integrity of the NPC

can be preserved in the absence of most of the outer nuclear membrane. It can be explained by the

fact that NPC and its associated membrane (nuclear-pore membrane) are quite independent and

stable structures since they remain associated with lamina and inner nuclear membrane proteins

even when both the outer and inner nuclear membranes have been extracted [Cronshaw et al.,

2002].

As a result, the recording was performed in a solution containing La3+. To do this, EGTA need

to be removed because the binding affinity of La3+ to EGTA is 5 times higher than that of Ca2+

Reeves and Condrescu [2003]. Therefore, in the presence of EGTA, it takes a large amount of La3+

for the free [La3+] to stay at a high �M range to inhibit NPC and there will be little free EGTA

left to chelate Ca2+.

EGTA was still used throughout the purification process in an attempt to dissociate calmodulin

from Eag1. Addition of W-7, a calmodulin antagonist, did not significantly increase the chance

of finding an active Eag1 channel (data not shown), indicating that the calmodulin had been

effectively removed during EGTA washing. For recording, EGTA was thoroughly washed out and

10 �M La3+ was added to the solution. This concentration was used because it had no evident

effect on plasma membrane Eag1, which is also inhibited by extracellular La3+ with an apparent

IC50 of approximately 200 �M (data not shown).
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Figure 11: Nuclei for patch-clamp recordings and the large permeability from NPC. A, from left
to right: HEK-Eag1 cell in isotonic solution, nuclei with debris attached and un-broken cell after
homogenization, selected nuclei without debris attached for outer or inner nuclear membrane mea-
surement. B, a sample trace at the outer nuclear membrane of HEK-Eag1 cell at +100 mV. Note
the presence of both large (NPC) and small conductance.
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5.7.2 No Eag1-like Current observed in non-transfected cells

Under these conditions, large conductance activity was more frequent in untreated, outer nuclear

membrane preparations. 5 outer nuclear membrane recordings from HEK-Eag1 cells were without

NPC current and had conductances around 4 to 14 pS.

Astemizole was used, which is a H1 histamine receptor inhibitor often used as blocker of

Eag1[Garćıa-Ferreiro et al., 2004]. It has not been reported to block other conductances than

those of the EAG family, Eag1 among them, at a concentration of 2 �M. Only 2 out of 5 nuclei

had reductions in Po by astemizole (both had conductances around 7 pS) while the rest were not

affected. At this stage, it is not possible either to confirm or rule out the presence of Eag1 on the

outer nuclear membrane in HEK-Eag1 cells by means of electrophysiological recordings.

To address the issue of specificity of the channel in a clean genetic background, the same

recordings were performed on the outer and inner nuclear membrane of HEK cell line that has no

endogenous Eag1 expression. 17% of outer nuclear membrane recordings (n=12) from HEK cells

had conductances around 5 to 20 pS, none of which responded to astemizole. Only 1 out of 11

inner nuclear membrane recordings (NPC-current-free) from HEK cells had a conductance around

16pS.

Altogether these observations together does not support the presence of Eag1 channel on the

outer nuclear membrane of HEK-Eag1 cells or the outer/inner nuclear membrane of HEK cells.
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5.7.3 Single channel currents compatible with Eag1 at the inner nuclear membrane

of HEK-Eag1 cells - conductance and pharmacology

At the inner nuclear membrane of HEK-Eag1 cells, 27 out of 64 CA-treated nuclei recorded still

exhibited NPC current and thereby were excluded from further analysis. There was no electrical

activity in 17 nuclei, while 20 nuclei showed comparatively small channel openings, compatible

with Eag1 in terms of conductance (7.8±0.5pS) (Fig 12) and voltage dependence, with highest

open probability at -60mV and lowest at +60mV in the pipette, which would represent membrane

potential of opposite sign in an inside-out configuration, that is, if the extracellular side of the

channel faces the pipette and the intracellular domains are located to the nucleoplasm.

To characterize the pharmacology of the channel, the nuclei were perfused with astemizole.

This treatment reduced the Po at +60 mV (membrane potential) by 94±10% (n=5), indicating a

blockade of the channel by astemizole, without affecting the conductance.

Since the extracellular side of the channel appeared to be facing the pipette, mAb56 was used,

which is a monoclonal antibody reported to bind to the extracellular loops of Eag1 and inhibit its

current[Gómez-Varela et al., 2007]. To do this, layered loading of the pipette was performed by

backfilling the antibody-containing solution (45 �g/ml) over antibody-free solution, with the aim

of recording channel activity prior to the diffusion of the antibody to the pipette tip. The channel

activity decreased in all patches tested (n=6) within 10-20 minutes in the presence of mAb56 (Fig

13), a time course compatible with the described action of mAb56 on Eag1 whole-cell current on

the plasma membrane.

Besides the activity attributed to Eag1, other conductances in the range of 20-40 pS were also

detected, which were unaffected by astemizole or mAb56.
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Figure 12: Single channel recording from the inner nuclear membrane of HEK-Eag1 cells. a,
four sample traces from one continuous recording at the inner nuclear membrane at +60 mV. b,
Amplitude histogram of the opening events from (a) and the corresponding fitting. c, Plot of
single channel current against voltage before astemizole perfusion. Error bars indicate SEM and
the equation shows a linear fitting of the current (pA) against voltage (mV). It demonstrated that
the current was compatible with Eag1 in terms of conductance.

Altogether, especially considering the selectivity of mAb56, this data strongly supports the

molecular identity of the detected channel at the inner nuclear membrane as Eag1, as well as

supports the expected orientation in the inner nuclear membrane, with the C terminus facing the

nucleoplasm.
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Figure 13: Single channel recording from the inner nuclear membrane of HEK-Eag1 cells with a
pipette back-filled with mAb56. Upper panel was recorded at +80mV and lower panel was recorded
at the same voltage 20 mins later. The blockage of this current by a very specific Eag1-blocker
highly suggests that the current indeed corresponds to Eag1.
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6 Discussion

It was reported here, for the first time, the presence of a functional voltage-gated ion channel with

a defined molecular identity in the inner nuclear membrane.

This statement is based on both optical- and electronmicroscope data as well as biochemical

evidence, both in native and heterologous systems. It not only fulfills all the criteria of a transmem-

brane protein localized to the inner nuclear membrane but it is also functional as an ion channel

conducting potassium.

Evidences in favor of inner nuclear membrane localization include inaccessibility to antibodies of

the channel after digitonin permeabilization, resistance to Triton X-100 extraction, limited lateral

diffusion, co-segregation with established inner nuclear membrane markers, and electron microscopy.

Additionally, the electrophysiological experiments indicate an orientation of the protein with

the extracellular loops of the channel facing the pipette, which favors localization at the inner

nuclear membrane. The identity of the channel as Eag1 is supported not only by the fact that it

is not found in nuclei of non-transfected cells, but also by its voltage dependence, single channel

conductance, and pharmacology, most importantly by the inhibition measured in the presence of

mAb56, which is the most selective blocker available.
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6.1 Inner nuclear membrane localization of Eag1 is not caused by overexpres-

sion

This distribution is not likely to be an overexpression artifact. Immunoelectron microscopy and

subcellular fractionation have clearly shown that Eag1 is localized to the inner nuclear membrane

in native systems. It is also unlikely that over-expressed Eag1 is forced to relocate to the inner

nuclear membrane even in heterologous systems, since the expression levels in peri-nuclear regions

are not correlated with cytoplasmic ones.

As the ’lateral-diffusion’ model suggests, inner nuclear membrane proteins first have to arrive

at the outer nuclear membrane before they diffuse and settle at the inner nuclear membrane. This

model will predict that certain level of inner nuclear membrane proteins can also be found at the

outer nuclear membrane, at least transiently or at low level. At this stage, it is not certain whether

there is Eag1 in the outer nuclear membrane, especially in overexpression systems. For instance,

Triton-X 100 extracted significant amount of Eag1. There are precedents of proteins expression

both at the outer nuclear membrane and inner nuclear membrane. For example, emerin on the outer

nuclear membrane is in direct contact with the cytoskeleton, thereby positioning the centrosome

close to the nuclear envelope [Salpingidou et al., 2007]. Interesting, interactions of Eag1 with the

cytoskeleton are well established [Camacho et al., 2000].

6.2 Diffusion coefficient (D) in FRAP analysis

Part of the argument is based on the finding that the lateral diffusion of the peri-nuclear Eag1 is

limited. However, there are two sources of error that could lead to an underestimation of D.
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First, the curvature of the membrane structure forces the transmembrane protein to diffuse in

a curved route instead of a straight line between two points, which is slower than one dimensional

diffusion. Since ER is a complex structure with many curvatures, simplification of this structure

in modeling of FRAP experiment will inevitably lead to an underestimation of D in ER. The real

difference between ER and peri-nuclear pool of Eag1 will be larger than what has been observed.

It must however be pointed out that invagination of inner nuclear membrane can also take place in

either cultured cells [Ellenberg et al., 1997] or human endometrium tissue [Isaac et al., 2001].

The second factor is the limited pool of proteins surrounding the bleached region (ROI). FRAP

models assume a Gaussian-shaped boundary [Axelrod et al., 1976] while the shape of the volume

excited by the laser (PSF, point-spread-function) is irregular [Houtsmuller et al., 1999], more com-

plicated with higher NA objectives (this is the reason why 40× instead of 63× objective was used

here), which requires that the size of the ROI is much larger than that of PSF. FRAP models also

assume an infinity pool of unbleached proteins [Axelrod et al., 1976]. In practice it means that the

size of ROI should be smaller than 20% of that of the total region [Wedekind et al., 1996]. Both

these requirements cannot be met at the same time for Eag1 in the peri-nuclear region due to its

intermittent distribution pattern. It results in an underestimation of D in the peri-nuclear region.

It is unclear to what extent the two factors have affected the data, but in terms of the difference

between ER and peri-nuclear pool, both factors could cancel out each other to a certain degree.

The post-bleach intensity was normalized to the intensity outside of the ROI in the reference

image. This was done to compensate only for the unintended bleaching.

The low D and Mf only indicate a lack of long-range mobility but do not rule out the possibility

of an active local movement or interaction (i.e. Eag1 with heterochromatin at ’NPC-free islands’).
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Although both the inner nuclear membrane proteins and the heterochromatin are positionally

stable structures, their bindings through HP1 [Cheutin et al., 2003, Festenstein et al., 2003] or

BAF1 [Shimi et al., 2004] are fast and dynamic processes and depend on condensation levels of

chromosome, methylation levels of histone or phosphorylation states of inner nuclear membrane

proteins [Hirano et al., 2005].

6.3 Reagents to separate inner nuclear membrane from outer nuclear membrane

One of the major concerns was to distinguish clearly outer nuclear membrane from inner nuclear

membrane proteins. The choice of effective and reliable reagent for removing outer nuclear mem-

brane was therefore critical.

Although inner nuclear membrane proteins are generally characterized by resistance to rigorous

extractions [Dreger et al., 2001, Schirmer et al., 2003], the extraction of either proteins or lipids

by Triton X-100 has no plateau [Aaronson and Blobel, 1974, Schindler et al., 1985], which means

that the inner nuclear membrane can also be extracted. For example, two well established inner

nuclear membrane proteins, LUMA and emerin, were missing from a Triton-based proteomic assay

designed to screen for inner nuclear membrane proteins [Schirmer et al., 2003]. Triton X-100 was

employed to remove the outer nuclear membrane in the report of a zinc and calcium channel at

the inner nuclear membrane [Longin et al., 1997]. Since it also extracted lipids from inner nuclear

membrane, it has compromised the integrity of the inner nuclear membrane, resulting in a low

success rate of giga-seal formation in that study.

Citric acid also extracts proteins from both inner and outer nuclear membranes [Rosenberger

et al., 1995]. It was the reagent used to record InsP3 receptor current at the inner nuclear membrane
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in [Marchenko et al., 2005].

To make the situation more complex, some ER or outer nuclear membrane protein can also

survive high salt extraction [Schirmer and Gerace, 2005]. For example, KASH domain proteins at

the outer nuclear membrane are resistant to extraction due to their direct associations with SUN

domain proteins at the inner nuclear membrane [Gruenbaum et al., 2005].

Citraconic anhydride (CA) extraction of lipids saturates around 50%, as confirmed by EM

studies [Schindler, 1984, Schindler et al., 1985]. During the course of this thesis, CA-treated nuclei

contained less outer nuclear membrane markers and had a corresponding enrichment in the inner

nuclear membrane proteins. Hence, this study confirmes previous reports on the specificity of CA

for removing outer nuclear membrane in biochemical assays.

CA-treated nuclei had the structural identity preserved, as examined by microscopy, and were

amenable for patch-clamp recordings. This method provided a high chance of achieving giga-seals

that are stable enough for perfusion and continuous recording. In addition to the evidences it

provided for inner nuclear membrane-localization of Eag1, this study also shows that CA serves as

a selective reagent for removal of the outer nuclear membrane for patch-clamp studies.

6.4 Single channel activities recorded at the inner nuclear membrane is very

likely from Eag1

The properties of the current recorded at the inner nuclear membrane are compatible with those of

Eag1. The current can be blocked by two specific blockers: astemizole, which has not been reported

to block any channel outside the EAG family, and mAb56, which was engineered to discriminate
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between Eag1 and its closest homolog Eag2, and is therefore the most specific blocker for Eag1 so

far. The conductance is in the same range as is reported for the plasma membrane Eag1. Besides,

no similar current was measured in non-transfected cells.

At the membrane of CA-treated nuclei, it was observed that Po was higher when the pipette was

hold at negative voltage. It suggests that Eag1 at the inner nuclear membrane has its extracellular

pore facing the pipette, which is opposite to the orientation at the outer nuclear membrane.

It is important to measure the current at 0 mV under unequal concentration of potassium

to rule out some artifacts from the voltage applied. It has to be emphasized however that the

stability of the seal at inner nuclear membrane was extremely sensitive to ion composition. Hence

the pharmacological assays were employed instead to address the question of the specificity of the

channel. The i-V curve of single channel recording measured at the inner nuclear membrane crossed

the x-axis around 0 mV. This indicted a lack of ionic or voltage difference across the inner nuclear

membrane under this experimental condition, but not necessary in vivo. Since Ca-chelator had

been used all through the nuclei preparation, the opening of NPC led to an equilibrium of the

subtle difference in ion composition or potential across the inner nuclear membrane.

6.5 NE electrophysiology

It is disputed if the nuclear envelope serves as barrier to ions.

The presence of intranuclear voltage indicates that nuclear envelope may be an ion-barrier.

This potential difference ranges from 0 to -15 mV in most of the cell types tested [Mazzanti et al.,

2001]. And it is dependent on cytoplasmic [K+] but independent of membrane potential [Giulian
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and Diacumakos, 1977, Mazzanti et al., 1990]. This potential difference relies on the selective

permeability of nuclear envelope to ions, and a difference in ion compositions. The [K+] is 20%

higher in the nucleoplasm than cytoplasm [Kowarski et al., 1985] and there is a nearly complete

exclusion of Cl- from nucleoplasm [Hoffman and Geibel, 2005]. Since there has not been any active

transport systems for ions reported on the nuclear envelope (although a lipid pump has been found

at the inner nuclear membrane), the main source for the separation of ions could be the negatively-

charged backbones of DNA that are not completely shielded by histones.

Since NPC is the only channel spanning both layers of nuclear envelope and has a large pore

if fully opened, it is intuitively believed to be responsible for the dominant permeability of nuclear

envolope. However, under physiological conditions, it seems that most of NPCs are not permeable

to small ions. That probably explains a lack of correlation between NPC density and the resistivity

of nuclear envelope or the intranuclear voltage [Mazzanti et al., 2001].

For NPC to be in an ion-impermeable state, the free [Ca2+] should not be lower than the phys-

iological level. Ca2+ is required for transport of small molecules through the NPC, during which

ion flow is blocked by the seamless contact between NPC and the cargo. In the absence of free cal-

cium, transport of molecules is strongly inhibited and NPCs are unplugged and become permeable

to ions [Bootman et al., 2000, Santella and Carafoli, 1997]. The switch between conducting and

non-conducting state of NPC by calcium is reversible as indicated by EM studies [Jarnik and Aebi,

1991] and also observed in this study.

The outer nuclear membrane, on the other hand, seems to be quite leaky to small molecules. In

many studies on the outer nuclear membrane channels employing ’nucleus-attached’ configuration,

changes in the ions or other small molecules in the bath solution affected the equilibrium potential

and current of outer nuclear membrane channels [Bustamante, 1992, Innocenti and Mazzanti, 1993,
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Tabares et al., 1991]. In addition, when one excised the outer nuclear membrane patch, there was

no change in single channel conductances ([Franco-Obregón et al., 2000] and observations in this

thesis). It was also observed that the outer nuclear membrane preparations had higher activities

of large ion channels than that of the inner nuclear membrane in the same condition. This model

is easy to imagine, considering the fact that the outer nuclear membrane is an extension of the

ER, which is quite leaky to small molecules ([Gall et al., 2004, Simon et al., 1989]). The high

permeability of outer nuclear membrane/ER could come from the translocons [Johnson and van

Waes, 1999, Lizák et al., 2008].

With the NPC plugged, the inner nuclear membrane should bear the barrier function between

nucleo- and cytoplasm. Nuclear envelope can swell and shrink under osmotic pressure, which also

indicates that it is a barrier of selective permeability [Innocenti and Mazzanti, 1993, Maruyama

et al., 1995]. In this scenario, the nucleoskeleton would provide support to the inner nuclear

membrane against osmotic changes, while the outer nuclear membrane would allow ions to cross

and compensate for osmotic difference.

Several ion channels have been found on the outer nuclear membrane [Mazzanti et al., 1990].

Since the majority of recordings were performed in isolated nuclei in artificial solution, these results

have been debated. However, observations from these experiments were similar to those performed

on nuclei from Xenopus oocytes in situ (in their cytoplasmic environments [Mazzanti et al., 1994]).

Channel activities reported from on the outer nuclear membrane were not from ER membranes.

Coconut water is a syncytial endosperm where there is very few endomembrane and hence few ER

connected to the outer nuclear membrane, as is shown by EM. In this sample, channel activities

can still be frequently recorded on the nuclear envelope [Matzke et al., 1992]. Besides, ER channel

openers or blockers have no effect on nuclear channels activities recorded [Bustamante, 2006]. The
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nuclear channel identities has also been verified by atomic force microscopy immediately after

recording from the same patch [Danker et al., 1997, Franco-Obregón et al., 2000].

Eag1 on the outer nuclear membrane with their cytoplasmic side facing intracellular solution

may be subjected to run-down as is observed frequently in inside-out patches from HEK cell line

[Stansfeld et al., 1996] or oocytes [Ludwig et al., 1994]. By this reasoning, even if Eag1 was present

on the outer nuclear membrane, one might not be able to record its current.

At the inner nuclear membrane, there have been only 4 reports regarding ion channels. Three

of them employed different reagents for removing outer nuclear membrane, whose draw-backs have

been discussed above. The fourth report was based on measurements from reconstituted lipid

bilayers from subcellular fractions after sonification of nuclear envelope [Rousseau et al., 1996]

which provides enough chances for contamination of the preparation with outer nuclear membrane.

6.6 Possible role of Eag1 in the inner nuclear membrane as an ion channel

At physiological ion condition, non-Watson-Crick bonds in guanine-rich sequence tend to form

between intra- or intermolecular guanine residues (Hoogsteen base pair). The DNA or RNA then

folds into a four-stranded structure called G-quadruplex [Williamson et al., 1989]. This structure

has higher binding affinity to K+ than to Na+ [Sen and Gilbert, 1990, Williamson, 1993]. And

Eag1 can participate in this regulation by adjusting nucleoplasmic [K+].

There are many regions on chromatin which are rich in guanine repeats, such as rDNA, im-

munoglobulin switch regions, promoters, genes, variable number terminal repeats, recombination

sites, satellite and telomere DNA [Qin and Hurley, 2008]. The most studied case is the 3’ end of
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telomere, which has a 12-16 bp guanine-rich single strand overhang [Qin and Hurley, 2008, Sen and

Gilbert, 1990]. Once turned into a G-quadruplex, it is no longer recognized by telomere-binding

proteins and may act as an initial point of alignment during meiotic pairing [Hardin et al., 1991].

A number of oncogenes promoter regions also have the potential to form G-quadruplex. For

example, in c-MYC promoter region, this structure acts as a transcriptional repressor element.

Single point mutations which disrupt the structure increased the expression level of myc in vivo,

while a small molecule that stabilizes the structure, suppressed the transcriptional activation. More

importantly, this effect is abolished in the same lymphoma cell line with only one difference - the

G-guanine rich promoter has been disrupted by translocation [Siddiqui-Jain et al., 2002].

Compared to other K channels overexpressed in cancer, Eag1 has the advantage that it can

directly affect nucleoplasmic [K+] and influence the formation of G-quadruplex in the malignancy-

relevant regions. Eag1 would also play a role in the cell cycle-dependent change of intra-nucleus

voltage by changing intranuclear [K+] [Giulian and Diacumakos, 1977, Mazzanti et al., 2001].

6.7 Transport of Eag1 into nucleus and the relevance to mitosis

As previously mentioned, different regions of protein sequences have been found to be required for

the inner nuclear membrane localization of transmembrane proteins. There is so far no conserved

NLS pattern for transmembrane proteins. Many inner nuclear membrane proteins have no pre-

dicted NLS either [Lusk et al., 2007]. A canonical NLS for soluble protein does not guarantee a

transmembrane protein to be transported into the inner nuclear membrane [Soullam and Worman,

1995]. Neither did the treatment with nuclear export inhibitor (leptomycin B) have any obvious

effects on the localization of Eag1 (data not shown). More work needs to be done to unravel a
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probable NLS in Eag1.

There seems to be an upper limit of size around 75 kDa for the cytoplasmic domain of inner

nuclear membrane protein [Ohba et al., 2004]. This is close to the size of the cytoplasmic domain of

a single subunit of Eag1, not to mention that potassium channels only function as a tetramers. If

Eag1 is not transported to the inner nuclear membrane through NPC, it is also possible that Eag1-

containing membranes attach to chromatin during nuclear envelope reformation, which results in

its inner nuclear membrane-localization. Inner nuclear membrane proteins are normally regulated

closely in a cell-cycle dependent manner. The mitotic changes in their subcellular distributions

and associations with chromatin or chromatin-associated proteins are normally dependent on the

phosphorylation states [Bailer et al., 1991, Ellis et al., 1998, Hirano et al., 2005, 2009]. It would

be interesting to further examine the mitotic regulation of Eag1’s subcellular distribution and

phosphorylation, since Eag1 has been shown to be regulated mitotically [Brüggemann et al., 1997,

Pardo et al., 1998] and the lack of mitosis in the neuronal systems may help to explain why Eag1

is not oncogenic there.

6.8 Non-canonical role of Eag1 in the ’NPC-free islands’

One interesting observation that may shed light on the role of Eag1 is its presence in the ’NPC-

free islands’. This localization is common among inner nuclear membrane proteins and normally

indicates interactions with heterochromatin, which is non-canonical for an ion channel.

The recruitment of heterochromatin by inner nuclear membrane proteins to nuclear envelope

generally correlates with or even cause gene repression. It also modifies the histones and thereafter

affects transcription by changing the higher-order structure of chromosome [Akhtar and Gasser,
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2007, Somech et al., 2005]. At the genomic level, inner nuclear membrane-mediated tethering of

heterochromatin is crucial for genomic stability by inhibition of rDNA recombination [Mekhail

et al., 2008]. In acute myeloid leukemias, Eag1 expression is associated with chromosome abnor-

malities or multiple aberrations [Agarwal et al., 2010]. It is worthy to investigate if the chromosome

abnormalities in solid tumors is also correlated to Eag1 expression level.

The blockers that have been shown to slow down tumor growth are all open channel blockers

(astemizole[Ouadid-Ahidouch et al., 2001], imipramine [de Queiroz et al., 2006, Gavrilova-Ruch

et al., 2002] or mAb56 [Gómez-Varela et al., 2007]). This does not necessary mean that it is the

ion flow through the plasma membrane per se that is required for Eag1 to perform its role in

cancer. It is possible that the blockers trap the channel in certain conformation state unfavorable

for certain interactions with the inner nuclear membrane (i.e. with heterochromatin). Astemizole

penetrates membrane easily and therefore can access inner nuclear membrane Eag1. Then how does

the blockage of mAb56 on the plasma membrane have any effect on the inner nuclear membrane

pool of Eag1? One explanation is through endocytosis pathway which either leads to fusion of

surface-originated vesicles with ER/NE or a direct transport of the endosome containing Eag1 into

the nucleus , as explained above.
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7 Summery

hEag1 (human ether-à-go-go-1, Kv10.1) is a voltage-gated potassium channel expressed mostly in

the brain in healthy subjects but also in many tumors under pathological conditions. Its ability to

induce malignant transformation and to favour tumor progression can’t be attributed entirely to its

potassium permeation. hEag1 was shown to co-localize with lamin A/C. And electron microscopy

studies in neurons and tumor cells indicated that it is localized at the inner nuclear membrane.

The aim of the thesis was to confirm this localization.

The peri-nuclear hEag1 fulfils the established criteria for transmembrane proteins targeted

to the inner nuclear membrane. The peri-nuclear hEag1 was not accessible to antibodies unless

the nuclear envelope was permeabilized. Compared to the cytoplasm population, the peri-nuclear

population was more resistant to Triton X-100 extraction and less mobile in lateral diffusion in

FRAP analysis. It was also frequently found in the ”NPC-free island”, which normally associates

with the heterochromatin. All these characters suggest a tight interaction with nuclear lamina, other

inner nuclear membrane proteins or chromatin. Furthermore, in density gradient centrifugation of

extracts from both heterologous and native systems, hEag1 was enriched in fractions containing

known inner nuclear membrane proteins.

It was also shown that hEag1 at the inner nuclear membrane is functional as an ion channel.

Single channel currents detected at the inner nuclear membrane were compatible with that of hEag1

in terms of conductance and pharmacologic properties (inhibition by astemizole and a specific

monoclonal antibody). This current was not detected in non-transfected cells. Moreover, the

opening probability was higher when the pipette voltage was more negative, suggesting that hEag1

in the inner nuclear membrane has its N and C termini facing the nucleoplasm.

Our experiments strongly suggest that the channel is integrated in the inner nuclear membrane,

with its N and C-termini exposed to the nucleoplasm, possibly in contact with the heterochromatin.
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sion. Cancer Res, 69(8):3300–3307, Apr 2009. doi: 10.1158/0008-5472.CAN-08-2036. URL
http://dx.doi.org/10.1158/0008-5472.CAN-08-2036.

Fernanda Mello de Queiroz, Guilherme Suarez-Kurtz, Walter Stühmer, and Luis A Pardo. Ether à
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Chávez, Adriana Cadena, Luz Maŕıa Hinojosa, Gerardo Lara, Luis Alberto Villanueva, Carlos
Vargas, Elizabeth Hernández-Gallegos, Ignacio Camacho-Arroyo, Alfonso Dueñas-González, En-
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men Sánchez-Peña, and Javier Camacho. Ether a go-go potassium channels as human cervical
cancer markers. Cancer Res, 64(19):6996–7001, Oct 2004. doi: 10.1158/0008-5472.CAN-04-1204.
URL http://dx.doi.org/10.1158/0008-5472.CAN-04-1204.

Richard Festenstein, Stamatis N Pagakis, Kyoko Hiragami, Debbie Lyon, Alain Verreault, Belaid
Sekkali, and Dimitris Kioussis. Modulation of heterochromatin protein 1 dynamics in primary
mammalian cells. Science, 299(5607):719–721, Jan 2003. doi: 10.1126/science.1078694. URL
http://dx.doi.org/10.1126/science.1078694.

A. Franco-Obregón, H. W. Wang, and D. E. Clapham. Distinct ion channel classes are ex-
pressed on the outer nuclear envelope of t- and b-lymphocyte cell lines. Biophys J, 79(1):
202–214, Jul 2000. doi: 10.1016/S0006-3495(00)76284-9. URL http://dx.doi.org/10.1016/

S0006-3495(00)76284-9.

Steffen Frey and Dirk Görlich. A saturated fg-repeat hydrogel can reproduce the permeability
properties of nuclear pore complexes. Cell, 130(3):512–523, Aug 2007. doi: 10.1016/j.cell.2007.
06.024. URL http://dx.doi.org/10.1016/j.cell.2007.06.024.
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L. A. Pardo, A. Brüggemann, J. Camacho, and W. Stühmer. Cell cycle-related changes in the
conducting properties of r-eag k+ channels. J Cell Biol, 143(3):767–775, Nov 1998.

L. A. Pardo, D. del Camino, A. Sánchez, F. Alves, A. Brüggemann, S. Beckh, and W. Stühmer.
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8 Appendix

8.1 Abbreviations

Table 7: Abbreviations

BAF barrier to autointegration factor

bp Base pairs

BSA Bovine serum albumin

∘C Degrees Celsius (centigrades)

CA citraconic anhydride

CaM calmodulin

CHO Chinese hamster ovary

CNS central nervous system

DAPI 4,6-diamidino-2-phenylindole

ddH2O double distilled (or miliQ) water

DTT dithiothreitol

DMSO dimethyl sulfoxide

EDTA Ethylened acid iaminetetraacetic

EGTA ethylene glycol tetraacetic acid

EM electron microscopy

h hour(s)

HEK human embryonic kidney

continued on next page
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continued from previous page

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

IB Immunoblotting

IEM immunoelectron microscopy

INM inner nuclear membrane

InsP3 Inositol 1,4,5-trisphosphate

KASH Klarsicht, ANC-1 and SYNE1 homology

kDa Kilodalton

K.O. knock-out (null mutant)

LB Luria-Bertani broth

LBR lamin B receptor

LEM Luma, Emerin and MAN1

LISM Low-ionic-strength suspension medium

M molar per litter

mM millimolar

mA milliAmpere

min minute(s)

ml milliliter

mYFP monomeric yellow fluorescent protein

mVenus monomeric Venus

�g microgram

�l microliter

ng nanogram
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�m micrometer

nm nanometer

NA numerical aperture

NE nuclear envelope

NES nuclear export signa

NLS nuclear localization signal

NMJ neuromuscular junction

NMSM Nuclear membrane storage medium

NPC nuclear pore complex

nurim nuclear rim protein

OD optical density

ONM outer nuclear membrane

PAGE Polyacrylamid gel electrophorese

PBS phosphate-buffered saline

PCR Polymerase chain reaction

RFBP ring-finger-binding protein

PMSF phenylmethylsulphonyl fluoride

PSF point-spread-function

ROI region of interest

RT room temperature

rER rough endoplasmic reticulum

sec second(s)
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SDB Sucrose density barrier

SDS Sodium dodecyl sulfa

SEM standard error mean

SUN Sad1 and UNC-84 homology

TBS Tris-buffered saline

V Volt

WB western blotting
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