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ABSTRACT OF THE DISSERTATION 

Defining the early steps in nuclear pore assembly: 

Chromatin-associated ELYS initiates pore assembly. 

by 

Beth A. Rasala 

Doctor of Philosophy in Biology 

University of California, San Diego, 2008 

Professor Douglass J. Forbes, Chair 

 

My thesis is focused upon molecularly defining the mechanism of early steps 

in metazoan nuclear pore assembly. Nuclear pore complexes (NPCs) are 

large proteinaceous structures that span the nuclear envelope and act as 

gated aqueous channels to regulate the transport of macromolecules between 

the nucleus and cytoplasm.  In metazoans, the massive NPCs disassemble 

into soluble subunits at the beginning of mitosis and then somehow 

reassemble following chromosome segregation; a process that is coordinated 

with membrane recruitment and fusion.  The mechanism and order of NPC 

assembly is poorly understood.  In Chapter 1, I show that ELYS co-purifies 

with the Nup107-160 complex, the largest subunit of the NPC, in Xenopus egg 

and human cell extracts.  Indeed, I demonstrate that ELYS is a dual 

nucleoporin/kinetochore protein required for nuclear pore assembly and proper 

 xvii



 

cell division.  In Chapter 2, I focus on defining the early steps in nuclear pore 

assembly, including the mechanism for ELYS as the pore ‘targeting’ protein.  

In Chapter 3, I collaborated with Dr. Corinne Ramos on a study to order pore 

assembly with respect to inner and outer nuclear membrane fusion.  Taken the 

data from chapters 1-3 together, I suggest a model in which NPC assembly is 

initiated on AT-rich chromatin through an interaction with the C-terminus of 

ELYS.  The data also show the chromatin binding of ELYS precedes and is 

required for the binding of the Nup107-160 complex.  Chromatin-bound ELYS 

and the Nup107-160 complex then recruit integral pore membrane proteins 

POM121- and NDC1-containing membrane vesicles.  Membrane vesicle 

fusion takes place to form patches of continuous double nuclear membranes.  

Oligomerization of ELYS/Nup107-160/POM121 then acts to promote fusion 

between the inner and outer nuclear membranes to form a diffusion channel.  

Finally, the remaining soluble pore subunits are recruited to assemble the 

mature, functional nuclear pore.  Finally, Appendix B presents data on the 

Xenopus binding partners of the C-terminus of Nup160, a member of the 

Nup107-160 complex, which was derived from mass spectrometry analyses.  

This data led to the discovery that vertebrate centrin 2 localizes to NPCs and 

functions in mRNA and protein export, as described in Chapter 4. 
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GENERAL INTRODUCTION 

 

The nuclear envelope (NE) is a double-lipid bilayer that separates the 

contents of the nucleus, including the genome, from the cytoplasm.  In higher 

eukaryotes, the NE is composed of the inner and outer nuclear membranes, 

the lamina, and nuclear pore complexes (NPCs).  The incorporation of genetic 

material inside a biochemically distinct compartment allowed eukaryotic cells a 

much greater element of control over biological processes. However, a 

mechanism for transport across the nuclear envelope was needed.  Nuclear 

pore complexes (NPCs) span the nuclear envelope and function as the 

gateway to the nucleus, facilitating the bidirectional transport of molecules 

between the nucleus and cytoplasm (Figure I.1).  Although the nuclear 

envelope provides the advantage of enhanced regulatory control for the 

eukaryotic cell, it causes complications during cell division.  In higher 

eukaryotes, the nuclear envelope, including nuclear pore complexes, must 

disassemble and then reassemble each cell cycle (Vasu and Forbes, 2001; 

Suntharalingam and Wente, 2003; Hetzer et al., 2005; Margalit et al., 2005).  

This thesis describes the advances I have made toward understanding the 

order and regulation of early steps in NPC assembly, including the role of 

chromatin and the coordination between pore assembly and membrane 

recruitment and fusion.    

   

 1



 2 

The architecture of nuclear pore complexes. 

NPCs are embedded in the nuclear envelope at sites where the inner 

and outer nuclear membranes are fused.  The NPC is a massive protein 

assemblage with eight-fold rotational symmetry.  It consists of ~30 different 

proteins, termed nucleoporins or Nups, which are present in copies of eight or 

multiples of eight (Yang et al., 1998; Rout et al., 2000; Cronshaw et al., 2002).  

Metazoan NPCs also contain three integral membrane proteins: POM121, 

NDC1, and gp210; however only NDC1 is conserved between yeast and 

higher eukaryotes (Gerace et al., 1982; Wozniak et al., 1989; Greber et al., 

1990; Hallberg et al., 1993; Cotter et al., 1998; Liu et al., 2003; Lau et al., 

2006; Mansfeld et al., 2006; Stavru et al., 2006).  Nuclear pores are 

asymmetrical in structure, with cytoplasmic filaments, a central domain that 

spans the nuclear membranes, and a nuclear basket (Figure I.1).  The central 

domain consists of a scaffold with eight large spokes surrounding a central 

transporter region.  Approximately one third of the Nups contain 

phenylalanine-glycine (FG) repeat domains, believed to be key sites for 

interaction with transport receptors (Ryan and Wente, 2000).  

  

Nuclear pores disassemble and reassemble during cell division. 

During metazoan cell division, the nuclear envelope breaks down in a 

process termed open mitosis.  Nuclear pores disassemble into ~14 soluble 

subunits, consisting of anywhere from one to nine proteins each.  In vivo, the 

 



 3 

nuclear membranes are believed to either retract into the ER (Ellenberg et al., 

1997; Yang et al., 1997; Daigle et al., 2001) and/or vesiculate at mitosis 

(Cotter et al., 1998; Liu et al., 2003; Cotter et al., 2007).  Near the end of 

mitosis, the nuclear membranes and NPCs reassemble to form a new nuclear 

envelope around each daughter genome.  Nuclear pore assembly involves the 

stepwise recruitment of the many pore subunits beginning in late anaphase 

and continuing through the end of telophase and early G1 (Chaudhary and 

Courvalin, 1993; Bodoor et al., 1999; Haraguchi et al., 2000; Belgareh et al., 

2001; Daigle et al., 2001; Rabut et al., 2004; Rasala et al., 2006; Franz et al., 

2007) (Figure I.2).  In vivo, this post-mitotic pore assembly is generally 

restricted to the chromatin periphery and is coordinated with contemporaneous 

nuclear membrane recruitment and fusion.  Thus, nuclear envelope assembly 

is both spatially and temporally regulated.  NPC assembly also occurs at S 

phase, when the NPC number doubles in preparation for later mitosis (Maul et 

al., 1972).     

The assembly of nuclear pores in S phase involves the insertion of pore 

complexes into the NE and thus must require the fusion of the inner and outer 

nuclear membranes.  However, the mechanism for how pores assemble 

during post-mitotic nuclear pore assembly is hotly debated.  Currently, there 

exist two prevalent models for nuclear pore assembly (Figure I.3).  The first 

proposes that post-mitotic NPC assembly occurs in the same manner as that 

of S-phase; i.e. insertion into regions of continuous double membranes, and 
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thus is dependent on fusion of the inner and outer nuclear membranes (Figure 

I.3, left panel).  Indeed, previous work from our lab demonstrated that nuclear 

pores can assemble within a continuous double membrane of reconstituted 

nuclei using Xenopus egg extracts, an in vitro system that mimics post-mitotic 

nuclear assembly (Macaulay and Forbes, 1996; Harel et al., 2003a).  

Furthermore, a study using field emission in-lens scanning electron 

microscopy (FEISEM) to visualize the outer membrane of Xenopus 

reconstituted nuclei identified intermediate structures in NPC assembly, 

including slight indentations (dimples) of the fused membrane which the 

authors proposed to be the initial step in assembly (Goldberg et al., 1997).  

Multiple progressive intermediates were also observed.   

A second model for post-mitotic pore assembly, termed the ‘pre-pore’ 

model, suggests that nuclear pore subunits sequentially assemble on the 

chromatin, and at some undefined later point, membrane sheets containing 

the integral membrane pore proteins coalesce around the assembled pore 

proteins (Sheehan et al., 1988; Burke and Ellenberg, 2002; Walther et al., 

2003a; Antonin et al., 2005; Anderson and Hetzer, 2007).  In this model, 

fusion between the inner and outer membranes would not take place (Figure 

I.3, right panel).  This proposed mechanism of assembly could only occur in 

higher eukaryotes following mitosis, when the nuclear envelope is 

disassembled.  It could not explain NPC assembly during S-phase or in yeast, 
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which do not break down their nuclear membranes during mitosis; in both 

cases, NPCs insert into pre-existing continuous double nuclear membranes.   

 

The regulation of pore disassembly and assembly. 

It is likely that phosphorylation/dephosphorylation regulates, at least in 

part, the timing of post-mitotic nuclear pore assembly, as specific Nups are 

phosphorylated in mitosis (Macaulay et al., 1995; Glavy et al., 2007).  Importin 

β and its regulator, Ran-GTP, are also intimately involved in spatially 

regulating nuclear pore assembly.  Importin β acts as a negative regulator of 

both nuclear membrane formation and nuclear pore assembly (Harel et al., 

2003a; Walther et al., 2003b).  In contrast, Ran-GTP, an importin β-binding 

protein, positively regulates nuclear envelope assembly by promoting nuclear 

membrane formation and nuclear pore assembly (Wozniak and Clarke, 2003; 

Clarke and Zhang, 2004; Harel and Forbes, 2004).  Because RCC1, the GTP 

exchange factor for Ran, is a chromatin-bound protein, a Ran gradient forms 

in which a high concentration of Ran-GTP surrounds the chromatin (Bischoff 

and Ponstingl, 1991). Thus, current models suggest that this high 

concentration of Ran-GTP around the chromatin helps to specifically promote 

nuclear membrane formation and pore assembly at the chromatin periphery, 

most likely by relieving importin β inhibition (Harel et al., 2003a; Walther et al., 

2003b; Harel and Forbes, 2004). 
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Pore complexes can be found in cytoplasmic stacks of ER-membranes, 

termed annulate lamellae. 

Interestingly, pore complexes are also assembled in cytoplasmic stacks 

of membranes, which together are termed annulate lamellae (AL) (Kessel, 

1989).  AL can form in large numbers in vitro in Xenopus egg extracts, when 

neither DNA or chromatin are present (Dabauvalle et al., 1991; Meier et al., 

1995).  AL are also found in vivo at low levels in many cell types, but at 

enhanced levels in rapidly developing cells, such as tumor cells and oocytes 

(Kessel, 1989).  This suggests either that pore complexes can form in the 

absence of high concentrations of Ran-GTP, or that local gradients of Ran-

GTP can exist in the cytoplasm.  Either way, this observation begs the 

important question: How do cells ensure that pore complexes are assembled 

into the nuclear envelope rather than in cytoplasmic stacks of membranes?  

Over the course of my thesis work, I was able to answer this question:  ELYS, 

the pore-targeting protein, is chromatin-bound and specifically initiates pore 

assembly on the chromatin surface (see below).     

 

The Nup107-160 complex plays a pivotal role in NPC assembly.  

The process of nuclear pore assembly has been the subject of intense 

study for a number of years.  Extracts of Xenopus eggs, which contain large 

stockpiles of disassembled nuclear components for later development, have 

proven to be a valuable tool for the study of nuclear assembly.  Nuclei can be 
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reconstituted in vitro by the addition of chromatin or free DNA to an interphase 

Xenopus egg extract (Forbes et al., 1983; Lohka and Masui, 1983; Newport, 

1987).  Importantly, egg extracts can be easily manipulated.  The crude extract 

can be separated into cytosol and membrane vesicle fractions by 

centrifugation.  Experimentally, the effects of chemical inhibitors, dominant 

negative protein fragments, or the removal of specific proteins on nuclear 

assembly can be assessed without difficulty.  A major breakthrough in the field 

came when the Nup107-160 complex was discovered and found to be 

essential for nuclear pore assembly (Belgareh et al., 2001; Vasu et al., 2001; 

Harel et al., 2003b; Walther et al., 2003a).  This, by far the largest subunit of 

the metazoan nuclear pore, consists of nine proteins and resides on both the 

nuclear and cytoplasmic face of the pore (Fontoura et al., 1999; Belgareh et 

al., 2001; Vasu et al., 2001; Boehmer et al., 2003; Harel et al., 2003b; Loiodice 

et al., 2004).  Immunodepletion of the Nup107-160 complex from Xenopus egg 

extracts led to the assembly of nuclei containing fused double nuclear 

membranes completely devoid of nuclear pores, indicating that the Nup107-

160 complex plays a key role in assembly and/or structure of the nuclear pore 

complex (Harel et al., 2003b; Walther et al., 2003a).   

Recent evidence suggests an emerging role for chromatin in NPC 

assembly.  The Nup107-160 complex can bind to chromatin substrates in the 

absence of membranes in Xenopus egg extracts (Walther et al., 2003a; Franz 

et al., 2007).  As stated above, immunodepletion of the Nup107-160 complex 
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from Xenopus egg extracts results in pore-free nuclei.  This phenotype can be 

partially rescued if purified Nup107-160 complex is added back, but only if 

added before the closure of the nuclear envelope (Walther et al., 2003a).  This 

data indicated that the Nup107-160 complex minimally needs to be on the 

nuclear face of the NE to facilitate NPC assembly.  Indeed, the Nup107-160 

complex is required on both faces of the NE for de novo pore insertion in fully 

formed nuclei reconstituted from Xenopus egg extracts, a system that mimics 

NPC assembly during S phase (D'Angelo et al., 2006).  Taking these data 

together, it has been speculated that the binding of the Nup107-160 complex 

to chromatin is an essential step in NPC assembly (Walther et al., 2003a).  If 

so, what chromatin-associated protein does the Nup107-160 complex interact 

with? 

 

ELYS, the nuclear pore targeting protein. 

To help in our understanding of the role for the Nup107-160 complex in 

pore assembly and structure, we sought to identify proteins with which it 

interacts.  As described in Chapter 1, we immunoprecipitated the Nup107-160 

complex from Xenopus egg extracts and performed mass spectrometry on the 

immunoprecipitates (Rasala et al., 2006).  Interestingly, one of the major 

Nup107-160 complex binding proteins we observed was a large 270 kDa 

protein, ELYS (embryonic large molecule derived from the yolk sac).  

Originally proposed from somewhat circumstantial evidence to be a 
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transcription factor involved in mouse embryonic haematopoiesis, vertebrate 

ELYS had no previously described link to the nuclear pore (Kimura et al., 

2002; Okita et al., 2003; Okita et al., 2004).  In contrast, I found that ELYS 

localizes to nuclear pore complexes and is recruited early in the post-mitotic 

NPC assembly process.  Importantly, RNAi depletion of ELYS from HeLa cells 

led to a decrease in pore assembly at the nuclear envelope and to a 

concomitant increase in pore assembly in the cytoplasm in structures 

reminiscent of annulate lamellae.  This data suggested that ELYS is involved 

in the spatial regulation of nuclear pore assembly.  Thus, I proposed ELYS to 

function in targeting pore assembly to the nuclear envelope (Rasala et al., 

2006).  While this work was in review, two studies came out identifying the C. 

elegans homologue of ELYS, MEL-28, as a protein of the nematode nuclear 

envelope and important for nuclear envelope assembly (Fernandez and Piano, 

2006; Galy et al., 2006).     

In agreement with my work, a later study demonstrated that 

immunodepletion of ELYS from Xenopus egg extracts led to the assembly of 

nuclei completely devoid of nuclear pores (Franz et al., 2007).   

 

Defining the early steps in nuclear pore assembly. 

 Intriguingly, sequence analysis previously revealed that ELYS contains 

a putative AT-hook DNA-binding motif (Kimura et al., 2002).  As described in 

Chapter 2, I demonstrate that ELYS binds to chromatin in the absence of 
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membranes and that the chromatin binding of the Nup107-160 complex is 

dependent on that of ELYS.  Importantly, nuclear pore assembly is also 

dependent on chromatin-bound ELYS, indicating that nuclear pore assembly is 

indeed initiated from the chromatin.  Thus, the binding of ELYS to chromatin 

and the recruitment of the Nup107-160 complex are early and essential steps 

in nuclear pore assembly (Rasala, et al., submitted).    

What remains unknown is how ELYS is recruited to chromatin and what 

happens following the chromatin-binding of ELYS and the Nup107-160 

complex.  Chapter 2 also describes the work in which I focused on defining the 

mechanism for ELYS function and the order of the early steps in pore 

assembly.  I demonstrate by point mutation and deletion analysis that ELYS 

binds to chromatin through at least two domains in its C-terminus, the AT-hook 

motif and a second domain residing in the last 51 amino acids of the protein.  

AT-hook motifs mediate binding to the minor groove of DNA specifically in AT-

rich regions and are found in a number of DNA-binding proteins including 

members of the HMGA/HMG-I(Y) family of chromatin proteins (Reeves and 

Nissen, 1990).  Using sequence-specific DNA-binding antibiotics, Distamycin 

A and Chromomycin A3, I demonstrate that pore assembly is initiated on AT-

rich chromatin via the binding of ELYS and the Nup107-160 complex.  I also 

show that the recruitment of membrane vesicles to chromatin and vesicle-

vesicle fusion occurs prior to the assembly of the remaining soluble pore 

subunits.  Furthermore, the AT-chromatin/ELYS/Nup107-160 pore platform is 
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required for the important and specific recruitment of two integral membrane 

pore proteins, POM121 and NDC1, but not for the recruitment of gp210.  

Finally, I show that ELYS and the Nup107-160 complex can interact with 

POM121.  Thus, the data point us to a nuclear pore assembly order of (1) AT-

rich chromatin, (2) ELYS and the Nup107-160 complex, (3) POM121 and 

NDC1, (4) membrane vesicle fusion, and (5) the assembly of the rest of the 

soluble pore subunits (Rasala, et al., submitted). 

In collaboration with Dr. Corinne Ramos, we were further able to order 

the early steps in nuclear pore assembly in terms of both protein 

oligomerization and inner-outer nuclear membrane fusion (see Chapter 3).  I 

showed that ELYS oligomerization is dependent on the presence of 

membranes and occurs concurrently with the appearance of POM121 and the 

Nup107-160 complex.  Furthermore, Dr. Ramos was able to biochemically 

isolate, for the first time, a fusion event between the inner and outer nuclear 

membranes, and show that recruitment of the Nup107-160 complex and 

POM121 to the cytoplasm side of the nuclear membrane occurs prior to this 

fusion event (Ramos, Rasala, and Forbes, in preparation). 

Taking our data together, we believe nuclear pore assembly occurs in 

the following order: (1) AT-rich chromatin, (2) chromatin binding of ELYS, 

which recruits the Nup107-160 complex, (3) POM121 and NDC1 recruitment, 

along with their accompanying membrane vesicles, (4) vesicle-vesicle fusion 

to form continuous double membranes, (5) ELYS/Nup107-160/POM121 
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oligomerization, (6) an inner and outer nuclear membrane fusion event, and 

(7) assembly of the bulk of the pore subunits to yield a mature and functional 

NPC.  Overall, our data strongly support the fusion-dependent model of NPC 

assembly. 

 

Identifying other novel proteins associated with the nuclear pore. 

 In the Appendix, I describe my early work aimed toward identifying 

metazoan-specific functions for Nup160, a member of the Nup107-160 

complex (see Appendix A).  Interestingly, this led to the identification of 

vertebrate Centrin 2 as a nuclear-pore associated protein, and the discovery of 

a role for Centrin 2 in mRNA and protein export (Resendes et al., 2008), as 

described in Chapter 4.   

 

In summary 

During the course of my thesis research, I identified the protein, 

ELYS/Mel-28, to be a novel component of vertebrate NPCs (Rasala et al., 

2006).  My data, with others, show that ELYS is essential for NPC assembly 

and that it functions to target pore complex assembly to the nuclear envelope.  

It does so by binding to chromatin and recruiting the Nup107-160 complex to 

the chromatin periphery at the end of mitosis (Fernandez and Piano, 2006; 

Galy et al., 2006; Rasala et al., 2006; Franz et al., 2007; Gillespie et al., 2007).  

ELYS presumably plays an identical targeting role in S phase nuclei.  Lastly, I 
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define the early steps in nuclear pore assembly, a question that has remained 

highly speculative until now (Rasala et al., submitted; Ramos, Rasala, and 

Forbes, in preparation).   
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Figures 

 

 

Figure I.1.  The structure of the nuclear pore.  Nuclear pore complexes (NPCs) are 
embedded in the nuclear membranes (red) at sites where the inner and outer membranes are 
fused.  The asymmetrical structure contains cytoplasmic filaments (pink), a central scaffold 
(blue), and a nuclear basket (orange).  NPCs are comprised of ~30 soluble nucleoporins 
associated in ~14 soluble subunits (boxed) and three integral pore membrane proteins 
(green). 
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Figure I.2.  Nuclear pore assembly is a stepwise process.  Pore assembly has been 
previously examined in cultured mammalian cells for a subset of pore proteins (Chaudhary 
and Courvalin, 1993; Bodoor et al., 1999; Haraguchi et al., 2000; Belgareh et al., 2001; Daigle 
et al., 2001; Rabut et al., 2004; Rasala et al., 2006; Franz et al., 2007).  These studies showed 
that nuclear pore assembly begins in late anaphase and continues through telophase and 
early G1 phase.  The soluble pore subunits (black) and integral pore membrane proteins 
(blue) examined assemble stepwise.  Clearly pore assembly is coordinated with nuclear 
membrane fusion and sealing.   
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Figure I.3.  Two models for nuclear pore assembly.  In the fusion-dependent model (left 
panel), nuclear pore assembly begins with membrane vesicle/sheet/tubule docking and fusion 
to form areas of flattened double nuclear membranes (black lines). Nuclear pore complexes 
(red) then assemble by inserting into the continuous nuclear membranes. In this model, NPC 
assembly is dependent on fusion between the inner and outer nuclear membranes.  In the 
pre-pore model (right panel), membrane vesicles/sheets/tubules (black lines) bind to and 
spread across the chromatin.  Independent of these membranes, nuclear pore complexes 
(red) assemble on the surface of the chromatin.  At some undefined point in assembly, the 
integral membrane pore proteins (red) associate with the pre-pores/pores and the attached 
membrane sheets coalesce around them.  Pore assembly then continues, if necessary.  Thus, 
inner-outer membrane fusion is not required; rather, the NPCs act as membrane “plugs”.     
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Supplemental Data 

 

 
 

Table 1.1.   Summary of proteins identified in the Nup107-160 complex 
immunoprecipitation experiments by LC MS/MS.  Numbers indicate the number of unique 
peptides identified in each immunoprecipitation reaction.  The right-most column shows the total 
number of unique peptides identified.  Dots denote known members of the Nup107-160 complex; 
the arrowhead highlights the novel Nup107-160 complex interactor, ELYS. 
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Figure 1.5.  Immunofluorescence on HeLa cells with anti-ELYS antibody.  Cells were either 
fixed prior to Triton X-100 permeabilization (left) or permeabilized and then fixed (right).  Both 
methods show that anti-ELYS antibody primarily stains the nuclear rim and the nuclear interior.   

 
 
 
 
 
 

 
 
 

 
 
Figure 1.6.  ELYS localizes to kinetochores throughout mitosis.  Double 
immunofluorescence on mitotic HeLa cells show ELYS (green) is associated with the mitotic 
chromatin (i.e., kinetochore) bracketing CENP-B (red) from prophase to late anaphase.  Bar, 5 
µm. 
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Figure 1.7.  Nup133 associates with the reforming nuclear envelope in late anaphase with 
similar timing to ELYS.  During nuclear assembly in HeLa cells, Nup133 (left column, red), a 
member of the Nup107-160 complex, associates with the reforming nuclear envelope in late 
anaphase while Nup62 (middle column, green) associates in telophase (as shown in (5)).  Bar, 10 
µm. 
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Figure 1.8.   Analysis of ELYS RNAi on other nucleoporin proteins and tubulin.   
(A) Immunoblots of HeLa cell lysates transfected for 60 hours with control siRNA (lane 1) or 
ELYS siRNA (lane 2) duplexes.   The blots were cut horizontally into strips and probed with anti-
ELYS, anti-Nup160, anti-Nup133, and mAb414 anti-FG Nup (Nup358, Nup214, Nup153) 
antibodies.  An antibody to Hsp70 was used as a loading control.  Note: in Nup133 RNAi 
experiments (not shown), ELYS protein remains present.   
(B)  HeLa cells were transfected with control or ELYS siRNA duplexes for 48 hours.  ELYS 
depletion leads to mislocalization of Nup160 and Nup62 to the same cytoplasmic aggregates.  
Pom121 and Tpr show reduced staining at the nuclear rim following ELYS depletion, but only few, 
small cytoplasmic aggregates, in comparison to the anti-FG Nup staining.    
(C)  HeLa cells were transfected with control or ELYS siRNA duplexes.  Depletion of ELYS did 
not alter the tubulin cytoskeleton, as visualized by anti-β-tubulin staining.  Untransfected cells are 
denoted with asterisks (*).  Bars, 10 µm. 
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CHAPTER 2 

 

Capture of AT-rich chromatin by ELYS recruits POM121 and NDC1  

to initiate nuclear pore assembly 

 

Introduction 

The nuclear envelope (NE), which encompasses the genome in 

eukaryotes, consists of double nuclear membranes, nuclear pore complexes 

(NPCs), and a nuclear lamina. Regulated, bidirectional nucleocytoplasmic 

transport of molecules is mediated by the nuclear pore complexes (Macara, 

2001; Quimby and Corbett, 2001; Goldfarb et al., 2004; Pemberton and 

Paschal, 2005; Patel et al., 2007), massive protein structures ~125 MDa in 

size that span the nuclear envelope in vertebrates (Reichelt et al., 1990).  

Although an intact and functioning NE is essential during interphase, in higher 

eukaryotes the nuclear envelope, including nuclear pore complexes, 

disassembles at the start of mitosis to allow for assembly of the mitotic spindle 

and division of the envelope and pore proteins into two daughter cells 

(reviewed in Burke and Ellenberg, 2002; Margalit et al., 2005; Prunuske et al., 

2006).  Following chromosome segregation, the nuclear envelope must reform 

around the daughter genomes, a process involving nuclear membrane 

recruitment and pore complex assembly.   
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Nuclear pore assembly is a complex process.  Vertebrate NPCs are 

comprised of ~30 different proteins or nucleoporins (Nups), each in multiple 

copies (Cronshaw et al., 2002). Nuclear pores disassemble at mitosis into ~14 

soluble subunits and three integral membrane pore proteins, POM121, NDC1, 

and gp210, these latter being found in vesicles and ER sheets (Gerace et al., 

1982; Wozniak et al., 1989; Greber et al., 1990; Hallberg et al., 1993; 

Ellenberg et al., 1997; Yang et al., 1997; Cotter et al., 1998; Daigle et al., 

2001; Vasu and Forbes, 2001; Liu et al., 2003; Suntharalingam and Wente, 

2003; De Souza et al., 2004; Hetzer et al., 2005; Schwartz, 2005; Lau et al., 

2006; Madrid et al., 2006; Mansfeld et al., 2006; Stavru et al., 2006).  

Beginning late in anaphase, the soluble pore subunits and pore integral 

membrane proteins come together in multiple copies at the chromatin 

periphery to form nuclear pores within the newly formed nuclear membranes.  

Together the pore subunits build the asymmetric nuclear pore complex, 

containing a massive central scaffold, eight cytoplasmic filaments, and a 

nuclear basket.  Post-mitotic NPC assembly is a stepwise process.  Certain 

subunits have been classified by immunofluorescence in vivo into early, mid, 

or late-assembling proteins, but the order of assembly of most subunits 

remains unknown (Chaudhary and Courvalin, 1993; Bodoor et al., 1999; 

Haraguchi et al., 2000; Belgareh et al., 2001; Daigle et al., 2001; Rabut et al., 

2004; Rasala et al., 2006; Franz et al., 2007).  An equally perplexing problem 

is the timing of membrane assembly.  The two major mechanistic models that 

   
 



37 

have been proposed for the post-mitotic assembly of nuclear pores differ in 

regard to the role of the membrane component in this process.  One model, 

and considerable data, indicates that NPCs assemble into regions of double 

nuclear membranes (Macaulay and Forbes, 1996; Goldberg et al., 1997; Harel 

et al., 2003a; Baur et al., 2007).  In this model, a distinct fusion event between 

the inner and outer nuclear membranes is then required for nuclear pore 

assembly.  A competing model proposes that "pre-NPCs" form on chromatin, 

with the stepwise recruitment of all soluble subunits, and the nuclear 

membranes sealing around the structure only at the end of the process 

(Sheehan et al., 1988; Burke and Ellenberg, 2002; Walther et al., 2003a; 

Antonin et al., 2005; Anderson and Hetzer, 2007).  Clearly, many questions 

concerning how the process of nuclear pore assembly is initiated, ordered, 

and regulated thus remain unanswered. 

The vertebrate protein ELYS, and presumably its homologue MEL-28 in 

C. elegans, have recently been shown to play the earliest essential role in 

nuclear pore assembly (Fernandez and Piano, 2006; Galy et al., 2006; Rasala 

et al., 2006; Franz et al., 2007). Vertebrate ELYS/MEL-28 is a 270 kDa protein 

and contains putative NLSs, NESs, WD repeats and an AT-hook DNA-binding 

motif.   ELYS was originally proposed to be a transcription factor involved in 

murine embryonic haematopoiesis (Kimura et al., 2002).  Full-length 

homologues of ELYS/MEL-28 can be found in most multicellular organisms 

from C. elegans to mammals.  However, BLAST searches identify only a very 
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small ~300 aa protein in many fungi, including S. pombe (gi:4007794), 

although an S. cerevisiae homologue of this small protein has not been 

identified (D. Forbes, unpublished; Rasala et al., 2006).  The apparent lack of 

full-length homologues in fungi possibly suggests that the complete function of 

ELYS is conserved only in higher eukaryotes.  

We first identified a link between ELYS and the vertebrate nuclear pore 

in a mass spectrometry search for proteins physically associated with the 

largest nuclear pore subunit, the nine member Nup107-160 subcomplex 

(Rasala et al., 2006). In human tissue culture cells, RNAi-mediated knockdown 

of ELYS caused a greatly reduced pore number in the nuclear envelope, but a 

surprising increase in pores in the cytoplasm (Rasala et al., 2006; Franz et al., 

2007). RNAi studies led to the important clue that ELYS is thus not an 

essential structural protein of the pore, but acts to target pore assembly 

specifically to the chromatin periphery. In the absence of ELYS, assembly 

occurs within the ER to give cytoplasmic pores, also known as annulate 

lamellae.   

 Both ELYS and the Nup107-160 complex were separately shown to 

bind to chromatin (Walther et al., 2003a; Franz et al., 2007; Gillespie et al., 

2007). It is now known that ELYS can bind to chromatin independently, while 

the Nup107-160 complex requires ELYS to achieve chromatin binding (Franz 

et al., 2007).  Immunodepletion of either ELYS or the Nup107-160 complex 

from Xenopus nuclear assembly extracts yields identical phenotypes, i.e., 

   
 



39 

nuclei with intact nuclear membranes but devoid of nuclear pores (Harel et al., 

2003b; Walther et al., 2003a; Franz et al., 2007; Gillespie et al., 2007).  A 

recent study showed that a 208 aa C-terminal fragment of ELYS (rATH) that 

contains, among other sequences, NLSs and an AT-hook motif, outcompetes 

endogenous ELYS for chromatin binding (Gillespie et al., 2007). This prevents 

the binding of the Nup107-160 complex and nuclear pore assembly, impacting 

DNA replication (Gillespie et al., 2007).  We and others have thus proposed a 

mechanism by which ELYS targets pore assembly to the nuclear periphery by 

first binding to chromatin, then recruiting its binding partner, the Nup107-160 

complex to initiate pore assembly (Rasala et al., 2006; Franz et al., 2007; 

Gillespie et al., 2007). 

 In this study we dissect the molecular role of ELYS in the early steps of 

NPC assembly.  Using targeted deletion and point mutation analysis, 

sequence-specific DNA-binding antibiotics, and analysis of the recruitment of 

the soluble and pore integral membrane proteins to the forming nucleus, we 

address the steps in early pore assembly. 

 

Material and Methods 

Antibodies, constructs and protein expression.  To generate the xELYS 

antiserum, Xenopus ELYS cDNA (LOC397707) was purchased from ATCC.  

The extreme C-terminus of this clone was PCR amplified using oligos 5’-

CGGGATCCGAAATAAAGTTGATTTCTCCTC-3’ and 5’-
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ACGCGTCGACTCATCTCATCTTTCGCCGCGT-3’ and sub-cloned into 

pET28a.  Recombinant, his-tagged protein was expressed in E. coli BL21 

expression cells, purified on Ni-NTA agarose (Qiagen, Valencia, CA), and 

used to immunize a rabbit.  Other antibodies used in this study included anti-

xNup160, anti-hNup133, anti-rat Nup98 GLFG (Harel et al., 2003b); anti-

hNup85, anti-Xenopus Pom121, anti-gp210 (Harel et al., 2003b); anti-xNup43, 

anti-xNup37 (Orjalo et al., 2006); anti-Nup93, anti-hNup205 (Miller and 

Forbes, 2000); anti-Tpr (Shah et al., 1998); anti-Xenopus importin β (Rasala et 

al., 2006); anti-xNup155 (S. Vasu and D.J.F, unpublished); anti-mNup53, anti--

xNDC1 (V. Delmar and D.J.F, unpublished); anti-xNup50 (R. Sekhorn, 

unpublished); anti-Orc2, anti-RCC1, anti-Mcm3 (generous gifts from Z. You 

and J. Newport); anti-FG nucleoporin antibody mAb414 and anti-GST 

(Covance, Berkeley, CA); anti-human Importin α (BD Transduction 

Laboratories, Lexington, KY), anti-GAPDH (Calbiochem, San Diego, CA), and 

anti-ribophorin (Serotec, Ltd, Oxford, United Kingdom). 

 To generate recombinant GST-ΔAT-hook, the above oligos and cDNA 

clone were used and the PCR product was subcloned into pGEX-6P-3 (GE 

Healthcare, Uppsala, Sweden).  To generate recombinant GST-AT-hook+, 

oligos 5’-CGGGATCCACCCAATATGTCTTCT-3’ and 5’-

ACGCGTCGACTCATCTCATCTTTCGCCGCGT-3’ were used and the PCR 

product was subcloned into pGEX-6P-3.  Stratagene’s QuickChange Site-

directed Mutagenesis Kit (Stratagene, La Jolla, CA) was utilized to generate 
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the GST-AT-hook 2R A double point mutant using mutagenesis oligos 5'-

GTTCCGGCCTCAAAACCGGCAGGCGCACCTCCAAAACACAAAGC-3' and 

5'-GCTTTGTGTTTTGGAGGTGCGCCTGCCGGTTTTGAGGCCGGAAC-3' 

and following the manufacturer’s protocol.  All recombinant, GST tagged 

proteins were expressed in E. coli BL21 expression cells and purified on 

Glutathione Sepharose 4B beads (GE Healthcare).   

  RanQ69L was expressed, purified, and loaded with GTP as in (Orjalo, 

et al. 2006). 

 

Nuclear and annulate lamellae reconstitution reactions.  Cytosolic and 

membrane vesicle fractions of Xenopus egg extracts were prepared as in 

(Powers et al., 1995).  Nuclei were reconstituted at room temperature, by 

mixing Xenopus egg membrane vesicle and cytosolic fractions at a 1:20 ratio 

with an ATP-regeneration system and sperm chromatin (Macaulay et al., 

1995).  Recombinant proteins (Figure 2.3) or buffer (0.35% ethanol), 

Distamycin A, or Chromomycin A3 (Sigma, St. Louis, MO, Figure 2.4) were 

added to the cytosol and membranes on ice at the specified concentrations 

prior to chromatin addition.  Note that Chromomycin A3 is highly toxic and 

should be handled with care. 

 Annulate lamellae (AL) were assembled for two hours at room 

temperature, by mixing Xenopus egg membrane vesicle and cytosolic 

fractions at a ratio of 1:8, supplemented with glycogen as in (Meier et al., 
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1995).  Recombinant proteins, buffer (0.35% ethanol) or Distamycin A, or 2 

mM GTPγS were added to the reactions, as indicated.  AL were diluted in 

1xELB (10 mM Hepes pH 7.6, 50 mM KCl, 25 mM Mg Cl2), and pelleted 

through a 30% sucrose cushion.  The membrane pellet was solubilized with 

SDS-containing sample buffer, and subjected to immunoblot analysis. 

 

Immunofluorescence.  For direct immunofluorescence, mAb414, affinity 

purified anti-POM121, or anti-xELYS were coupled to Alexa fluor dyes 

(Molecular Probes, Eugene, OR). To assay for the presence of nuclear pores 

or nucleoporins, nuclear reactions were stopped on ice one hour after the start 

of assembly.  Directly labeled antibodies were added to the reactions for at 

least 10 min.  The nuclei were mounted on mounting media containing 3,3-

dihexyloxacarbocyanine (DHCC) membrane dye (green images) and Hoechst, 

or fixed with 3.2% formaldehyde, incubated with octadecyl rhodamine B 

chloride (R18, Molecular Probes) membrane dye (red images), and mounted 

on Vectashield with DAPI (Vector Laboratories, Burlingame, CA).  Images 

were acquired using an Axiovert 200M (Carl Zeiss, Thornwood, NY) at a 

magnification of 63x using an oil objective (Carl Zeiss) with a 1.3 numerical 

aperture at 23ºC and with Immersol 518F (Carl Zeiss) as the imaging medium. 

Images were recorded using a Coolsnap HQ (Photometerics, Tucson, AZ) 

camera and Metavue software (Molecular Devices Corporation, Downingtown, 

PA). 
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POM121 pulldown.  His-tagged Xenopus POM121 protein fragment aa 164-

435 was expressed from a pET28a vector in E. coli BL21 expression cells and 

purified on Ni-NTA agarose (Qiagen).  xPOM121 aa 164-435 was coupled to 

CnBr–Sepharose CL4B beads (GE Healthcare) prepared according to the 

manufacturer's instructions. Beads (5 mg) containing POM121 fragment or the 

control His-GFP (25 µg) were incubated with membrane-free Xenopus egg 

cytosol which had been diluted 1:20 in PBS with 1 mM PMSF and a protease 

inhibitor mixture (P8340; Sigma).  This was incubated at room temperature 

with tumbling for one hour. The beads were washed three times with PBS. 

Proteins were eluted with 100 mM glycine, pH 2.5 and neutralized with 100 

mM Tris-HCl, pH 7.9. SDS-PAGE and immunoblotting were performed as in 

Shah et al. (1998). 

 

Anchored chromatin and anchored nuclei reactions.  Protocols were 

adapted from (Macaulay and Forbes, 1996).  Crude nucleoplasmin was 

prepared by heating egg cytosol to 100°C for 5 minutes.  The denatured 

proteins were removed from nucleoplasmin by microcentrifugation at 14,840 x 

g for 20 minutes.  Demembranated sperm chromatin was decondensed by 

addition of 2 volumes of crude nucleoplasmin for ~10 minutes at room 

temperature.  Decondensation state was monitored by fluorescence 

microscopy.  Decondensed chromatin was diluted to 2500 sperm/μl in 1xELB 
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(10 mM Hepes pH 7.6, 50 mM KCl, 25 mM Mg Cl2).  50 μls of diluted sperm 

chromatin was used to coat each poly-L-lysine-treated 12 mm coverslip 

(Fisher Scientific, Pittsburg, PA).  The swollen sperm chromatin was allowed 

to settle by gravity onto the coverslips for 2 hours in a humidified chamber.  

The chromatin-coated coverslips were then washed with 1xELB and blocked 

with 5% BSA/ELB for 20 minutes.  For the anchored chromatin experiments, 

membrane-free Xenopus egg cytosol (which was subjected to an additional 

centrifugation at 14,840 x g for 20 minutes), an ATP-regenerating system, 25 

μg/ml of nocodazole and recombinant proteins or antibiotics (where indicated) 

were combined on ice for a final volume of 30-40 μls, and then added to the 

chromatin-coated coverslips. Chromatin-binding reactions were allowed to 

continue for 20 minutes.  Coverslips were washed 3 times with 1x ELB-K (10 

mM Hepes pH 7.6, 125 mM KCl, 25 mM Mg Cl2) to remove all unbound 

proteins.  Chromatin-bound proteins were solubilized with SDS-containing 

sample buffer and subjected to immunoblotting analysis.   

 Anchored nuclei reactions were conducted as above, by mixing 

Xenopus egg membrane vesicle and cytosolic fractions at a ratio of 1:10, an 

ATP-regenerating system, 25 μg/ml of nocodazole, and recombinant proteins 

or antibiotics (where indicated) on ice for a final volume of 30-40 μls.  

Reactions were incubated with chromatin-coated coverslips for one hour at 

room temperature.  2 mM GTPγS was included in the reaction, where 

indicated, to prevent membrane vesicle fusion. 
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Results 

Anti-ELYS antibody demonstrates that ELYS is abundant in nuclear 

pores, but not in annulate lamellae pores. 

 To investigate the molecular mechanism for ELYS function in nuclear 

pore assembly, we utilized a nuclear reconstitution system derived from 

Xenopus egg extract.  The egg contains large stores of disassembled pore 

subunits and membrane vesicles; extracts of Xenopus eggs are well 

characterized for the study of nuclear and nuclear pore assembly (Forbes et 

al., 1983; Lohka and Masui, 1983; Newport, 1987).  To study the role of ELYS, 

we generated an antibody to aa 2358-2408 of the Xenopus ELYS protein 

(LOC397707).  This antibody recognized a protein of the expected size of 

~270 kDa in both Xenopus egg cytosol and XL177 cultured cell lysates (Figure 

2.1A).  Immunofluorescence revealed that the antibody stains Xenopus nuclei 

reconstituted in vitro in a punctate pattern that co-localizes, as expected, with 

nucleoporins containing phenylalanine-glycine repeat domains (FG-Nups) 

(Figure 2.1B).  

The anti-xELYS antibody was next used to biochemically probe for the 

presence of ELYS in nuclear pores and annulate lamellae pores.  Annulate 

lamellae (AL) are cytoplasmic stacks of membranes containing structures 

identical to pores, typically found in rapidly dividing cells such as gametes and 

tumor cells (Kessel, 1992; Meier et al., 1995).  AL can be readily assembled in 

vitro in Xenopus egg extracts in the absence of added chromatin  (Dabauvalle 
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et al., 1991; Meier et al., 1995; Miller and Forbes, 2000). Immunoblots using 

the anti-ELYS antibody showed that ELYS biochemically purifies with 

reconstituted nuclei, but not with annulate lamellae pore complexes 

assembled in vitro (Figure 2.1C, compare lanes 1 and 2). This data further 

supports the model that ELYS targets pore assembly to occur on the 

chromatin periphery (Rasala et al., 2006; Franz et al., 2007), rather than 

functioning as a structural component of the pore.   

 

The ELYS C-terminus contains both AT-hook and non-AT-hook 

chromatin-binding domains.  

 ELYS has a putative AT-hook DNA-binding motif (Kimura et al., 2002) 

and is a chromatin-associated protein (Galy et al., 2006; Franz et al., 2007; 

Gillespie et al., 2007).  To better understand the interaction between ELYS 

and chromatin, we set out to specifically mutate the AT-hook motif in order to 

test whether it actually plays a role in the chromatin binding of ELYS.  This, 

though possibly assumed from recent work, has never been tested.  We 

expressed a recombinant GST-tagged fragment corresponding to the C-

terminal 128 aa of Xenopus ELYS that contained the 8 amino acid AT-hook 

motif, KPRGRPPK (AT-hook+, Figure 2.2A).  We also expressed an identical 

fragment, but one into which we had introduced two arginine (R) alanine (A) 

point mutations in the AT-hook motif (AT-hook-2R A, Figure 2.2A) to give 

KPAGAPPK.  These arginine residues have been shown to be crucial for the 
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interaction between AT-hook motifs and DNA in AT-hook chromatin-binding 

proteins such as HMGA1/HMG-I(Y) and Taf1 (Huth et al., 1997; Metcalf and 

Wassarman, 2006).  To test the ability of the ELYS GST-AT-hook+ and GST-

AT-hook-2R A fragments to bind to chromatin, we added decreasing 

concentrations of the fragments to egg cytosol and incubated this for 20 

minutes with ‘anchored chromatin’ on coverslips (i.e., coverslips containing 

individual decondensed Xenopus sperm chromatin packets) (Macaulay and 

Forbes, 1996).  The chromatin-containing coverslips were washed three times 

with buffer containing 125 mM KCl and any chromatin-bound proteins were 

solubilized with SDS-containing sample buffer.  Immunoblot analysis revealed 

that the ELYS GST-AT-hook+ fragment bound to chromatin (Figure 2.2B).  

Surprisingly, ELYS GST-AT-hook-2R A bound to chromatin with only a 

slightly reduced affinity (Figure 2.2B).  The data suggest that, while the AT-

hook motif contributes to the fragment’s chromatin-binding ability, there might 

exist an additional chromatin-binding domain in the C-terminus of xELYS.   

To test for this, we expressed a smaller fragment of the ELYS C-

terminus that lacks the AT-hook motif, corresponding to the last 51 aa, and 

asked whether it also bound to anchored chromatin (ΔAT-hook, Figure 2.2A).  

Interestingly, ELYS GST-ΔAT-hook was able to bind to chromatin, although 

with a ~2-3 times lower affinity compared to ELYS GST-AT-hook+ (Figure 

2.2C).  GST was used as a control and did not bind to anchored chromatin 
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(Figure 2.2C).  These data indicate that the C-terminus of Xenopus ELYS 

contains at least two chromatin-binding domains.  

 

The AT-hook motif itself is required for the dominant negative effect of 

the ELYS C-terminus on nuclear pore assembly.    

The ELYS GST-tagged recombinant protein fragments AT-hook+, AT-

hook-2R A, and ΔAT-hook are all capable of chromatin binding, albeit with 

slightly varying affinities (Figure 2.2).  We next tested the effect these distinct 

ELYS fragments had on endogenous ELYS binding to chromatin.  The 

addition of 5 or 10 μM ELYS AT-hook+ to egg cytosol readily blocked 

endogenous full-length ELYS from binding to anchored chromatin (Figure 

2.3A, lane 3 and 6, top strip).  Higher concentrations (10 μM) of  ELYS AT-

hook-2R A also blocked endogenous ELYS chromatin binding; however, in 

the presence of 5 μM AT-hook-2R A, we observed considerable ELYS 

chromatin binding (Figure 2.3A, lanes 4 and 7, top strip).   The ELYS ΔAT-

hook fragment had no effect on endogenous ELYS chromatin binding at either 

concentration (Figure 2.3A, lanes 5 and 8, top strip).  Thus, the ELYS 

fragment containing a functional AT-hook, AT-hook+, most efficiently 

outcompeted endogenous ELYS for chromatin binding.  Addition of the ELYS 

AT-hook+ fragment also efficiently blocked the chromatin binding of the 

Nup107-160 complex (Figure 2.3A, lanes 3 and 6, second strip).  This 
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inhibition reinforced the conclusion that the binding of the Nup107-160 

complex to chromatin is dependent on ELYS chromatin binding.  

To compare the effects of ELYS AT-hook+, AT-hook-2R A, and ΔAT-

hook on nuclear pore assembly, we reconstituted nuclei in vitro in the 

presence of the recombinant fragments and probed for nuclear pores using a 

directly labeled antibody to FG-nucleoporins (Alexa-568-mAb414).  The 

addition of high concentrations (15 μM) of exogenous GST, ELYS GST-ΔAT-

hook, or ELYS GST-AT-hook-2R A to nuclear assembly reactions had no 

detrimental effects on pore assembly (Figure 2.3B, FG-Nups).  The rims of the 

nuclei stained brightly with directly-labeled anti-FG Nup antibody, mAb414.   

Additionally, nuclear membrane recruitment and fusion was normal in these 

nuclei, as determined by a continuous and smooth nuclear rim stain when the 

membrane dye, DHCC, was used; although nuclear shape and size was 

altered with GST-AT-hook-2R A (Figure 2.3B, DHCC).  In contrast, the 

addition of an equivalent concentration of ELYS GST-AT-hook+ to nuclear 

assembly reactions severely inhibited nuclear pore assembly and led to the 

assembly of very small nuclei (Figure 2.3B, FG-Nups, second column).  (We 

note that the size difference is likely an effect on chromatin condensation 

induced by AT-hook+ and AT-hook-2R A, as these also condense pre-

swollen chromatin when that is used for nuclear assembly reactions; data not 

shown).  Clearly, ELYS GST-AT-hook+ had no effect on nuclear membrane 

fusion (Figure 2.3B, DHCC).  This phenotype of membrane-enclosed, but pore 
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assembly-inhibited nuclei mimics the ELYS immunodepletion phenotype 

(Franz et al., 2007).  Importantly, only ELYS GST-AT-hook+ inhibited nuclear 

pore assembly (Figure 2.3B), indicating that the pore assembly assay is 

exquisitely sensitive to a change in the 8-amino acid AT-hook of ELYS.    

Near the completion of this work, a study was published that showed 

that a somewhat longer C-terminal recombinant fragment of Xenopus ELYS, 

which the authors termed rATH, bound to chromatin, inhibited endogenous 

ELYS and members of the Nup107-160 complex from binding to chromatin, 

and blocked NPC assembly (Gillespie et al., 2007).  rATH (208 aa; aa 2200-

2408) contains our smaller GST-AT-hook+ fragment of ELYS (128 aa; aa 

2281-2408) and their data is consistent with our own AT-hook+ data.  

However, that study did not in any way demonstrate that the AT-hook motif 

itself was the operationally important component of the 208 aa rATH fragment.  

With our results above, we now show that, while all three of our ELYS 

fragments bind to chromatin, only the fragment that contains a functional AT-

hook motif efficiently blocks endogenous ELYS from binding to chromatin and 

inhibits the assembly of nuclear pores.  These data demonstrate, for the first 

time, the importance of the specific amino acids of the AT-hook motif in 

nuclear pore assembly itself.   

 During this experiment, we also observed that the addition of the 

inhibitory AT-hook+ fragment to the anchored chromatin assay also reduced 

the amount of chromatin-bound RCC1 (Figure 2.3A, lane 3), of potential 
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interest to nuclear pore assembly.  RCC1 is the chromatin-bound RanGEF 

that converts RanGDP to RanGTP (Bischoff and Ponstingl, 1991) and helps to 

establish a Ran gradient around the chromatin periphery that is important for 

nuclear pore assembly (Hetzer et al., 2000; Zhang and Clarke, 2000; Harel et 

al., 2003a; Walther et al., 2003b; Wozniak and Clarke, 2003; Clarke and 

Zhang, 2004).  One worry was that addition of ELYS AT-hook+ (Figure 2.3B), 

if it sufficiently inhibited RCC1 chromatin binding, could result in a defect in the 

generation of RanGTP which in turn could cause the failure in NPC assembly, 

both in our studies and those of (Gillespie et al., 2007).  To address this 

concern, we assembled nuclei in the presence of ELYS GST-AT-hook+, with 

and without added exogenous non-hydrolysable RanQ69L-GTP.  We found 

that the nuclear pore assembly defect induced by AT-hook+ was not reversed 

by the addition of excess RanQ69L-GTP; no pores were seen on the surface 

of chromatin (Figure 2.3C, right panel) (also see below). These results indicate 

that the ELYS AT-hook+-induced pore assembly defect does not result from a 

defect in RanGTP generation.  Taken together, we conclude that the presence 

of a wild type AT-hook is essential for the dominant negative effect of the 

ELYS AT-hook+ fragment on nuclear pore assembly.  

 

The dominant negative fragment of ELYS does not block the assembly of 

annulate lamellae. 
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While our data seemed to suggest that the GST-AT-hook+ fragment 

inhibits nuclear pore assembly specifically by blocking the interaction between 

ELYS and chromatin, it is possible that the ELYS fragment could additionally 

or alternatively act as a dominant negative by sequestering away 

nucleoporins, such as the Nup107-160 complex, or other pore assembly 

factors.  Interestingly, we noticed that in the nuclear reconstitution reactions 

assembled in the presence of both AT-hook+ and RanQ69L-GTP (Figure 

2.3C, right panel), large aggregates of FG-Nup staining structures were 

observed in the cytoplasm, characteristic of the in vitro formation of annulate 

lamellae in the presence of excess RanQ69L-GTP (Harel et al., 2003a; 

Walther et al., 2003b).  This observation seemed to directly rule out the 

sequestration possibility, as the ELYS AT-hook+ inhibits pore assembly only in 

the nuclear envelope, but does not block AL pore assembly in the cytoplasm.   

To more definitively show this, we asked whether AT-hook+ had an 

effect on annulate lamellae pore assembly using an immunoblot analysis.  As 

described previously, if interphase egg extract is incubated in the absence of 

any source of chromatin or DNA, annulate lamellae containing cytoplasmic 

pores readily form in vitro, presumably because the extract is so poised for 

pore assembly (Dabauvalle et al., 1991; Meier et al., 1995; Miller and Forbes, 

2000).  If the ELYS AT-hook+ fragment indeed blocks nuclear pore assembly 

solely by disrupting an interaction between ELYS and chromatin, then it should 

not affect AL pore assembly, which occurs in the absence of chromatin.  An 
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AL pore assembly assay was carried out in vitro by incubating egg cytosol with 

membranes for 2 hours in the normal assay, except that equimolar amounts of 

GST or ELYS GST-AT-hook+ were added.  Annulate lamellae containing pore 

complexes that formed during this incubation were isolated away from any 

soluble unincorporated pore proteins by high speed centrifugation and 

analyzed by gel electrophoresis and immunoblotting (Meier et al., 1995).  

Immunoblot analysis revealed that there was no difference in the amounts of 

the FG-nucleoporins, Nup358, Nup214, Nup153 and Nup62, assembled into 

AL pore complexes in the presence of GST-AT-hook+ compared to that with 

GST alone (Figure 2.3D, lanes 1 and 2).  An assembly reaction in the 

presence of 2 mM GTPγS, which inhibits annulate lamellae formation (Meier et 

al., 1995), is shown for comparison (Figure 2.3D, lane 3).  The AT-hook 

containing fragment of ELYS that blocks nuclear pore assembly clearly did not 

block AL pore assembly.  We conclude that ELYS AT-hook+ does not act to 

block nuclear pore assembly through disruption of required Ran or through 

sequestration of necessary nucleoporins or factors, but through its action at 

the surface of the chromatin to deny endogenous ELYS access. 

 

The antibiotic Distamycin A, which binds AT-rich DNA, blocks nuclear 

pore assembly. 

AT-hook motifs are known to bind specifically to the minor groove of 

DNA at AT-rich sequences, and are found in a subset of DNA/chromatin-
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binding proteins, such as the non-histone chromosomal high mobility group 

HMG protein family (Reeves and Nissen, 1990; Aravind and Landsman, 1998; 

Reeves, 2001).  The importance of the ELYS AT-hook motif demonstrated 

above using the 2R A point mutation implies that AT-rich DNA may play a 

role in NPC assembly.  To test this, we set out to assemble reconstituted 

nuclei in vitro making use of two antibiotics: 1) Distamycin A which binds DNA 

in the minor groove of AT-rich regions, and 2) Chromomycin A3 which binds 

DNA in the minor groove of GC-rich regions.  These two antibiotics have been 

used previously to define the binding specificities for certain DNA/chromatin-

binding proteins, such as histone H1 (Kas et al., 1989), topoisomerase II (Bell 

et al., 1997), and the nuclear envelope protein, Lamin B (Rzepecki et al., 

1998).  Histone H1 and topoisomerase II are prevented from DNA binding by 

Distamycin A in vitro, while in vivo Lamin B is prevented from chromatin 

binding by Chromomycin A3 and, to a lesser extent, Distamycin A.   

Strikingly, we found that the AT-rich DNA binding antibiotic Distamycin 

A (10 μM) severely inhibited nuclear pore assembly (Figure 2.4A, Distamycin, 

top panel).  An equimolar amount of the GC-rich DNA binding antibiotic, 

Chromomycin A3, showed little effect on pore assembly, although the nuclei 

were somewhat altered in shape (Figure 2.4A).  However, at high 

concentrations (>50 μM), Chromomycin A3 did cause nuclear pore assembly 

defects, possibly by global alteration of chromatin structure or composition 

such that ELYS was lost through a more non-specific process (data not 
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shown; see Figure 2.4B for reduction at 10 μM Chromomycin A3).  Of note, at 

all concentrations tested, neither antibiotic affected nuclear membrane 

recruitment, or the fusion that is required to form the double nuclear 

membranes (Figure 2.4A, DHCC).   

To determine whether the Distamycin A block to NPC assembly was 

dependent on the presence of DNA, we asked whether annulate lamellae pore 

complexes could assemble in the presence of Distamycin A.  Indeed, we 

found that Distamycin A had no effect on AL pore assembly, confirming that 

the Distamycin inhibition of nuclear pore assembly is due to a specific 

interaction between the antibiotic and chromatin (Figure 2.5).    

The data above implied that the AT-binding antibiotic Distamycin A 

inhibits NPC assembly by blocking endogenous ELYS from capturing its DNA 

binding sites, since both Distamycin A and AT-hook motif proteins are known 

to bind to the minor groove of DNA in AT-rich regions.  To test this, we 

assayed the earliest step in nuclear pore assembly, by performing an 

anchored chromatin assay in the presence of either Distamycin A or 

Chromomycin A3.  Immunoblot analysis of the chromatin-bound proteins 

revealed that Distamycin A addition did indeed dramatically reduce the amount 

of ELYS and the Nup107-160 complex bound to chromatin (Figure 2.4B, lane 

3).  Chromomycin A3 affected ELYS and the Nup107-160 proteins to a much 

lesser extent (Figure 2.4B, lane 4), while specifically reducing Mcm3 chromatin 
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binding.  Thus, our data indicate that NPC assembly preferentially occurs on 

AT-rich sites in chromatin. 

    

ELYS, the Nup107-160 complex, and Nup153 are the only soluble pore 

subunits to bind chromatin in the absence of membranes. 

 Overall, our data together with others suggest that NPC assembly 

begins with the binding of ELYS, followed by the recruitment of the Nup107-

160 complex to chromatin (Figures 2.3 and 2.4; Franz et al., 2007; Gillespie et 

al., 2007).   The next step in NPC assembly has remained unknown.  Thus, we 

set out to investigate what occurs following the binding of ELYS and the 

Nup107-160 complex to AT-rich chromatin.  Nuclear pore complexes are built, 

as far as is known, from 14 soluble subunits (Figure 2.6A) and three integral 

membrane proteins.  The assembly order or addition of a few of the pore 

subunits has only been roughly estimated with respect to certain early or late 

assembling proteins and membrane fusion (Chaudhary and Courvalin, 1993; 

Macaulay and Forbes, 1996; Bodoor et al., 1999; Haraguchi et al., 2000; 

Belgareh et al., 2001; Daigle et al., 2001; Harel et al., 2003a; Walther et al., 

2003a; Rabut et al., 2004; Antonin et al., 2005; Franz et al., 2005; Rasala et 

al., 2006; Baur et al., 2007; Franz et al., 2007). We hypothesize that the step 

in NPC assembly which immediately follows the chromatin-binding of ELYS 

and the Nup107-160 complex is either: (1) the recruitment of additional soluble 

pore subunits to the chromatin/ELYS/Nup107-160 precursor in a membrane-
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independent manner, or (2) the recruitment of one or more integral membrane 

pore protein(s) with an associated membrane vesicle or sheet.  To address the 

first possibility, we asked whether additional soluble pore subunits bind to 

chromatin in the complete absence of membranes.  Because only a fraction of 

the nucleoporins have been tested for their ability to bind chromatin (Walther 

et al., 2003a; Walther et al., 2003b; Baur et al., 2007; Franz et al., 2007; 

Gillespie et al., 2007), we set out to perform a near comprehensive analysis.  

Previous chromatin-binding experiments were done by incubating chromatin 

and cytosol together in vitro at room temperature, followed by a fixation step, 

and then a purification step to remove any unbound soluble proteins from the 

chromatin-bound proteins.  The chromatin-bound Nups in those experiments 

were identified by immunofluorescence (Walther et al., 2003a; Walther et al., 

2003b; Franz et al., 2007).   We thought this type of analysis had two flaws 

that could potentially result in an increase in false positives: (1) performing the 

fixation step before the separation of unbound soluble proteins from 

chromatin-bound proteins could increase the number of false-positives, and 

(2) any membrane contamination that occurred could induce pore assembly in 

the membrane-containing region and give the appearance of a false positive 

association of nucleoporins with the chromatin (Baur et al., 2007).  We used a 

biochemical assay which offered several advantages over the previous 

method and immunofluorescence in general.  By immunoblotting, one could 

probe for a large number of nucleoporins in a single experiment and, 
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additionally, monitor for any membrane contamination by performing 

immunoblots for ER and integral membrane pore proteins. To avoid false 

positives and determine nucleoporin-chromatin binding accurately, sperm 

chromatin was decondensed with crude nucleoplasmin and allowed to settle 

onto poly-L-lysine treated coverslips for two hours.  The coverslips were 

washed and non-specific sites blocked with BSA.  Membrane-free cytosol, 

designated such by the absence of the membrane proteins ribophorin and 

gp210 (Figure 2.6C), was prepared and incubated with chromatin-coated 

coverslips for 60 minutes, before being washed three times with buffer 

containing 125 mM KCl.  We asked which nucleoporin subcomplexes bound to 

chromatin by immunoblot analysis, using a battery of antibodies designed to 

probe for at least one member of each of the 14 soluble pore subunits (Figure 

2.6A), with the exception of Aladin and Nup214.  As negative controls, 

chromatin-coated coverslips were incubated with buffer alone (lane 6, Figure 

2.6B and C), and coverslips lacking chromatin were incubated with cytosol 

(lane 5).  Additionally, as a positive control membranes and cytosol were 

added to the anchored chromatin to assemble nuclei with nuclear pores (lane 

3).  Importantly, we found that when chromatin-coated coverslips were 

incubated with cytosol, the only pore subunits that bound to chromatin were 

ELYS and the Nup107-160 complex (Figure 2.6B, lane 7; ELYS, Nup160, 

Nup133).  Likewise, when membranes and cytosol were added to anchored 

chromatin in the presence of GTPγS, which blocks vesicle fusion (Macaulay 
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and Forbes, 1996), only ELYS and the Nup107-160 complex bound (Figure 

2.6B, lane 4).    

 RanGTP has been shown to promote nuclear pore assembly and 

furthermore to induce interaction between at least two soluble pore subunits, 

the Nup107-160 complex and Nup153, presumably by removing the negative 

regulator importin β (Hetzer et al., 2000; Zhang and Clarke, 2000; Harel et al., 

2003a; Walther et al., 2003b; Wozniak and Clarke, 2003; Clarke and Zhang, 

2004; Quimby et al., 2005).  RanGTP has also been shown by 

immunofluorescence to increase the levels of ELYS and the Nup107-160 

complex on chromatin (Franz et al., 2007), and to induce the chromatin-

binding of Nup153 and Nup358 (Walther et al., 2003b).  However, a different 

study showed that the chromatin binding of Nup153 and Nup358 was 

dependent not only on the presence of membranes, but also on vesicle fusion 

(Baur et al., 2007).  We wished to analyze whether RanGTP induced the 

binding of additional pore subunits, other than ELYS and the Nup107-160 

complex, to chromatin in our more sensitive biochemical assay.  For this, we 

incubated RanQ69L-GTP with cytosol and chromatin-coated coverslips.  

Immunoblot analysis of the bound proteins revealed that RanGTP did not 

increase the amount of ELYS or the Nup107-160 complex that bound to 

chromatin (Figure 2.6B, lane 8).  Furthermore, RanQ69L-GTP induced only 

the binding of Nup153 to chromatin (Figure 2.6B and C, lane 8), indicating that 

the other soluble nuclear pore subunits (Figure 2.6A-C) do not bind to 
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chromatin in the absence of membranes, under these experimental conditions, 

even if excess RanGTP is present.  Together, the data suggest that the 

assembly of these pore subunits not only requires the presence of 

membranes, but requires membrane fusion to form nuclear membranes.   

 

POM121 interacts with the Nup107-160 and Nup93-205 pore 

subcomplexes.  

We next set out to seek the link between the chromatin-bound Nups 

and the integral membrane pore proteins.  Nuclei assembled in Nup107-160 

complex-depleted egg extracts are encompassed by double nuclear 

membranes, but contain no nuclear pores (Vasu et al., 2001; Harel et al., 

2003b; Walther et al., 2003a).  Previously, we showed that 

immunofluorescence on the pore integral membrane proteins POM121 and 

gp210 gave only a faint diffuse staining on nuclei depleted of the Nup107-160 

complex (Harel et al., 2003b).  This suggested that either the Nup107-160 

complex is required for normal recruitment of these pore membrane proteins 

or, alternatively, it is required for oligomerization of the pore membrane 

proteins (Harel et al., 2003b).  

While both POM121 and gp210 have been implicated in NPC 

assembly, POM121 appears early in nuclear assembly, making its binding 

partners in the nuclear pore of particular interest (Gerace et al., 1982; 

Chaudhary and Courvalin, 1993; Hallberg et al., 1993; Bodoor et al., 1999; 
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Drummond and Wilson, 2002; Antonin et al., 2005). In one study, in vitro 

immunodepletion of POM121 from membrane vesicles caused a defect in 

nuclear membrane formation that did not occur if the Nup107-160 complex 

was simultaneously depleted (Antonin et al., 2005). Most relevant to the 

present study, RNAi knockdown of POM121 has, in many but not all cases, 

shown POM121 to be required for nuclear pore formation (Antonin et al., 2005; 

Mansfeld et al., 2006; Funakoshi et al., 2007).     

The ~120 kDa POM121 protein in Xenopus and mammals is a single 

transmembrane protein with the vast majority of the POM121 protein 

extending outside the ER lumen (Figure 2.7A) (Hallberg et al., 1993; 

Soderqvist and Hallberg, 1994). The C-terminal third of POM121 contains FG 

repeat motifs (Figure 2.7A), which are present in a number of Nups and in 

general bind to transport receptors such as importin β (Hallberg et al., 1993).  

No homologues of POM121 exist in yeast to provide genetic clues as to its 

near neighbor partners within the vertebrate nuclear pore.   

To search for the soluble nucleoporins that link to POM121, pulldowns 

from Xenopus interphase extracts were performed using a POM121 fragment 

presumed to be available for potential interaction within the scaffold of the 

nuclear pore, one lacking FG repeats (aa144-435) (Figure 2.7A), in order to 

avoid transport receptor binding.  Proteins that bound to this POM121 

fragment in pulldowns were probed by immunoblotting with individual anti-

nucleoporin and control antisera (Figure 2.7B).  Notably, many nucleoporins, 
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such as Nup358, Nup214, Nup155, Nup62, and Nup53, showed no affinity for 

this POM121 fragment, demonstrating that the POM121 beads were not non-

specifically sticky and, more importantly, that these Nups do not bind to this 

region of POM121 (aa144-435) under the experimental conditions used 

(Figure 2.7B, lanes 3 and 5).  Importin α and β bound to the POM121 beads, 

but were largely removed by RanQ69L-GTP (Figure 2.7B, compare lanes 3 

and 5). The FG nucleoporin Nup153 bound to the POM121 beads, but was 

also removed by RanQ69L-GTP, suggesting the interaction is indirect, 

perhaps through the known binding of Nup153 to importin β  (Shah and 

Forbes, 1998; Shah et al., 1998; Ben-Efraim and Gerace, 2001; Walther et al., 

2003b).  

Strikingly, the Nup107-160 complex showed strong interaction with 

POM121 (Figure 2.7B, lane 3; Nup160, Nup133, Nup85, Nup43, Nup37). Its 

binding to the POM121 beads was unaffected by RanQ69L-GTP (Figure 2.7B, 

lane 5), indicating that the interaction is not non-specifically mediated through 

importin α and β.  A lesser amount of ELYS was observed to bind the 

POM121 beads and may associate through its known interaction with the 

Nup107-160 complex (data not shown).  Nup93 and to a smaller extent 

Nup205, members of the Nup93-188-205 subcomplex, were also seen to bind 

to the POM121 beads (Figure 2.7B, lane 3 and 5).  None of the nucleoporins 

or importins bound to the negative control GFP (Figure 2.7B, lane 2 and 4).  

The Nup107-160 subcomplex and the Nup93-188-205 subcomplex are two 
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key subunits of the nuclear pore’s central scaffold (Krull et al., 2004).  

However, these two soluble pore subunits do not strongly interact with one 

another in immunoprecipitation experiments from Xenopus egg extract, even 

in the presence of RanGTP (data not shown).  More importantly, we had 

shown above that the Nup93-188-205 subcomplex, as probed with anti-Nup93 

antibody, does not bind to the Nup107-160 complex on anchored chromatin in 

the absence of membranes (Figure 2.6B).  These data thus suggest that both 

the Nup107-160 and the Nup93 complexes bind to POM121 aa144-435 

independently.  The very strong and specific interaction of the Nup107-160 

complex with POM121 implies that POM121 could be the next step in pore 

assembly after chromatin recruitment of ELYS and the Nup107-160 complex.  

     

ELYS and the Nup107-160 complex recruit POM121- and NDC1-

containing membrane vesicles. 

We wished to determine whether the recruitment of POM121-containing 

membrane vesicles is dependent on chromatin-bound ELYS/Nup107-160 or is 

found in nuclear membranes independent of ELYS.  To test this, we employed 

the tools we developed above to produce ELYS-minus nuclei.  We assembled 

nuclei in the presence or absence of ELYS GST-AT-hook+ or in the presence 

or absence of Distamycin A and assayed for POM121.  In nuclei assembled in 

the presence of 15 μM GST or ELYS GST-AT-hook 2R A, 

immunofluorescence revealed that anti-POM121 antibodies stained the 
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nuclear rim in a normal punctate manner (Figure 2.8A).  However, when nuclei 

were assembled in the presence of 15 μM GST-AT-hook+, no POM121 stain 

was observed (Figure 2.8A, middle panel).  Thus, chromatin-bound 

ELYS/Nup107-160 complex is required either for the recruitment of POM121-

containing membrane vesicles to the nucleus, or for the clustering of POM121 

into early NPC structures within the fused nuclear membranes that can be 

visualized by immunofluorescence. 

We next found that POM121 antibodies did not stain nuclei assembled 

in the presence of 10 μM Distamycin A.  Thus, like the GST-AT-hook+, 

Distamycin A also prevents the recruitment of POM121-containing membrane 

vesicles, or the assembly of POM121 into visible protein oligomers.   

A recent study showed that POM121 and NDC1 are co-enriched in the 

same membrane vesicles in Xenopus egg extracts, but are separate from the 

membrane vesicles containing gp210 (Antonin et al., 2005; Mansfeld et al., 

2006).  NDC1 in the only conserved integral membrane pore protein in both 

yeast and higher eukaryotes and has been shown to be essential for nuclear 

pore assembly (Chial et al., 1998; West et al., 1998; Lau et al., 2004; Lau et 

al., 2006; Madrid et al., 2006; Mansfeld et al., 2006; Stavru et al., 2006).  To 

determine whether the recruitment of NDC1 was dependent on chromatin-

bound ELYS and the Nup107-160 complex, anchored nuclei were prepared, 

processed, and tested for protein content by immunoblotting (Macaulay and 

Forbes, 1996).  This technique has the advantage of allowing one to 
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distinguish between the presence of a membrane protein in nuclei and the 

oligomerization of the protein.  The anchored nuclei were assembled in the 

presence of GST, ELYS GST-AT-hook+ or GST-ΔAT-hook and assayed for 

the presence of NDC1 in the nuclei by immunoblot analysis (Figure 2.8C).  We 

also probed the nuclei for the presence of the integral membrane pore protein, 

gp210 (Figure 2.8C).   

We found that nuclei assembled in the presence of GST and ELYS 

ΔAT-hook contained all nucleoporins tested, including ELYS, Nup160, 

Nup133, Nup93, and the pore integral membrane proteins gp210 and NDC1 

(Figure 2.8C, lanes 1 and 3).  This normal phenotype agreed with that 

observed by immunofluorescence previously (Figure 2.3B).  Anchored nuclei 

assembled in the presence of AT-hook+, however, lacked ELYS, Nup160, 

Nup133, and Nup93 (Figure 2.8C, lane 2).  Interestingly, the anchored nuclei 

assembled in the presence of the ELYS AT-hook+ fragment contained gp210 

in their nuclear membranes, but did not contain NDC1 (Figure 2.8C, lane 2).  

The integral membrane ER protein ribophorin, which is not associated with 

nuclear pore complexes, but is present in the nuclear membranes of Xenopus 

reconstituted nuclei (Drummond et al., 1999), was also unaffected (Figure 

2.8C, compare lanes 1-3).  We thus conclude that the recruitment of 

POM121/NDC1-containing membrane vesicles to nuclei requires that ELYS 

and the Nup107-160 complex be present on the chromatin, but the recruitment 

of gp210-containing vesicles does not.   
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Discussion 

The chromatin-binding protein ELYS targets nuclear pore assembly to 

the surface of chromosomes as nuclei form at the end of mitosis. In this study 

we have sought the molecular underpinnings of the action of ELYS in the early 

steps of nuclear pore assembly.   

 

A model for the early steps in nuclear pore assembly.   

The data support a model for the early steps in pore assembly where 

the binding of ELYS to AT-rich chromatin via the conserved AT-hook motif, 

together with a second non-AT-hook domain, marks the sites of nuclear pore 

assembly (Figure 2.9).  ELYS binding to AT-rich DNA tracts "seeds" the 

chromatin with pore initiation sites.  This achieves directionality for the 

membrane components that will come in next and also spatial localization to 

the correct area.  This directionality fits the RanGTP gradient model for the 

regulation of nuclear envelope assembly (Hetzer et al., 2002; Ryan et al., 

2003; Wozniak and Clarke, 2003; Clarke and Zhang, 2004; Harel and Forbes, 

2004; Quimby et al., 2005; Kalab et al., 2006), but does not itself depend on 

Ran.  None of this is needed for annulate lamellae formation.    

Chromatin-bound ELYS targets the Nup107-160 complex to pore 

initiation sites (Franz et al., 2007; Gillespie et al., 2007).  The recruitment of 

pore membrane components NDC1 and POM121 then occurs via an 

interaction between the Nup107-160 complex and the cytoplasmic domain of 
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POM121 (Figure 2.9).  In the nuclear reconstitution system, this involves the 

recruitment of a specific pool of vesicles.  In vivo, there would be extensive 

sheets or flattened cisternae of membranes present, with the inner nuclear 

membrane proteins associating with chromatin directly, or through lamins, 

lamin-binding proteins (Lopez-Soler et al., 2001; Shumaker et al., 2005; Ulbert 

et al., 2006).  The "bifunctional linker" Nup107-160 complex would attract 

POM121/NDC1 and place at least one copy of the pore-membrane proteins 

directly above the seeding point on chromatin.  POM121 has previously been 

observed in vivo as an early assembling nucleoporin, appearing on 

chromosomes at the beginning of telophase; gp210 assembles late in 

telophase at the pore (Gerace et al., 1982; Chaudhary and Courvalin, 1993; 

Bodoor et al., 1999; Antonin et al., 2005).  Furthermore, POM121 and NDC1 

are known to be co-enriched in the same membrane vesicles in Xenopus egg 

extracts, while gp210 is contained in separate vesicles (Antonin et al., 2005; 

Mansfeld et al., 2006).   

Previous studies have identified a connection between the Nup107-160 

complex, or its yeast homologue the Nup84 complex (Heath et al., 1995; Li et 

al., 1995), and membranes.  Protein structure modeling revealed that the 

molecular architecture of the yeast Nup84 complex was similar to that of the 

vesicular-transport complexes COPI, COPII, and clathrin (Devos et al., 2004).  

Sec13 is both a member of the Nup107-160 complex and of COPII vesicle-

transport complexes (Siniossoglou et al., 1996; Fontoura et al., 1999; Harel et 
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al., 2003b; Bickford et al., 2004; Loiodice et al., 2004).  Nup133 of the 

Nup107-160 complex was shown to contain a membrane-curvature-sensing 

ALPS-like motif with the ability to bind to small liposomes (Drin et al., 2007).  

Finally, two recent models of the structure of the yeast NPC both place the 

Nup84 complex adjacent to the nuclear membranes (Alber et al., 2007; Hsia et 

al., 2007).      

Data derived from our analysis of the chromatin-binding ability of the 

other soluble nucleoporins (Figure 2.6) argues that there would be no other 

obligatory components in the chromatin/ELYS/Nup107-160 complex/POM121 

connection.  The other soluble pore components therefore come in later in the 

assembly process.  In vitro, their assembly is dependent on membrane vesicle 

fusion.  Nup153 remains controversial in its potential role: it associates with 

chromatin in the presence of excess RanGTP (Walther et al., 2003b), it has 

been seen early at the assembling pore (Bodoor et al., 1999), however, 

depletion of Nup153 leads to the formation of functional pores lacking only the 

nuclear pore basket (Walther et al., 2001; Hase and Cordes, 2003).  Lastly, a 

recent study demonstrated that Nup153 and the other FG-nucleoporins 

Nup358, Nup214 and Nup62 do not associate with the nuclear periphery when 

nuclear membrane fusion is inhibited (Baur et al., 2007).  Thus, we believe 

that, under physiological conditions, large amounts of Nup153 would not be 

present early on.  Together, the data imply that the assembly of the bulk of the 
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soluble pore subunits requires the presence of membranes and the fusion of 

the membrane vesicles (Figure 2.9). 

 

Yeast lack a direct ELYS homologue.  

The yeast S. cerevisiae and S. pombe lack a canonical ELYS 

homologue, although a small gene in S. pombe of 295 aa (gi:4007794) bears 

considerable homology to aa 694-972 in the central region of the 2266 amino 

acid human ELYS.  No S. cerevisiae homologue to this small gene is readily 

apparent.  Lacking the majority of ELYS structure, non-metazoans such as 

yeast may require a different initiation device for pore assembly in their intact 

nuclei.  Considering that yeast do not undergo open mitosis and thus do not 

disassemble their NPCs, it is possible that a protein of ELYS' function is not 

required.  However, a prediction from the metazoan precedent described here 

would be that any mechanism that acted to anchor the yeast Nup84 complex, 

which is the Nup107-160 complex homologue in yeast, to chromatin would be 

sufficient to initiate new pore assembly.  

 

ELYS binds AT-rich chromatin through its AT-hook motif.   

Interestingly, two Xenopus ELYS sequences have been published, one  

of 2201 amino acids (Galy et al., 2006) and one of 2408 amino acids (Gillespie 

et al., 2007). Ours is the longer one and identical to that used in the rATH 

study (Gillespie et al., 2007).  This sequence contains an extra 7 x ~31 aa 

   
 



70 

repeat upstream of the AT-hook which consists of both canonical AT-hook-like 

sequences and closely related sequences.  Xenopus with its rapid cell division 

in early development, with cell division taking place every 30 minutes for the 

first 12 divisions (Newport and Kirschner, 1982), may potentially use these 

excess AT-hook-like sequences on ELYS to accomplish rapid nuclear pore 

assembly. 

In our study, we demonstrate the importance of the primary ELYS AT-

hook by showing that point mutations within the motif abolish the ability of the 

dominant negative to block NPC assembly (Figure 2.3).  AT-hook motifs bind 

to the minor groove of DNA at AT-rich sequences (Reeves, 2001).  Indeed, 

using the AT-binding antibiotic Distamycin A, we demonstrate that ELYS 

preferentially binds to AT-rich chromatin, and, likewise, NPC assembly is 

preferentially initiated from AT-rich chromatin (Figure 2.4).   

The HMGA family of proteins is the best studied of the AT-hook-

containing proteins.  The HMGA family functions in a variety of nuclear 

processes, including gene transcription, DNA repair, and chromatin 

remodeling (Goodwin, 1998; Anand and Chada, 2000).  While first described 

to bind DNA at any run of 5 to 6 AT base pairs, interestingly, more recent 

studies on the HMGA family of AT-hook proteins show that these proteins 

likely bind to DNA with sequence specificity.  HMGA, which contains three AT-

hook motifs, was shown to bind with higher affinity to two or three 

appropriately spaced AT tracts as opposed to a single AT tract (Maher and 
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Nathans, 1996).  An NMR study of the HMGA1 AT-hook complexed to 5’-

AAATT-3’ reveled that the hook only bound in one orientation, with the N-

terminal arginine of the RGR hook tripeptide located near the 5’ end of the 

oligonucleotide (Huth et al., 1997).  Importantly, in a recent study using in vitro 

systematic evolution of ligands by exponential enrichment (SELEX) 

technology, the authors were able to identify a 15 bp consensus site for 

HMGA2 in which the first five base pairs are AT-rich, the middle four or five 

base pairs are GC-rich, and the last five or six base pairs are AT-rich (Cui and 

Leng, 2007).  Together, these data suggest that the AT-hook containing 

HMGA proteins do not randomly bind to all AT-rich chromatin, but do so in a 

more sequence-specific manner.  It would be intriguing to determine if ELYS, 

likewise, binds to chromatin in a restricted, sequence-specific manner.   

AT-rich DNA is often found in gene-poor regions within the genome, 

while gene-rich regions generally have a high GC base composition (Bernardi 

et al., 1985; Saccone et al., 1993).  There is also a large body of evidence 

which indicate that gene-poor/AT-rich regions of the genome are positioned at 

the nuclear periphery and gene-rich/GC-rich regions are positioned in the 

nuclear interior (Croft et al., 1999; Saccone et al., 2002; Zink et al., 2004; 

Foster and Bridger, 2005).   Thus, it is possible that the AT chromatin-binding 

of ELYS is at some level restricted to gene-poor regions and might aid in their 

localization to the nuclear periphery.  Interestingly, a subset of genes act 

differently and instead move to the nuclear periphery upon transcriptional 
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activation in yeast, doing so through interaction with nuclear pore proteins 

(Casolari et al., 2005; Cabal et al., 2006).  Recent work has now identified a 

subset of vertebrate genes that act similarly in that they move to the nuclear 

pore upon transcriptional activation (Brown et al., in press). Moreover, certain 

nucleoporins change location upon transcription inhibition (Griffis et al., 2002; 

Griffis et al., 2004).  In vertebrates, it would be intriguing to speculate whether 

ELYS might play a role at the pore in transcriptional activation of AT-rich 

promoters.  Indeed, fragments of mammalian ELYS, when transfected, have 

been shown to activate the transcription of a luciferase reporter gene, leading 

to the initial proposal of ELYS as a transcription factor (Kimura et al., 2002).   

  

Nuclear pore assembly in S-phase.   

Overall, the pore assembly mechanism proposed here would require 

only a small amount of alteration to function in the intact nucleus of an S 

phase cell, a time when pore number doubles.  Import of ELYS and the 

Nup107-160 complex into the nucleus with sequential binding to chromatin 

would again be presumed to form a platform on AT-rich sites, where again 

POM121, moving laterally through the inner nuclear membrane, could anchor 

and initiate pore assembly.  Indeed, both nuclear-cytoplasmic transport and a 

nuclear pool of the Nup107-160 complex have been shown to be required for 

pore insertion into intact nuclei (Walther et al., 2003a; D'Angelo et al., 2006).   
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One interpretation of our data is that there might be specific sites in the 

genome capable of initiating nuclear pore assembly.  If true, this would have 

intriguing implications for the regulation of S-phase nuclear pore assembly.  If 

NPC assembly were initiated from a limited number of chromatin sites, then 

the number and occupancy of these sites could control both the timing of NPC 

assembly and the number of pores assembled.  For example, in S phase the 

pore initiation sites would double as the DNA is replicated, which would control 

the doubling in pore number previously described (Maul et al., 1972).  In order 

for this to occur, however, an intranuclear pool of soluble ELYS/MEL-28 must 

exist.  Indeed, such a pool has already been described, both in HeLa cells 

(Rasala et al., 2006) and in C elegans (Galy et al., 2006).  Intriguingly, Galy et 

al (2006) showed by FLIP that two pools of GFP-MEL-28 exist in C. elegans: 

one very stable pool associated with NPCs and a more mobile nucleoplasmic 

pool.  This intriguing possibility awaits a more precise definition of what 

constitutes an ELYS-binding site on chromatin. 

In a recent study of ELYS, chromatin immunoprecipitation data using an 

Mcm3 antibody led Gillespie et al (2007) to conclude that ELYS and the 

replication licensing complex, Mcm2-7, are in proximity on chromatin 

fragments, although the actual size of the average chromatin fragment in that 

study was not stated (Gillespie et al., 2007).  Using geminin, a protein which 

blocks Mcm2-7 loading onto chromatin, the authors saw delayed ELYS and 

nucleoporin incorporation into reconstituted nuclei. The authors proposed that 
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the presence of the Mcm2-7 complex promotes the affinity of ELYS for 

chromatin.  In the present study, we found that the chromatin binding of Mcm3, 

as a representative member of the Mcm2-7 complex, was more sensitive to 

the GC-binding Chromomycin A3, than the AT-binding Distamycin A (Figure 

2.4B), and that this situation was the opposite to that seen for ELYS.  We 

believe that further investigation is required to clearly define the potential 

relationship between replication licensing and nuclear pore assembly. 

 Taken together, our data indicate that the critical chromatin-membrane 

connection for pore assembly is the ELYS-Nup107-160-POM121 chain, which 

effectively marks the sites where pore assembly will initiate.  The recruitment 

of the remaining soluble pore subunits follows and depends on membrane 

vesicle fusion. 
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Figures 

 

Figure 2.1.  ELYS is abundant in nuclear pores, but not in annulate lamellae pores. 
 (A) Anti-Xenopus ELYS antibody recognizes two bands in Xenopus egg cytosol (lane 1) and 
XL177 Xenopus cell lysates (lane 2), one at the expected size of ~270 kDa, and one at ~80 
kDa. 
(B)  Xenopus reconstituted nuclei were stained with directly-labeled anti-xELYS-AF568 (red), 
and mAb414-AF488 (FG-Nups, green).  A merge shows the two stainings overlap at the 
nuclear rim.  The DNA is stained with DAPI.   Scale bar, 5 μm. 
(C)  Nuclear pores were assembled in the presence of Xenopus egg membranes, cytosol, and 
sperm chromatin (nuclei, lane 1).  Annulate lamellae pores were assembled in the presence of 
only Xenopus egg membranes and cytosol (annulate lamellae, lane 2).  Reactions assembled 
with cytosol only (lane 3) or membranes only (lane 4) were used as controls.  All reactions 
were spun through a 30% sucrose cushion, with the heavy fractions, including the nuclei (lane 
1), annulate lamellae (lane 2), membrane vesicles (lane 3) pelleting, while the soluble proteins 
(lane 4) remained in the supernatant.  The pellets were solubilized with SDS-containing 
sample buffer and the presence of ELYS was determined by immunoblot.  ELYS was enriched 
in the nuclear pore assembly reaction, while the rest of the soluble Nups (Nup160, Nup133, 
Nup93, and Nup155) purified with both nuclear and AL pores.  Orc2, a nuclear protein not 
associated with pores, is enriched in the purified nuclei (lane 1).  GAPDH, a cytosolic protein 
not associated with pores, is absent. 
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Figure 2.2.  The ELYS C-terminus contains at least two chromatin-binding domains.  
(A)  Cartoons representing the xELYS C-terminal fragments used in this study.  The red box 
represents the AT-hook motif; the black and white striped box represents the arginine (R) to 
alanine (A) AT-hook motif double point mutant. 
(B) and (C) Anchored chromatin binding assays in which chromatin coated coverslips were 
incubated with Xenopus egg cytosol plus the indicated amounts of (B) GST-AT-hook+, GST-
AT-hook 2R A, or (C) GST, GST-AT-hook+, GST-ΔAT-hook.  Immunoblots were probed with 
anti-GST antibody.  GST-AT-hook+, GST-AT-hook 2R A, and GST-ΔAT-hook all bound to 
the anchored chromatin with varying affinities, while GST did not.  Dashes represent 
molecular weight markers (B) 55 and 40 kDa; and (C) 55, 40, 33 and 24 kDa. 
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Figure 2.3.  The AT-hook motif itself is required for the dominant negative effect of ELYS’ C-
terminus on nuclear pore assembly.  
(A) Anchored chromatin binding assay in which chromatin coated coverslips were incubated with 
Xenopus egg cytosol plus 10 μM GST, or 5 or 10 μM GST-AT-hook+, GST-AT-hook 2R A, or GST-
ΔAT-hook.  Immunoblot analysis revealed the relative amounts of chromatin binding for endogenous 
ELYS, Nup107-160 complex members Nup160 and Nup133, Mcm2-7 complex member Mcm3, and the 
RanGEF, RCC1.  In this experiment, Orc2 served as a loading control.  ‘Cyt’, Xenopus egg cytosol 
diluted 1:10, is shown for comparison (lane 1).  
(B) Reconstituted nuclei were assembled in the presence of 15 μM GST, GST-AT-hook+, GST-AT-hook 
2R A, or GST-ΔAT-hook for 1 hour.  The presence of mature nuclear pores was visualized by staining 
for the FG-Nups using directly labeled mAb414-AF568 (red).  Membrane fusion was determined by 
continuous DHCC stain of the nuclear membranes (green).   DNA was visualized with DAPI (blue, 
merge).  Scale bar, 10 μm. 
(C) Reconstituted nuclei were assembled in the presence of buffer or GST-AT-hook+; either in the 
presence or absence of 30 μM RanQ69L-GTP.  The FG-Nups, representing mature nuclear pores, were 
stained with directly labeled mAb414-AF488 (green) and then fixed with 2% formaldehyde before being 
visualized by fluorescent microscopy.  DNA was stained with Hoechst (blue).  Scale bar, 10 μm. 
(D) Annulate lamellae (AL) were assembled by combining purified Xenopus cytosol with membranes in 
the presence of either 20 μM GST (lane 1) or GST-AT-hook+ (lane 2) for 2 hours.  The addition of 2 mM 
GTPγS to reactions containing membranes and cytosol inhibits AL assembly and is shown for 
comparison (lane 3).  All membranes, including membrane-associated proteins, were purified by high-
speed centrifugation through a 30% sucrose cushion and solubilized by SDS-containing sample buffer.  
Immunoblot analysis revealed that equal amounts of the soluble FG-nucleoporins, Nup358, Nup214, 
Nup153 and Nup62 assembled into AL supplemented with excess GST or GST-AT-hook+.  Integral 
membrane protein ribophorin served as a loading control.     
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Figure 2.4.  The antibiotic Distamycin A inhibits nuclear pore assembly.  
(A) Reconstituted nuclei were assembled in the presence of buffer, 10 μM Distamycin A (AT-
binder), or 10 μM Chromomycin A3 (GC-binder).  Nuclear pores were stained with directly 
labeled mAb414-AF568 (FG-Nups, red).  Membrane fusion was determined by continuous 
DHCC stain of the nuclear membranes (green).   DNA was stained with DAPI (blue, merge).  
Approximately 80% of the nuclei assembled in the presence of 10 μM Distamycin contained 
little to no visible nuclear pore staining, while the majority of the nuclei assembled in the 
presence of buffer or 10 μM Chromomycin displayed normal nuclear pore staining.  Scale bar, 
5 μm. 
(B) Anchored chromatin binding assay in which chromatin coated coverslips were incubated 
with Xenopus egg cytosol plus buffer (lane 2), 10 μM Distamycin A (lane 3), or 10 μM 
Chromomycin A3 (lane 4).  Immunoblot analysis revealed the effect of each antibiotic on the 
relative amounts of chromatin binding for endogenous ELYS, Nup107-160 complex members 
Nup160 and Nup133, Mcm2-7 complex member Mcm3, and the RanGEF, RCC1.  Chromatin 
was not added to the reaction in lane 1 to control for non-specific binding to the BSA-treated 
coverslips.  In this experiment, Orc2 serves as a loading control. 
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Figure 2.5.  Distamycin A does not disrupt annulate lamellae pore assembly. 
Annulate lamellae were assembled in vitro by incubating Xenopus egg membranes with 
cytosol, either in the presence of buffer or 10 μM Distamycin A (Dst A) (lanes 3 and 4).  The 
purified membrane fractions were probed by immunoblotting.  A reaction assembled in the 
presence of 2 mM GTPγS, which blocks membrane fusion and inhibits AL assembly (Meier et 
al., 1995), was used as a negative control (lane 5).  Distamycin A did not affect the assembly 
of soluble pore proteins Nup160, Nup133, Nup93 or Nup62 into AL.  ‘Mem’, Xenopus egg 
membrane fraction diluted 1:20, and ‘cyt’, Xenopus egg cytosol diluted 1:10, are shown for 
comparison (lanes 1 and 2).  Ribophorin was used as a loading control.      
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Figure 2.6.  Only ELYS and the Nup107-160 pore subunits bind to chromatin in the 
absence of membranes and RanQ69L-GTP.  
(A) A cartoon representing the known soluble nucleoporin subunits is shown (boxed), except 
for Aladin (for which we had no anti-Xenopus antisera).  Nucleoporins highlighted in red were 
assayed for their ability to bind to anchored chromatin by immunoblotting. 
(B-C) Anchored chromatin binding assay in which chromatin coated coverslips were incubated 
with Xenopus egg cytosol plus membranes to assemble nuclei (lane 3); egg cytosol plus 
membranes plus 2 mM GTPγS to block membrane vesicle fusion (lane 4); buffer alone (lane 
6), membrane-free Xenopus egg cytosol (lane 7, arrowhead), or the identical cytosol plus 30 
μM RanQ69L-GTP (lane 8).  A coverslip not treated with chromatin and incubated with cytosol 
(lane 5) was used as a control for non-specific protein binding.  In this experiment, Orc2 
serves as a loading control.  ‘Mem,’ Xenopus egg membrane fraction diluted 1:20, and ‘cyt’, 
Xenopus egg cytosol diluted 1:10, are shown for comparison (lanes 1 and 2).  It should be 
noted that we did not detect chromatin-binding of Nup358 in the presence of excess RanGTP, 
as was previously published (Walther et al., 2003b). 
(C) Immunoblots using antibodies to the integral membrane proteins gp210 and ribophorin 
show that membrane vesicles are not present in the Xenopus egg cytosol (lanes 2, 5-8). 
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Figure 2.7. POM121 binds the Nup107-160 and the Nup93-205 complexes.  
(A) A map of POM121 and the fragment used.  
(B) The Xenopus POM121 fragment aa 144-435 (POM) was coupled to beads and mixed with 
Xenopus egg cytosol in pulldown reactions, in the presence or the absence of 10 μM 
RanQ69L-GTP. GFP-protein beads were used as a control. The bound proteins were probed 
by immunoblotting with different anti-nucleoporin and import factor antibodies, as shown in the 
figure.  Nup160, Nup133, Nup85, Nup43, and Nup37 of the Nup107-160 complex, and Nup93 
and Nup205 of the Nup93-205 complex specifically bound to the POM121 fragment.  ‘Cyt’, 
Xenopus egg cytosol diluted 1:10, is shown for comparison (lane 1).  
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Figure 2.8.  Chromatin-bound ELYS/Nup107-160 complex recruit POM121- and NDC1-
containing membrane vesicles. 
A) Reconstituted nuclei were assembled in the presence of 15 μM GST, GST-AT-hook+, or GST-AT-
hook-2R A.  The presence of POM121 in the nuclear membranes was probed for with directly-labeled 
anti-POM121-AF488 (green).  Membranes were stained with R18 membrane dye (red).  DNA was 
stained with Hoechst (blue).  Nuclei were fixed before mounting onto slides.  Scale bar, 10 μm.    
(B) Reconstituted nuclei were assembled in the presence of buffer or 10 μm Distamycin A and 
processed as in (A).  Scale bar, 10 μm.   
(C) Anchored nuclei were assembled by incubating chromatin-coated coverslips with membranes and 
cytosol for 1 hour; in the presence of either 15 μM GST, GST-AT-hook+, or GST-ΔAT-hook.  A coverslip 
not treated with chromatin, but incubated with membranes ‘M’ and cytosol ‘cyt’, was used as a control for 
non-specific binding (lane 4).  The recruitment of integral membrane pore proteins NDC1 and gp210, in 
the presence (GST and GST-ΔAT-hook, lane 1 and 3) or absence (GST-AT-hook+, lane 2) of chromatin-
bound ELYS/Nup107-160 complex, was determined by immunoblot analysis. 
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Figure 2.9. A model for the early steps in NPC assembly. 
Based on our findings, we propose a model for the early steps in NPC assembly. The first step 
in pore assembly is the binding of ELYS (yellow) to AT-rich chromatin sites, selected via the 
high-affinity AT-hook motif (black box), and strengthened by its second chromatin binding 
domain.  ELYS then acts as a bridge between the chromatin and the Nup107-160 complex 
(green) (Rasala et al., 2006; Franz et al., 2007; Gillespie et al., 2007).  Chromatin-bound 
ELYS/Nup107-160 complex actively recruits the integral membrane pore proteins POM121 
(red) and NDC1 (blue), likely through interaction with the cytosolic domain of POM121.  After 
membrane vesicle fusion, the rest of the soluble pore subunits assemble and a complete 
nuclear pore is formed.  (Note, other vesicles/sheets bind to the chromatin via different 
linkages such as lamins to form the bulk of the nuclear membranes, but are not shown here.) 
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CHAPTER 3 

 

Structural intermediates in fusion mediated NPC assembly 

 

Introduction 

Membrane fusion is one of the most fundamental, but tightly controlled, 

processes in life. Membranes merge during intracellular trafficking, fertilization, 

tissue formation, viral infection, and organelle biogenesis (Mohler et al., 2002; 

Jahn et al., 2003; Earp et al., 2005).  The formation of a nuclear envelope (NE) 

also requires membrane fusion events. The NE is composed of an outer 

nuclear membrane and an inner nuclear membrane, separated by a lumen 

and joined by nuclear pore complexes. Much of our knowledge of the 

mechanism of vertebrate NE assembly is derived from a cell-free system 

(Lohka and Masui, 1983; Newport, 1987; Newport and Dunphy, 1992). This 

has allowed the dissection of NE formation in vitro into distinct steps: 

recruitment of membrane vesicles to the chromatin surface, fusion of these 

vesicles, nuclear pore complex assembly, and expansion of the NE (Macaulay 

and Forbes, 1996; Hetzer et al., 2001; Harel et al., 2003a; D'Angelo et al., 

2006).  The formation of the double nuclear membrane around chromatin 

requires extensive vesicle-vesicle fusion in vitro, promoted by the small 

GTPase Ran (Hetzer et al., 2000; Zhang and Clarke, 2000) and regulated by 

importin β (Harel et al., 2003a; Walther et al., 2003).   It is thought that nuclear 
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pores could form from a subsequent fusion event occurring between the two 

nuclear membranes. Indeed, cell-free experiments using the NPC assembly 

inhibitor BAPTA (Blobel et al., 1992; Macaulay and Forbes, 1996; Schwander 

et al., 2003) or an NPC insertion assay (D'Angelo et al., 2006) show that 

NPCs can form into a completely closed NE in vitro, presumably through 

opposing bilayer fusion. This mimics the inner/outer nuclear membrane fusion 

process that must occur in S-phase vertebrate nuclei and yeast nuclei at all 

stages, where new nuclear pores form in the pre-existing nucleus.  

 Integral membrane proteins drive membrane fusion during enveloped 

virus entry into cells, SNARE-dependent intracellular fusion, and cell-cell 

fusion (Mohler et al., 2002; Podbilewicz et al., 2006). These fusion proteins are 

anchored in the membranes by one or more transmembrane domains.  A 

recent study showed that the membrane vesicle-vesicle fusion event required 

for NE formation in vitro in Xenopus egg extracts is dependent on integral 

membrane SNARE proteins (Baur et al., 2007).  However, that study did not 

address inner/outer nuclear membrane fusion.  

It is likely that one or more integral membrane proteins play a key role 

in the fusion event that must precede nuclear pore assembly in pre-existing 

enclosed nuclear membranes. To date, POM121, gp210, and NDC1 are the 

only known integral membrane proteins of the vertebrate nuclear pore (Gerace 

et al., 1982; Hallberg et al., 1993; Mansfeld et al., 2006; Stavru et al., 2006a). 

RNAi depletion of these transmembrane nucleoporins have shown that 
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POM121 and NDC1 are essential for nuclear pore formation (Antonin et al., 

2005; Mansfeld et al., 2006; Stavru et al., 2006a; Stavru et al., 2006b; 

Funakoshi et al., 2007), however their potential role in inner/outer nuclear 

membrane fusion has not been investigated.  One possibility is that the 

proteins may work singularly or together to promote the fusion of the inner and 

outer nuclear membranes for nuclear pore assembly.  Alternatively, an as yet 

unidentified transmembrane protein or soluble protein may be required for 

inner/outer nuclear membrane fusion in the process of nuclear pore assembly.    

The most accepted molecular model for general membrane fusion is 

the “stalk-pore” mechanism for fusion events. This mechanism was first 

identified on artificial protein-free bilayers and then in viral fusion, intracellular 

fusion and, most recently, developmental cell fusion systems (Kozlov and 

Markin, 1983; Chernomordik et al., 1987; Chernomordik et al., 1993; Lu et al., 

2005; Reese et al., 2005; Xu et al., 2005; Podbilewicz et al., 2006; Sapir et al., 

2007).  In this mechanism, membrane fusion begins with the bending of the 

membranes and proceeds through a hemifusion intermediate (Figure 3.1), 

which consists of a stalk-like connection between the contacting membrane 

leaflets of two fusing bilayers. Hemifusion is followed by complete fusion, 

which involves the opening of a fusion pore connecting all four leaflets (Figure 

3.1).  Subsequent expansion of the fusion pore leads to a fully fused entity. 

Although fusion proteins are required to provide the driving force that induces 

hemifusion in biological membranes, the fusion reaction shows a striking 
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sensitivity to any alteration in membrane lipid composition (Chernomordik et 

al., 1993).  For biological membranes, hemifusion intermediates are strongly 

sensitive to the shapes of the lipid molecules in the proximal membrane 

leaflets. Cone-shaped lipids, if added, promote bending and therefore promote 

hemifusion. Inverted cone-shaped lipids inhibit bending and thus inhibit 

hemifusion. This is true for both viral and intracellular fusion events 

(Chernomordik and Kozlov, 2003; Melia et al., 2006). The dependency on lipid 

shape is thought to be because of the bending specifically involved in forming 

the stalk-pore intermediate. In consequence, inverted cone-shaped lipids such 

as lysophosphatidylcholine (LPC) have been used to identify when a 

membrane fusion event occurs, since LPC acts as an inhibitor of that event. 

Post-hemifusion stages, which involve opening and expansion of a fusion 

pore, are found to be more protein dependent (Chernomordik and Kozlov, 

2003; Lu et al., 2005; Reese et al., 2005; Xu et al., 2005).  

To form the nuclear pore, it is thought that sites of recruitment of 

soluble proteins on the chromatin surface act as nucleation points to delineate 

where the inner and outer nuclear membranes will be fused. The membrane 

fusion step has never been experimentally identified, nor has its temporal 

order with regard to nucleoporin recruitment and/or insertion been 

demonstrated. By using experimental approaches used previously to model 

membrane fusion reactions (Chernomordik et al., 1998; Markosyan et al., 

2003; Henderson and Hope, 2006), we address questions with respect to the 
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fusion event between the inner and outer nuclear membranes in nuclear pore 

formation. Specifically, we describe a lipid-sensitive intermediate which occurs 

on a completely closed nuclear envelope downstream from the acquisition of 

early nuclear pore proteins, but prior to observation of NPC structures 

containing FG nucleoporins and channels functional for small molecule and 

dextran diffusion.  

 

Material and Methods 

Antibodies. The antibodies used in this study included affinity-purified anti-

hNup133 (Vasu et al., 2001), anti-Xenopus POM121 (Harel et al., 2003b), 

which was raised to Xenopus POM121 aa144-435, anti-xELYS (Rasala, et al., 

submitted), and anti-FG nucleoporin antibody, mAb414 (Covance, Berkeley, 

CA).  Note that mAb414 recognizes most FG nucleoporins in Xenopus, but not 

Xenopus POM121, either on immunoblots or by immunofluorescence, 

presumably due to an inexact match of the FG epitopes in POM121. 

 

Nuclear reconstitution and Immunofluorescence. Xenopus egg extracts, 

membrane vesicle and cytosolic fractions were prepared as in Harel et al. 

(2003). Nuclei were reconstituted at either room temperature or 15°C, by 

mixing Xenopus egg membrane vesicle and cytosolic fractions at a 1:20 ratio 

with an ATP-regeneration system and sperm chromatin (Macaulay and 

Forbes, 1996).   

   



                                                                                     
  

104

 
For direct immunofluorescence, mAb414, affinity purified anti-POM121, 

anti-xELYS or anti-Nup133 were coupled to Alexa fluor dyes (Molecular 

Probes, Eugene, OR).   Nuclear reactions were stopped on ice at different 

times after the start of assembly. To assay for the presence of FG-Nups, 

POM121, or Nup133, the samples were mixed with 0.5 μg directly labeled 

antibodies for 10 min in 10 μl volume reaction before fixation with 3.2% 

paraformaldehyde and then monitored by confocal microscopy.  To assay for 

the presence of nuclear ELYS, AF568-anti-xELYS was added at the start of 

the nuclear assembly reactions at a final concentration of 20 ng/μl.  Nuclear 

assembly was then monitored as above. 

 Nuclear membrane formation was assayed by a continuous rim staining 

with the lipophilic dye 3,3-dihexyloxacarbocyanine iodide (DHCC) (Eastman 

Kodak, Rochester, NY) and the ability to exclude Alexa568-labeled anti-

dsDNA antibody (Abcam, Cambridge, MA).  For the latter, at the indicated 

time, nuclear assembly was stopped on ice and 0.2 μg Alexa568-anti-dsDNA 

was added for 10 min in 10 μl reaction sample. The samples were then fixed 

with 3.2% paraformaldehyde and monitored by microscopy.  

 Nuclei were visualized with an Axioskop 2 microscope (63x objective; 

Carl Zeiss, Thornwood, NY).  Images were also acquired using an Axiovert 

200M (Carl Zeiss, Thornwood, NY) at a magnification of 63x using an oil 

objective (Carl Zeiss) with a 1.3 numerical aperture at 23ºC and with Immersol 

518F (Carl Zeiss) as the imaging medium. Images were recorded using a 
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Coolsnap HQ (Photometerics, Tucson, AZ) camera and Metavue software 

(Molecular Devices Corporation, Downingtown, PA).  Trace images were 

produced using the trace contour function in Adobe Photoshop. 

 

Application of exogenous lipids. Stock solutions of Lauroyl 

LysophosphatidylCholine (LPC; 12 carbon tail; Avanti Polar Lipids) and Oleic 

Acid (OA; Sigma Chemical Co.) were freshly prepared as 10 mM solutions in 

PBS and 25 mM ethanolic solution, respectively.  At the indicated time, an 

assembly reaction was stopped on ice and LPC or LPC and OA were added 

directly to the samples at a final concentration of 600 μM by rapid injection of 

the stock solution into the tube under continuous flicking. The samples were 

returned to the working temperature (15°C or room temperature, as noted) 

and after further incubation, they were processed for direct 

immunofluorescence as previously described.  

 

Diffusion assay.  The presence of diffusion channels through the nuclear 

envelope was assayed by the ability of Alexa488-10kD or Alexa488-3kD 

dextrans to diffuse into the nucleus.  Specifically, at the indicated time, a 

nuclear assembly reaction was stopped on ice and 1 μg Alexa488-10 kD or -3 

kD dextrans (Molecular Probes, Eugene, OR) was added for 15 min to a 10 μl 

reaction sample. The samples were fixed with 3.2% paraformaldehyde for 20 

min and then the fluorescence external to the nucleus was quenched by the 
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addition of 5 μg anti-Alexa Fluor 488 antibody for an additional 15 min. The 

samples were either directly monitored by microscopy, or were diluted to 200 

μl in ELB buffer (10 mM HEPES-NaOH, pH 7.4, 3 mM MgCl2, 50 mM KCl, 250 

mM sucrose, 1 mM DTT, 100 μg/ml cycloheximide). These latter were 

subsequently centrifuged through a cushion of 30% (w/v) sucrose in ELB onto 

poly-L-Lysine-coated coverslips and then monitored by confocal microscopy.  

This assay was usually performed simultaneously with an Alexa568-anti-DNA 

antibody assay.  Only nuclei that excluded the anti-DNA antibody (which 

marked them as intact) were assessed for their ability to exclude the labeled 

dextrans.   Nuclear intermediates that excluded dextrans were designated as 

lacking diffusion channels.  Under conditions where nuclei could proceed to a 

stage where they contained mature nuclear pores (for example, room 

temperature-30 minutes-no inhibitors, or 15°C-60 minutes), the Alexa 488-

labeled 3 and 10 kD dextrans showed the expected diffusion into the nuclear 

interior.  In these latter cases, intranuclear fluorescence would appear that 

was unquenchable by added150 kD anti-Alexa488 antibody.  

 

Results 

A temperature-sensitive intermediate in nuclear pore assembly.   

Lowering the temperature is an approach long known to impair general 

membrane fusion. It has been used to stabilize and identify important steps in 

membrane fusion events, such as viral cell fusion, endocytosis, and cell-cell 
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fusion (Stegmann et al., 1990; Schoch et al., 1992; Melikyan et al., 2000; Baur 

et al., 2007; Gattegno et al., 2007). Here, we combine lower temperature with 

a well-described nuclear assembly system derived from Xenopus egg extracts 

(Lohka and Masui, 1983; Newport, 1987) to ask whether one can isolate novel 

intermediates in nuclear pore assembly. 

At room temperature, nuclear envelope formation and nuclear pore 

assembly are rather fast in the Xenopus system. Consistent with this, nuclear 

membranes visualized with the membrane dye DHCC formed by 15 min and 

grew and expanded over time (Figure 3.2A). Nuclear pore complexes (NPCs), 

as visualized by the anti-FG nucleoporin antibody mAb414, appeared at 15 

min after initiation of the nuclear assembly reaction (Figure 3.2A).  At room 

temperature, import-competent nuclei were readily apparent by 30 minutes 

(data not shown) and fully-grown by 60-120 minutes (Figure 3.2A).  At 4ºC, we 

found that vesicle-vesicle fusion was arrested and no nuclear membranes 

were observed (data not shown).    

We found, however, that at 15ºC over the long term was permissive for 

nuclear membrane assembly and NPC formation (Figure 3.2A). The lower 

temperature, however, affected the kinetics of nuclear formation (Figure 3.2A). 

Intact nuclei, complete with the FG nucleoporin rim staining characteristic of 

mature nuclear pores, were abundant only after 60 min at 15ºC.  This 

indicates that nuclear assembly proceeds at 15ºC, but at a slower rate 

compared to room temperature.  Strikingly, FG nucleoporin staining was not 
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detected at 30 min of assembly at 15ºC (asterisk, Figure 3.2A). Surface views 

and quantitation of NPCs/μm2 confirmed the lack of FG-staining nuclear pores 

in this 30 min cold intermediate at 15°C (Figure 3.3). 

Although nuclear assembly is slowed at 15°C, vesicle-vesicle fusion to 

form double nuclear membranes occurred. To show that the nuclear 

membranes indeed can completely enclose the chromatin at 15°C, we used 

an Alexa568-labeled anti-DNA antibody. Nuclear assembly reactions were 

initiated on chromatin templates with the addition of Xenopus egg membrane 

vesicles and cytosol. At the end of a reaction, Alexa568-labeled DNA antibody 

was added, with the presumption that it could only access the chromatin if the 

NE was not fully closed. Indeed, in nuclei incubated for 60 min at room 

temperature, the fluorescently labeled anti-DNA antibody did not access the 

chromatin in the great majority, as indicated by the absence of a red Alexa568 

signal (Figure 3.4).  In contrast, when GTPγS was added to prevent vesicle-

vesicle fusion at the onset of the reaction (Boman et al., 1992) or when Triton 

X100 was added to control nuclei at the end of the reaction, the chromatin 

substrates were uniformly stained with anti-DNA antibody (Figure 3.4).  The 

calcium chelator BAPTA, however, known to cause formation of a nuclear 

membrane lacking nuclear pores (Macaulay and Forbes, 1996), gave closed 

nuclear structures that excluded entry of the anti-DNA antibody (Figure 3.4).  

Having established that the anti-DNA antibody correctly monitors 

formation of completely fused nuclear membranes, we used this assay to 
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characterize nuclei assembled at 15°C for 30 min. Nearly half of the nuclei 

showed no labeling by the anti-DNA antibody (asterisks, Figure 3.2B), 

indicating that these were closed by 30 min. Most of the enclosed 15°C 

intermediates, when tested, did not contain FG nucleoporins (diamonds, 

Figure 3.2B and C).  By 60 min, they had acquired FG Nups (Figure 3.2C; see 

also Figure 3.2A). 

From these results, two possibilities exist in the 15°C 30 min 

intermediate. Either, (1) inner/outer nuclear membrane fusion takes place but 

a temperature-sensitive delay in FG recruitment is occurring, or (2) a 

temperature-sensitive impediment to inner/outer nuclear membrane fusion 

prevents the recruitment of FG nucleoporins. 

  

Recruitment of POM121 and Nup133 into punctate structures 

characteristic of a partial pore intermediate in the membranes.   

The 30min, 15°C cold intermediate lacks the FG Nups that are the 

hallmark of mature nuclear pores. We assessed, however, whether other 

nucleoporins were present in the intermediate. We found that POM121, an 

integral membrane pore protein, was indeed detectable by 

immunofluorescence and was observed in punctate structures in the 

membrane-enclosed intermediate (asterisk, 15°C, 30 min, Figure 3.5A). In 

these structures, no FG Nup staining was present. Nup133 was also observed 

to be present in this membrane intermediate (asterisk, Figure 3.5B). Nup133 is 
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a signature member of the Nup107-160 complex, indicating the presence of 

the entire complex at this time.   

These entities were detected by directly labeled anti-Nup antibodies added 

to closed nuclear intermediates. Anti-DNA antibody identified completely 

enclosed intermediates.  On enclosed nuclei, the anti-Nup antibodies can thus 

only access Nup-containing structures present on the outside of the nuclear 

membranes.  This experimental design was planned so that it allowed us to 

detect membrane NPC intermediates, rather than earlier chromatin-bound 

Nups. 

 We previously identified a membrane-enclosed intermediate formed at 

room temperature by addition of the Ca++ chelator BAPTA.  This BAPTA 

intermediate had no nuclear pores, as visualized by EM, and no FG Nups 

(Macaulay and Forbes, 1996).  When we tested the BAPTA intermediate here 

for POM121 and Nup133, we found that neither was observable using the 

directly labeled antibodies (Figure 3.5C). 

Thus, we conclude that both POM121 and Nup133 are present in the novel 

30 min cold intermediate defined here. These nucleoporins are present in the 

nuclear membrane not as a diffuse stain, but as punctate entities and are 

already comparable in size to nuclear pores, indicating significant 

oligomerization of these nucleoporins might have occurred.  

 

Oligomerization of ELYS is dependent on membranes and occurs 
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concurrently with the appearance of POM121 and Nup133 entities. 

 To determine what occurs on the nuclear face of the NE, we initiated 

nuclear assembly from chromatin templates at 15°C and stained for the 

chromatin-bound, pore targeting protein, ELYS (Rasala et al., 2006; Franz et 

al., 2007; Gillespie et al., 2007).  A timecourse at 15°C revealed that ELYS 

initially binds to chromatin in a diffuse pattern (Figure 3.6, 15 min).  However, 

at 30 min 15°C, a punctate ELYS stain could be seen at the chromatin 

periphery (asterisk, Figure 3.6, 30 min; see also Figure 3.7, bottom row).  As 

described above, these nuclei do not contain mature nuclear pores, as 

determined by the lack of FG-Nup staining.  While punctate ELYS rim staining 

was observed in the 30 min 15°C intermediate, similar punctate staining was 

never seen when chromatin substrates were incubated with egg cytosol in the 

absence of membranes (Figure 3.7).  Thus, these data suggest that the 

oligomerization of ELYS on the nuclear face of the NE occurs concurrently 

with the appearance of Nup133 and POM121 on the cytoplasmic face of the 

NE.  Furthermore, the organization of ELYS into punctate entities is dependent 

on the presence of membranes. 

 

A diffusion channel is lacking in the POM121+/Nup133+ partial pore 

intermediate.   

An important event in new pore assembly within an intact nucleus is the 

opening of a channel between the inner and outer nuclear membranes. This 
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channel presumably would begin in its simplest form as a fusion pore, grow to 

an expanded fusion pore, and eventually encompass the structure that 

includes the diffusion channel present in mature nuclear pores.  

Nuclear pore complexes, while mediating active nucleocytoplasmic 

traffic of large proteins and RNAs, contain an effective aqueous channel which 

allows the non-specific passive diffusion of smaller macromolecules (Feldherr 

and Akin, 1997; Keminer and Peters, 1999; Peters, 2005; Naim et al., 2007). 

Fluorescent molecules from dextrans to proteins have been used for decades 

to characterize the functional size for diffusion through mature vertebrate 

nuclear pores (Peters, 1984).  Dextrans or proteins ≤20 kD (i.e., ≤10 nm in 

diameter) (Lenart et al., 2003) can freely diffuse in and out of the nucleus 

through mature nuclear pores, using these aqueous channels.  

To characterize whether the POM121+/Nup133+ partial pore cold 

nuclear intermediate described above contains open channels capable of 

diffusion, we developed a modified diffusion assay designed to detect small 

channels. This assay, first performed on control nuclei at room temperature, is 

as follows: Assembly reactions are initiated on chromatin templates at room 

temperature and incubated for 30 min (Figure 3.8A) or 60 min (data not 

shown). Completely enclosed nuclei are formed in both cases.  At the end of 

the reaction, Alexa488-labeled 10 kD dextran is added. After 15 min on ice, 

anti-Alexa488 antibody is then added to quench all Alexa488-labeled dextran 

fluorescence that is outside the nucleus. After quenching of this external 
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fluorescence, the reactions are stopped by fixation and the nuclei are analyzed 

by fluorescence microscopy. In the room temperature control 30 min nuclei, 

channels clearly must be present, as Alexa488-10 kD dextran was visualized 

inside the nuclei (Figure 3.8A; RT, 30 min). In contrast, in BAPTA-treated 

pore-free nuclei, Alexa488-10kD dextran was absent (Figure 3.8A; BAPTA).   

Using this novel quenching assay for channels, we assessed the 15°C, 

30 min cold intermediate. We found that all cold intermediates that excluded 

Alexa568-labeled DNA antibody did not to allow the entry of Alexa488-10 kD 

dextran (asterisk, Figure 3.8B). These findings demonstrate that the 

POM121+/Nup133+ partial pore membrane intermediate lacks 10 kD-

competent channels.  

To determine whether a smaller channel might be present, we repeated 

the above using Alexa488-labled 3 kD dextran.  This too was excluded from 

the cold intermediate (Figure 3.8C), indicating that the POM121+/Nup133+ cold 

intermediate lacks channels accessible to 3 kD dextran (Luby-Phelps, 1989). 

As the reactions were allowed to proceed, 100% of the 15°C nuclei 

excluding anti-DNA antibody became permeable to Alexa488-3 kD or 10 kD 

dextran at 60 min (Figure 3.9 and data not shown).  Thus, between 30 min and 

60 min, diffusion channels formed in the double nuclear membrane. The 

development of channels coincides with the recruitment of FG Nups (Figure 

3.2A).  Stated differently, a POM121+/Nup133+ channel-negative intermediate 

is observed in the early stages of nuclear pore assembly.  This then matures 
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into a channel-positive, FG Nup-containing nuclear pore complex. 

 

The membrane fusion inhibitor LPC blocks channel formation and FG 

Nup recruitment.   

If no channel exists in the 30 min cold intermediate, i.e., if the 

intermediate has not yet undergone fusion between the inner and outer 

nuclear membranes, this intermediate should be sensitive to membrane fusion 

inhibitors, such as lysophosphatidylcholine (LPC).  LPC is an inverted cone-

shaped lipid known to inhibit diverse biological fusion reactions by inhibiting 

the bending of the contacting leaflets of the fusing membranes; bending which 

is required to transition to the well-known hemifusion intermediate.  

As a control for the efficacy of LPC in the in vitro reaction, nuclear 

membrane formation was tested in the presence of LPC. LPC was added to a 

nuclear assembly reaction at t=0 min and assembly was allowed to proceed at 

room temperature for 60 min. The addition of LPC did not prevent membrane 

vesicles from being recruited to the chromatin, but blocked their fusion into 

double nuclear membranes (Figure 3.10). The LPC block to nuclear 

membrane fusion was indistinguishable from that of the chemical fusion 

inhibitor GTPγS by confocal microscopy (Figure 3.10) (Boman et al., 1992).  

This LPC block to vesicle-vesicle fusion could be specifically 

counteracted:  if the cone-shaped lipid oleic acid (OA) was added with LPC at 

t=0 min, formation of complete nuclear membranes was observed (LPC/OA, 
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Figure 3.10).  We conclude that LPC and OA act in opposing ways on the 

vesicle-vesicle fusion required to form the two nuclear membranes, as 

expected from their effects on other known biological hemifusion reactions.  

The critical question for the present study, however, was whether we 

could identify an LPC-sensitive fusion step in nuclear pore formation itself. To 

ask this, we started with the completely membrane-enclosed cold intermediate 

described above which contains ELYS, POM121 and Nup133, but lacks the 

FG nucleoporins and a dextran-accessible diffusion channel.  

Buffer, LPC, or LPC+OA were added to reactions containing this 30 min 

cold intermediate.  The reactions were allowed to proceed for an additional 90 

min at 15°C, then assayed for the presence of 10 kD-competent channels, 

using Alexa488-10 kD dextran and Alexa568-anti DNA antibody. In the buffer 

control, the intermediate proceeded to a channel-positive state by 90 min 

(Figure 3.11, top panel).  The addition of LPC, however, blocked the formation 

of 10 kD dextran-competent channels (asterisk, Figure 3.11). The presence of 

OA counteracted this block, i.e., 10 kD channels formed (Figure 3.11). These 

results indicate that LPC prevents channel formation. The specific 

counteraction of an LPC block to channel formation by OA addition further 

supports this conclusion.   

Strikingly, no FG nucleoporin signal was observed on the LPC-treated 

nuclei, indicating that no accessible FG nucleoporins were present, even at 

120 min of total incubation (asterisk, Figure 3.12A). A full block to FG Nup 
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staining was consistently seen with LPC, but the defect was prevented by 

inclusion of LPC+OA (Figure 3.12A and B). Thus, LPC causes a strong defect 

in mature NPC assembly.  

In conclusion, a diffusion channel forms downstream from ELYS, 

POM121 and Nup133 recruitment and their organization into punctate entities, 

but upstream or coincident with FG nucleoporin recruitment. 

 

Discussion 

Here we arrest and isolate novel in vitro intermediates in nuclear pore 

assembly.  We do so in two ways: (1) by slowing fusion progression through 

lowering the temperature of nuclear assembly, and (2) by blocking inner/outer 

membrane fusion by altering lipid composition with LPC. Sensitivity to LPC 

reveals that a hemifusion intermediate must occur in nuclear pore assembly 

and that lipid mixing between the inner and outer membranes is involved in the 

assembly of nuclear pore complexes. Our results show that inner/outer 

nuclear membrane fusion occurs following to the recruitment of ELYS, 

POM121, and Nup133 to the nuclear membrane, but precedes channel 

formation and recruitment of FG nucleoporins. These findings further argue 

that association of specific nucleoporins at the early stages of nuclear pore 

assembly sets the stage for fusion between the inner and outer nuclear 

membranes.  

Low temperature has often been used as an inhibitor of biological 
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processes involving membrane fusion (Palade, 1975; Blumenthal et al., 1987; 

Beckers and Rothman, 1992). Nuclear assembly in vitro with extracts of 

Xenopus laevis eggs is typically performed at room temperature, as the 

physiological temperature for Xenopus laevis is ~22-23ºC (Fort et al., 2004). 

Nuclear assembly in vitro involves many steps including extensive vesicle-

vesicle fusion, and, in intact nuclei, has been predicted to require a second 

fusion event between the nuclear membranes to form the multimeric pore 

complex (Macaulay and Forbes, 1996; Goldberg et al., 1997; Harel et al., 

2003a; D'Angelo et al., 2006).  Each of these steps could theoretically be 

influenced by temperature, as lowered temperature has been shown to affect 

the lateral mobility of fusion proteins and to reduce the rate of fusion (Palade, 

1975). In this study by lowering the temperature to 15ºC, we were able to slow 

down nuclear assembly. As a result, we observed a cold intermediate in 

nuclear pore assembly (Figure 3.2). Nuclear pore formation is thus 

temperature sensitive. 

The formation of nuclear pores in existing nuclear membranes by 

definition must include an interaction between the lumenal domains of the 

inner and outer nuclear membranes. The fusogenic proteins in this event are 

unknown. The fusion machinery needs to bring the two membranes into 

sufficiently close proximity to allow membrane fusion to occur. For fusion to 

occur, the 20-25 nm distance between the inner and outer nuclear membranes 

needs to be bridged. One might predict that a transmembrane nucleoporin 
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with a large lumenal domain would be involved. To date, three integral 

membrane proteins are components of the vertebrate nuclear pore, POM121, 

gp210, and the recently discovered NDC1 (Gerace et al., 1982; Wozniak et al., 

1989; Greber et al., 1990; Hallberg et al., 1993; Cotter et al., 1998; Liu et al., 

2003; Lau et al., 2006; Mansfeld et al., 2006; Stavru et al., 2006a). The 

majority of POM121 is not lumenal, nor is the majority of NDC1. Thus, both 

proteins lack significant lumenal parts to make direct contact between the 

opposing bilayers. In contrast, most of the mass of gp210 is lumenally located, 

which makes this protein a good candidate for playing a role in the inner/outer 

membrane fusion event (Wozniak et al., 1989; Drummond and Wilson, 2002). 

However, during postmitotic nuclear envelope formation in mammalian cells, 

gp210 is recruited to the nuclear periphery at quite a late stage (Bodoor et al., 

1999). In addition, both biochemical depletion and RNAi depletion studies 

indicate that the nuclear pore can assemble in the absence of gp210 (Eriksson 

et al., 2004; Olsson et al., 2004; Antonin et al., 2005; Stavru et al., 2006b), 

and some mouse cell types have been shown to lack gp210 altogether  

(Olsson et al., 2004). 

Because of the large distance between the two membranes, the 

proteins involved in pore formation have to draw the membranes toward one 

another or bend them locally (Leikin et al., 1987). It has been suggested that 

nuclear pore insertion could rely on ‘disposable‘ fusion proteins with the fusion 

factor being degraded and resynthesized during every cell cycle (Stavru et al., 
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2006a). Alternatively, one could hypothesize that local oligomerization of the 

pore proteins could form a curved complex which would bend the membranes 

inward toward one another (Reynwar et al., 2007).  We were indeed able to 

detect an intermediate that contained oligomers of ELYS, POM121 and 

Nup133, but not FG nucleoporins (Figure 3.5 and 3.6).  

We believe that the ELYS, POM121- and the Nup133-staining 

structures observed in the cold intermediate are much larger than single 

molecules.  The punctate entities are indistinguishable in size from mature 

nuclear pores (Figure 3.5A and 3.5B).  Interestingly, we show that the BAPTA 

pore-free intermediate that has been studied previously (Macaulay and 

Forbes, 1996; Harel et al., 2003a) lacks accessible POM121 and Nup133 

(Figure 3.5C) and thus is an earlier molecular intermediate to the 

intermediates described here. 

When modeling a mechanism by which the pore can assemble in intact 

membranes, it would be logical to propose that a lateral association of 

individual membrane pore proteins within the bilayer would occur first. Our 

results suggest a specific homotypic/heterotypic lateral association of ELYS, 

POM121 and the Nup107-160 complex, represented by Nup133 staining, 

occurs at early stages of nuclear pore formation in the nuclear membranes. 

Indeed, the Nup107-160 complex binds to POM121 in biochemical assays 

(Rasala, et al., submitted).  These proteins could: (1) initiate this lateral 

aggregation, or (2) could be aggregated by an unknown lumenal protein.   

   



                                                                                     
  

120

 
Even though it is thought that nuclear pores develop through membrane 

fusion between the outer and inner membranes in intact nuclei (Macaulay and 

Forbes, 1996; Goldberg et al., 1997; D'Angelo et al., 2006), this membrane 

fusion step has never been biochemically identified nor mapped in its temporal 

order with respect to specific nucleoporin recruitment. We demonstrate here 

that the addition of LPC to the POM121+/Nup133+ cold intermediate prevents 

the recruitment of FG nucleoporins and, strikingly, the formation of a 3 kD 

dextran-competent channel (Figure 3.11 and 3.12). Thus, LPC inhibits nuclear 

pore formation and is concluded to do so through its block of hemifusion 

between the inner and outer nuclear membrane lipid bilayers.  We believe that 

normally fusion to form a membrane channel must precede or be concomitant 

with recruitment of the soluble FG proteins of the pore, forming a complete 

nuclear pore complex.  A model incorporating these findings is shown in 

Figure 3.13.  
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Figures 

 
Figure 3.1. The “stalk-pore” pathway of membrane fusion.  After establishing contact, 
membrane-associated proteins (not shown) move apart to allow local close physical contact 
(A) between the contacting leaflets of two membrane bilayers.  This is followed by a merger of 
the contacting leaflets into a stalk-like hemifusion complex (B).  The hemifusion complex then 
progresses and a lipidic fusion pore opens and expands, which completes the fusion reaction 
(C).   
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Figure 3.2. Cold temperature produces a novel intermediate in NPC assembly.   
(A) The progression of nuclear envelope assembly is slowed down at 15ºC. Nuclear assembly 
reactions containing chromatin, cytosol and membranes were set up at different temperatures. 
Reactions were stopped at the indicated time points and analyzed by confocal microscopy 
after direct immunofluorescence with mAb414 (red). Nuclear membranes were visualized with 
the fluorescent membrane dye DHCC (green) and chromatin was stained with DAPI (blue). 
Scale bars, 10 μm.  (B) A DNA antibody exclusion assay was used to determine the formation 
of closed nuclear envelope (CNE) at indicated times at room temperature (RT) and 15ºC on 
regular and BAPTA-treated nuclei. The formation of CNE was quantified for at least 100 
randomly chosen chromatin substrates in three independent experiments (histogram). Scale 
bars, 10 μm. (C) The percentage of CNE containing FG Nups was plotted using three different 
experiments. Errors bars indicate the standard deviation SD.  

   



                                                                                     
  

123

 
 

 
Figure 3.3. NPC density increases over time at 15°C. Individual NPCs were visualized by 
immunofluorescence with Alexa568-mAb414 on the surface at low magnification and with 8x 
zoom. Pore density for each condition was calculated using three independent experiments as 
described in the Methods and plotted. Error bars indicate SD.  
 
 
 
 
 
 
 

 
Figure 3.4. Closed nuclear envelope (CNE) analysis with an Alexa568-α-DNA antibody. 
An exclusion assay to determine the formation of a completely enclosed nuclear envelope was 
carried out on chromatin incubated with GTPγS-treated, BAPTA-treated or regular extract. 
Nuclei were also permeabilized with TritonX-100, as control. Labeling of chromatin with the 
Alexa568-α-dsDNA indicates that a fully closed NE has not formed; absence of antibody 
indicates that it has formed. Scale bars, 10 μm. Error bars indicate SD.  
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Figure 3.5. The cold intermediate contains punctate POM121 and Nup133.  
(A) Nuclear assembly reactions were stopped at the indicated times at 15ºC and analyzed by 
confocal microscopy after direct immunofluorescence with Alexa568-α-POM121 and 
Alexa488-mAb414.  The merged images (yellow) are at the right. Chromatin was stained with 
DAPI (blue). Scale bars, 10 μm.  Individual NPCs were visualized on the surface of the 
intermediates at high magnification for the 30 min and 60 min nuclei assembled at 15°C. (B) 
The assembly reaction at 15° was also analyzed with Alexa568-α-Nup133 and Alexa488-
mAb414. Scale bars, 10 μm.  (C)  Nuclei assembled in the presence of the pore-inhibitor 
BAPTA do not contain POM121 and Nup133 in their nuclear membranes. 
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Figure 3.6.  A timecourse of ELYS at 15°C.  Nuclear assembly reactions were stopped at 
the indicated times at 15ºC and analyzed by confocal microscopy after direct 
immunofluorescence with Alexa568-α-xELYS (red) and Alexa488-mAb414 (green).  DNA was 
stained with DAPI (blue). The images on the right show the contour traces of the Alexa568-α-
xELYS antibody signals.  Scale bars, 10 μm.   
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Figure 3.7.  The oligomerization of ELYS at the nuclear periphery is dependent on 
membranes.  In the absence of membranes, Alexa568-α-xELYS stains chromatin in a diffuse 
pattern, even when reactions are allowed to proceed for 60 minutes at room temperature (RT, 
top).  In the presence of membranes, the majority of the Alexa568-α-xELYS fluorescent signal 
is localized to the nuclear periphery in punctate dots after only 30 minutes at 15°C.  The insets 
are 200% magnifications of the indicated areas.  The images on the right show the contour 
traces of the Alexa568-α-xELYS antibody signals. 
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Figure 3.8.   The cold intermediate lacks a diffusion channel.   (A) In order to check for the 
presence of diffusion channels through the nuclear envelope, we used a dextran-diffusion 
assay on control nuclei and BAPTA-treated nuclei. The percentage of nuclei showing diffusion 
of Alexa488 10kD dextran was quantified for at least 100 randomly chosen nuclear 
intermediates in three independent experiments (histogram). Errors bars indicate SD. (B) The 
same assay was used to determine the presence of 10kD competent-diffusion channels on a 
closed nuclear envelope at 15 and 30 min at 15°C. (C) The percentage of enclosed nuclei 
showing diffusion of Alexa488-10kD or Alexa488-3kD dextrans was plotted using three 
different experiments. Errors bars indicate the standard deviation SD.  
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Figure 3.9.    A timecourse indicates that the diffusion channel develops late at 15°C, 
coinciding with FG Nup assembly. The diffusion assay was performed at different times on 
nuclei formed at 15°C. Only the nuclei showing closed nuclear envelopes (CNE) according to 
our DNA antibody exclusion assay were analyzed for 3kD-dextran uptake. Scale bars, 10 μm. 
 

   



                                                                                     
  

129

 

 
Figure 3.10. LPC inhibits vesicle-vesicle fusion and nuclear pore assembly at room 
temperature. Nuclear reconstitution reactions were set up at room temperature and 
supplemented at t=0 with buffer (RT, 60min), LPC, or LPC and OA. The formation of nuclear 
membranes was assayed at 1h with DHCC (green). The enlargements are magnified 3x.  FG 
nucleoporins were detected with Alexa568-mAb414 antibody. LPC blocks vesicle-vesicle 
fusion in a manner similar to GTPγS. LPC and OA added together compensate the effects of 
each other on lipid mixing. Fusion was restored and FG nucleoporins incorporated, as shown 
by the nuclear rim staining with Alexa568-mAb414 (LPC/OA). Scale bars, 10 μm. 
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Figure 3.11. The fusion inhibitor LPC blocks diffusion channel formation. Nuclei were 
formed for 30 min at 15°C and the preparation was verified for the absence of diffusion 
channels with Alexa488-10 kD dextran. LPC was added to these nuclei, followed by 
incubation for 90 min, in order to assess the affect of LPC on channel formation.  A block was 
observed.  To confirm that LPC blocks at the lipid-mixing stage in NPC formation, LPC and 
OA were added together to the cold-arrested, followed by incubation for 90 min. The nuclei 
were then assayed for channel formation with Alexa488-10 kD dextran.  Diffusion of Alexa488-
10 kD dextran into the nuclei was now observed. Scale bars, 10 μm. 
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Figure 3.12. The fusion inhibitor LPC prevents FG Nups assembly into the cold 
intermediate.  (A) Nuclei were formed for 30 min at 15°C and the preparation was verified for 
the presence for POM121 with Alexa568-α-POM121 and the absence of FG Nups with 
Alexa488-mAb414. Buffer (-LPC), LPC, or LPC/OA were added to these nuclei, followed by 
incubation for 90 min. (B) The percentage of closed nuclei containing FG Nups, was plotted 
using three different experiments.  Errors bars indicate SD. 
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Figure 3.13. A model for fusion-dependent nuclear pore assembly.  Our data demonstrate 
that nuclear pore assembly is dependent on inner/outer nuclear membrane fusion.  
Furthermore, we show that the opening of a diffusion channel and FG Nup recruitment are late 
events in NPC assembly.  
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CHAPTER 4 

 
Centrin 2 localizes to the vertebrate nuclear pore and plays a role in  

mRNA and protein export 

 

Introduction 

The nuclear pore complex (NPC) is the sole mediator of traffic between 

the nucleus and cytoplasm (3, 15, 16, 27, 39, 66, 134). The vertebrate NPC is a 

massive 125 MDa complex, comprised of ~30 different proteins in multiple copies 

per pore (18, 102). Together these proteins, or nucleoporins, create a structure 

composed of three distinct domains: cytoplasmic filaments, a central scaffold with 

8 large spokes, and a nuclear basket (120). The overall structure of the 

vertebrate NPC exhibits striking similarity to the smaller yeast NPC (129, 140).  

The yeast and vertebrate nucleoporins, despite the fact that their protein 

components have extensive sequence divergence, show much structural and 

functional similarity with few exceptions (18, 84, 103).  One major exception was 

thought to be the integral membrane proteins that anchor the NPC to the nuclear 

envelope.  These were thought to differ completely from yeast to humans (14, 24, 

45, 85). The recent discovery of a vertebrate Ndc1, a homologue for yeast Ndc1, 

now provides a common integral membrane pore protein between the species 

(63, 81, 114).  The second exception was the yeast centrin protein, Cdc31, which 

was designated a nucleoporin based on its presence in highly purified yeast 

nuclear pores (31, 103).  Despite extensive purification of rat nuclear pores (18, 
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84) and the existence of multiple human centrin genes, there has been no 

experimental evidence to date linking centrin to the vertebrate nuclear pore.  

Here we have addressed the unusual finding of centrin in the yeast nuclear pore 

and its absence in the vertebrate pore. 

As a group, centrins are small calcium-binding proteins traditionally 

associated with essential cellular structures responsible for nucleating 

microtubules (105, 136). This nucleation function for centrin is evolutionarily 

conserved from the flagella of algae to the spindle pole body of yeast to their 

vertebrate equivalent, the centrosome (10, 29, 65, 105, 107, 113).  For this 

reason, it was unexpected to find centrin in the yeast nuclear pore (103). 

In humans, three different centrin genes have been identified: human 

centrin 1 (HsCen1), centrin 2 (HsCen2) and centrin 3 (HsCen3) (29, 65, 87).  

HsCen1 and HsCen2 show substantial identity with one another (84%), but only 

54% identity with HsCen3 (87).  HsCen1 is distinct in that it exhibits tissue-

specific expression, being expressed primarily in the testes and retina which 

have flagella and cilia, respectively (48, 137, 138). In contrast, HsCen2 and 

HsCen3 are ubiquitously expressed throughout the body where they have been 

demonstrated to play critical roles in centriole/centrosome duplication and cell 

division (86, 108, 138). 

Despite known localization to the centrosome, however, most human 

centrin 2 is in fact not centrosome-associated, but is present in both the cytosol 

and nucleus, as shown by cell fractionation and immunofluorescence (94).   

Thus, it is highly possible that centrin 2 has further functions, ones outside 
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microtubule nucleation.  At least one other role for centrin 2 has indeed been 

found in higher eukaryotes. In both humans and Arabidopsis, centrin 2 has been 

shown to be a functional part of the Xeroderma Pigmentosum Group C (XPC) 

complex which initiates nucleotide excision repair as a part of a global DNA 

repair pathway (4, 72, 90, 92). In addition, as stated above, the single yeast 

centrin homologue Cdc31 has been identified to be a component of the yeast 

nuclear pore (103). Indeed, Cdc31 has a role in yeast mRNA export, interacting 

with the Sac3-Thp1-Sus1 mRNA export complex.  Most strikingly, Cdc31 mutants 

are severely defective in mRNA export (31). 

Within the vertebrate nuclear pore, a number of nucleoporins have been 

found to be essential for mRNA export.  These include multiple FG 

(phenylalanine-glycine)-containing nucleoporins (Nup358, Nup214, Nup153 and 

Nup98), which interact with the mRNA export cargo as it transits the pore (8, 13, 

34, 43, 52, 98, 112, 127, 133).  In addition, a critical subcomplex of the scaffold 

of the nuclear pore, the Nup107-160 complex, has been implicated in mRNA 

export. Overexpression of a specific fragment of either Nup133 or Nup160, two 

components of the Nup107-160 complex, causes strong defects in mRNA export 

(128).  Similarly, mutations of the yeast homologues of these proteins (S.c. 

Nup133 and S.c. Nup120) were among the first of the yeast nucleoporins to 

show defects in mRNA export (2, 7, 22, 23, 38, 50, 70). 

Globally, a subset of nucleoporins, including the vital Nup107-160 

complex, has also been shown to have mitotic functions.  These nucleoporins 

move to the kinetochore and/or spindle poles during mitosis (5, 11, 12, 25, 56, 
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74, 79, 93, 104, 119, 142).  Focusing specifically on the Nup107-160 complex, 

this large 9-10 member complex, essential for mRNA export, pore assembly, and 

structure, is also absolutely required for correct spindle assembly (93), likely due 

to its mitotic location at the kinetochores and spindle poles (11, 47, 93, 96, 100, 

111, 128, 131).  

 In the present study, we observed an interaction of centrin 2 with the 

vertebrate Nup107-160 complex in both Xenopus and human cells.  Strikingly, 

we found centrin 2 to be strongly enriched at the vertebrate nuclear pore.  

Moreover, misexpression of centrin 2 led to defects in nuclear export.  Our 

results demonstrate that vertebrate centrin 2 not only interacts with the nuclear 

pore, but that this interaction has a role in vertebrate mRNA and protein export. 

 

Materials and Methods 

Antibodies. Two commercial antibodies were used to detect human and 

Xenopus centrin 2.   Centrin Ab A, raised to an undisclosed sequence located 

within aa 50-100 of human centrin 2, crossreacts with human centrin 1 and 2, but 

not centrin 3 (Santa Cruz Biotechnology, Santa Cruz, CA).  Centrin Ab B, raised 

to the C-terminus of human centrin 1 (aa 152-172), similarly crossreacts with 

human centrin 1 and 2, but not centrin 3 (Sigma, St. Louis, MO). Other antibodies 

used include anti-hNup160, anti-xNup160, anti-hNup133 (128), anti-hNup93, 

anti-hNup205 (89), anti-mNup85 (46), anti-hNup43, anti-xNup43, anti-hNup37, 

anti-xNup37 (Orjalo, 2006), mAb414 anti-FG Nups; (Covance, Berkeley, CA), 
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anti-xNup155 (47), anti-mNup53, anti-xNup50 (gift from V. Delmar), and anti-myc 

(Calbiochem/EMD Biosciences, San Diego, CA).  

 

GST Pulldowns. 50 μg of GST or GST-xNup160 C-terminus was crosslinked to 

CNBr beads in PBS (8 g/L NaCl, 0.2 g/L KCl, 0.14 g/L Na2HPO4, 0.24 g/L 

KH2PO4).  The beads were then incubated with 50 μls of Xenopus cytosol plus or 

minus 10 μM RanQ69L-GTP in a final volume of 500 μls of PBS, 50 mM NaF, 50 

mM β-glycerophosphate, 1 mM NaVO4, plus protease inhibitors (P3840 Sigma 

Aldrich, St. Louis, MO) for one hour at room temperature.  The reactions were 

washed three times with PBS, eluted with 0.1 M glycine, pH 2.5, and neutralized 

with 100 mM Tris, pH 7.9.  The eluate was then subjected to LC-tandem mass 

spectrometry (Rasala et al, 2006). 

 

Immunoprecipitation. HeLa cells grown to 80% confluency in 10 cm dishes 

were washed with 1X PBS and lysed at 4°C in 1ml of 50 mM Tris, pH 7.4, 150 

mM NaCl, 1mM EDTA, 1% Triton X-100, 0.25% sodium deoxycholate, 

supplemented with aprotinin and leupeptin (final concentration 10μg/mL) for 30 

min.  Cells lysates were vortexed briefly and spun at 14,840 x g for 10 min.  

Immunoprecipitations were performed by adding 2-5 μg of anti-centrin (Ab A or 

Ab B, where indicated), anti-hNup160, or non-immune rabbit or goat IgG, 

followed by the addition of Protein A (for rabbit IgG) or Protein G (for goat IgG) 

Sepharose beads (Amersham Biosciences, Piscataway, NJ).  Centrin antibody 
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co-immunoprecipitation of myc-tagged proteins was performed as above except 

HeLa cells were transfected 24 hrs prior to lysis with the indicated constructs 

using Lipofectamine (Invitrogen, Carlsbad, CA). 

 

Immunofluorescence.  For indirect immunofluorescence, HeLa cells were 

grown at 37°C in DMEM (Mediatech, Herndon, VA)/10% FCS (Invitrogen, 

Carlsbad, CA). XL177 Xenopus cells were grown in L-15 media (Mediatech, 

Herndon, VA)/15% FCS at room temperature on coverslips for 1-2 days.  Cells 

were washed with 1X PBS and fixed with 2% formaldehyde for 10 min.  Cells 

were then permeabilized with 0.005% digitonin in transport buffer (TB: 20 mM 

HEPES, 110 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA, pH 

7.4) for 5 min at 4°C followed by a 20 min wash in TB, or permeabilized in 0.5% 

Triton X-100 in 1X PBS for 10 min at room temperature.  Cells were blocked 2 

hrs to overnight in PBS containing 2% FCS, 2% BSA, and 0.02% NaN3. Where 

indicated, the fixation step was carried out after permeabilization (Supplemental 

Figure S4.3).  Cells were stained with anti-centrin (Sigma, 1:750, or Santa Cruz 

Biotechnology, 1:100) or anti-lamin B (Santa Cruz Biotechnology) antibodies 

together with mAb414 (Covance) for 1h.  Staining was detected with Alexa Fluor 

568-labeled goat anti-rabbit IgG (for the centrin antibody) or Alexa Fluor 568-

labeled donkey anti-goat IgG (for the lamin B antibody), each with Alexa Fluor 

488-labeled donkey anti-mouse IgG (for mAb414) (Molecular Probes/Invitrogen, 

Carlsbad, CA).  Coverslips were mounted on Vectashield (Vector Laboratories, 

Burlingame, CA) and visualized with an Axiovert 200M microscope (Carl Zeiss, 
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Thornwood, NY) at a magnification of 63X using an oil objective with a 1.3 

numerical aperture at 23°C, with Immersol 518F (Carl Zeiss) as the imaging 

medium.  Images were recorded using a Coolsnap HQ camera (Photometrics, 

Tucson, AZ) and Metavue software (Molecular Devices Corporation, 

Downingtown, PA).  Trace images were produced using the trace contour 

function in Adobe Photoshop. 

 

Nuclear Reconstitution. Cytosolic and membrane vesicle fractions of Xenopus 

egg extracts were prepared as in (99).  The membranes were stored in 10 μl 

aliquots at -80°C, and used as a 20X stock. Nuclei were reconstituted by mixing 

Xenopus egg membrane and cytosolic fractions at a 1:20 ratio with an ATP-

regeneration system and sperm chromatin (80).  For indirect 

immunofluorescence, reconstituted nuclei were formaldehyde fixed, pelleted onto 

poly-L-lysine-coated coverslips (15 min at 750 rpm) and probed with mAb414 

and either of the anti-centrin antibodies described above. Where indicated, 

pelleted nuclei were permeabilized with Triton X-100 (Supplemental Figure S4.3). 

Both centrin antibodies A and B exhibited NPC staining of reconstituted nuclei in 

the absence or presence of Triton X-100 treatment; however, NPC staining was 

more pronounced if Triton X-100 was not used. 

 

Constructs. The C-terminus of Xenopus Nup160 was obtained by PCR from a 

non-full length xNup160 cDNA clone (Primer 1: 

CCCGAATTCCAGCCGGTATCAGGAGCTGTG, Primer 2: 

  
 



148 

TTTCTCGAGTTACGCCCGTAGAGGCTTC) (128).  This fragment, containing 

the last ~297 aa of the Xenopus Nup160 C-terminus, was subcloned into a 

pGEX-4T-1 GST tag vector (GE Healthcare, Piscataway, NJ).  The xNup160 

sequence is homologous to amino acids 1144-1429 of human Nup160.  A full-

length cDNA clone of HsCen2 (Accession No NM_004344.1) was obtained from 

Origene (Rockville, MD). Oligonucleotides were used to amplify either the 

HsCen2 N-terminus (aa 1-98) or the HsCen2 C-terminus (aa 94-172), which 

were subcloned as EcoRI-Kpn1 fragments into a pCDNA3.1 myc-tagging 

transfection vector (Invitrogen, Carlsbad, CA).  For the myc-tag transfection 

experiments, a cDNA of human Nup160 aa 912-1436 was reverse transcribed 

from HeLa total RNA, amplified by PCR, and cloned into the pBluescript vector 

(Stratagene, La Jolla, CA). Nup160 amino acids 1146–1436 from this cDNA 

clone were then subcloned as an XhoI-BamHI fragment into pcDNA 3.1.  

 

RNAi and Transfection. For the RNAi experiments, HeLa cells plated on 

coverslips were transfected for 48–60 h by using 0.84 μg of siRNA duplexes to 

ELYS (target: Exon 28 Silencer Pre-Designed siRNA #108720; Ambion, Austin, 

TX) (60hrs) or Centrin 2 (target: 5′-AAGAGCAAAAGCAGGAGATCC-3) Ambion, 

Austin TX) (48 hrs) (108) and Silencer Negative Control #1 siRNA (Ambion) in 

Oligofectamine (Invitrogen, Carlsbad, CA) as in (101). 

HeLa cells were transfected 24 hrs prior to immunoprecipitation or poly 

[A+] RNA assays with the indicated constructs using Lipofectamine 2000 

(Invitrogen, Carlsbad, CA) (2.5:1, Lipofectamine to DNA).  Where 
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immunofluorescence was performed, successfully transfected cells were 

identified by positive staining for the myc epitope using FITC-labeled anti-myc 

antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Xenopus XL177 cells 

were transfected 48 hrs prior to poly [A+] RNA assays using Lipofectamine at an 

increased ratio (5:1, Lipofectamine to DNA) at room temperature.  XL177 cells 

were changed to fresh L-15 medium four hours following transfection.   

 

Poly [A+] RNA Nuclear Accumulation Assay. Cells were grown on coverslips 

for 1 day, then transfected for ~24 hrs with control plasmids, or plasmids 

encoding Nup160 fragments or HsCen2 fragments in pCDNA3.1 using 

Lipofectamine 2000 (Invitrogen, Carlsbad, CA) (128). For siRNA experiments, 

cells were transfected with the indicated siRNA 48 hrs before performing the poly 

[A+] RNA accumulation assay. Cells were fixed (3% formaldehyde in PBS, 20 

min on ice), permeabilized (0.5% Triton X-100 in PBS), incubated 5 min with PBS 

+1 mM vanadyl ribonucleoside complexes (VRC) and 5 min with 2X SSC+VRC 

(0.3M NaCl, 0.03M sodium citrate, pH 7), then prehybridized with 50% 

formamide, 2X SSC, 1 mg/ml BSA, 1 mM VRC, and 10% dextran sulfate (1hr, 

37°C).  The cells were hybridized with Cy3-oligo[dT]50 (GeneLink, Hawthorne, 

NY) at 100 pg/μl in the same buffer (overnight, 37°), washed three times in 2X 

SSC (37°C, 5 min each), then refixed with 3% formaldehyde in PBS, 20 min on 

ice.  Expression of transfected proteins was detected with FITC-labeled anti-myc 

antibody (1:100, Santa Cruz Biotechnology, Santa Cruz, CA). 
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Nuclear Protein Import and Export. Cells were grown on coverslips for 1 day, 

then cotransfected for ~16 hrs with the pXRGG (Rev-Glucocorticoid-GFP) 

plasmid (44, 75, 128) and either: (1) control plasmid encoding malate 

dehydrogenase, (2) plasmids encoding Nup160 fragments, or (3) HsCen2 

fragments in pCDNA3.1, using Lipofectamine 2000 (Invitrogen, Carlsbad, CA).  

All of the latter plasmids were myc-tagged. For siRNA experiments, cells were 

transfected with RGG and the indicated siRNA 48 hrs before performing the 

import/export assay. After transfection, the cells were treated with 

dexamethasone (final concentration 1μM) (Sigma Aldrich, St. Louis, MO) for 60 

min to induce RGG import. In parallel, an identical set of transfected cells were 

treated with dexamethasone for 60 min to induce RGG import, washed, then 

incubated with media lacking dexamethasone (2 hr, 37°C) to promote RGG 

export.  Cells were fixed (3% formaldehyde in PBS, 15 min on ice), 

permeabilized (0.5% Triton X-100 in PBS, 10 min), and blocked (5% FBS in PBS, 

10 min). The transfected expressed proteins were detected with TRITC-labeled 

anti-myc antibody (1:100, Santa Cruz Biotechnology, Santa Cruz, CA) or in the 

case of RGG, by its GFP moiety.  

 

Results 

Centrin 2 interacts with the Nup107-160 complex.   

Many of the vertebrate nucleoporins exhibit low homology to their yeast 

counterparts (≤25%).  Despite this, the vertebrate Nups are found in 

subcomplexes akin to the subcomplexes derived from the yeast nuclear pore.  

  
 



151 

The yeast homologue of the Nup107-160 complex, the Nup84 complex, exhibits 

a Y-shaped structure as determined by electron microscopy and in vivo 

reconstitution (77, 78, 110).  Fluorescence resonance energy transfer or FRET 

experiments between Nup120 (the yeast homologue of Nup160) and an adjacent 

central component of the Nup84 complex suggest that the C-terminus of Nup120 

faces away from the center of the Y and is thus free to interact with other proteins 

outside of the Y-shaped complex (21). In vertebrates, its homologue Nup160 is 

~300 amino acids longer than yeast Nup120, thus increasing the extension of 

this protein away from the core of the Nup107-160 complex (128).  

 Higher metazoan nuclear pores experience unique situations that yeast 

nuclear pores do not, such as mitotic nuclear pore disassembly and subsequent 

reassembly.  Thus, for multiple reasons, we sought to identify novel protein 

binding partners for the C-terminus of vertebrate Nup160.  We used Xenopus 

egg extracts as a source for cellular proteins (46, 88).  Xenopus Nup160 C-

terminal fragment pulldowns were performed in the presence or absence of 10 

μM RanQ69L-GTP. Pulldowns with GST alone served as negative controls.  The 

proteins bound were identified by mass spectrometry.  

One intriguing candidate found to bind to the GST-xNup160 C-terminus 

was Xenopus laevis centrin.   Six full-length Xenopus centrin protein sequence 

isolates are present in the Entrez protein database at this time.  Four contain the 

three peptides identified by our mass spectrometry screen and are either 

identical to one another or contain three amino acid differences. These four 

sequences are designated in the database as Xenopus centrin 2 or, more 
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generically, centrin. The fifth and sixth sequences are clear Xenopus 

homologues of centrin 3, as they share only 58% identity to the sequences 

above, but 88% identity with human centrin 3. No Xenopus centrin 1 has yet 

been identified. 

We thus believe that the interacting protein that we have found is Xenopus 

centrin 2.  It has 85% identity to human centrin 2, an ubiquitously expressed 

centrin, versus 81% identity to human centrin 1, the testes/retina-specific centrin.  

While human centrin 1 and 2 are similar, in the sequence locations where they 

differ Xenopus centrin more closely resembles human centrin 2 than centrin 1 

(14 vs. 6 identities, Supplemental Figure S4.1).  In consequence, we conclude 

that this interacting protein is Xenopus centrin 2.   

To analyze the Xenopus centrin 2 interaction with Nup160 further, two 

commercially prepared antibodies to human centrin proved to be of value (Figure 

4.1A).  Centrin antibody A, raised to an internal region of human centrin 2, is 

known to recognize human centrin 1 and 2, but not centrin 3 (Figure 4.1A, Santa 

Cruz Biotechnology).  Similarly, centrin antibody B, raised to the C-terminus of 

human centrin 1, recognizes both human centrin 1 and 2, but not centrin 3 

(Figure 4.1A, Sigma Aldrich).  In HeLa cells, centrin 2 is the only protein that 

should be recognized by each of these antibodies, as the testis/retinal-specific 

centrin 1 protein should not be present (138).  Both antibodies detected a protein 

of the appropriate size in human HeLa cell lysates (Figure 4.1B, lanes 6 and 7).   

These anti-centrin antibodies also recognized an identically sized protein of 20 
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kDa on immunoblots of Xenopus egg cytosol and lysates of Xenopus XL177 

cultured cells (Figure 4.1B, lanes 1-4). 

To confirm the mass spectrometry interaction between the C-terminus of 

xNup160 and centrin 2, we again performed a GST-xNup160 C-terminal 

pulldown from Xenopus egg cytosol and probed with centrin antibody B (Figure 

4.1C).  A centrin band was indeed observed in the Nup160 C-terminal pulldown 

(white arrow, lanes 3 and 5, Figure 4.1C), but not in control GST pulldowns 

(lanes 2 and 4, Figure 4.1C).  

We next looked for evidence that centrin 2 interacts with the full Nup107-

160 complex.  Centrin antibody B was used to immunoprecipitate Xenopus 

centrin 2 from interphase egg cytosol (white arrow, Figure 4.2A, lane 2).  

Importantly, this centrin antibody B also co-immunoprecipitated all tested 

members of the Nup107-160 complex, including Nup160, Nup133, Nup85, and 

Nup43 (black arrows, Figure 4.2A, lane 2).   Similar results were observed with 

centrin antibody A (data not shown).  However, Nup93, which is not a member of 

the Nup107-160 complex (40), did not co-immunoprecipitate significantly with 

either centrin antibody (Figure 4.2A, lane 2, and data not shown) 

A Nup107-160 complex interaction with centrin 2 was also observed in 

human cells.  Of the anti-centrin antibodies, centrin antibody A proved the most 

efficient at immunoprecipitation of centrin 2 from HeLa cell lysates prepared by 

Triton X-100/deoxycholate lysis (white arrow, Figure 4.2B, lane 2).  When 

analyzed, this antibody consistently co-immunoprecipitated all tested members of 

the human Nup107-160 complex (black arrows, Figure 4.2B, lane 2).   
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Importantly, antibody to Nup160 reciprocally co-immunoprecipitated 

centrin 2 from HeLa cells (white arrow, Figure 4.2C, lane 2).  Nup93 and several 

other nucleoporins not in the Nup107-160 subcomplex, such as Nup205, 

Nup155, Nup53, and Nup50, were not co-immunoprecipitated by the centrin 

antibody (Figure 4.2B and Supplemental Figure S4.2), although the FG proteins 

Nup358, Nup214, and Nup62 were sometimes observed in small amounts (data 

not shown).  Thus, centrin 2 and the Nup107-160 complex show a specific 

interaction. 

 

Testing other nucleoporins involved in mRNA export.   

Mass spectrometry of the Xenopus proteins pulled down by the GST-

xNup160 C-terminus also revealed Nup153 (data not shown), a known Nup107-

160 complex interacting partner that plays an important role in mRNA export (8, 

91, 112, 127, 128). We therefore asked whether centrin 2 interacts with Nup153 

or other nucleoporins involved in mRNA export. Centrin antibody A did indeed 

co-immunoprecipitate Nup153 from HeLa cell and Xenopus egg extracts (black 

arrow, Figure 4.2D, lane 2, and data not shown).  However, Nup98, also involved 

in mRNA export, did not co-immunoprecipitate with the centrin antibody (Figure 

4.2D, lane 2).  In summary, we have identified interactions between centrin 2 and 

specific nucleoporins involved in mRNA export, i.e., the Nup107-160 complex 

and Nup153.   
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Centrin 2 is found at the nuclear pores of Xenopus reconstituted nuclei and 

cultured cells.   

The interaction between Xenopus centrin 2 and specific nucleoporins 

suggested that centrin 2 could be located at the nuclear pore as previously seen 

in yeast (103).  However, our previous finding of the Nup107-160 complex at the 

spindle poles (93) made it equally possible that the centrin-Nup107-160 

interaction could in fact be occuring at the spindle pole, and not at the nuclear 

pore.  To address this, immunofluorescence was performed on nuclei assembled 

in vitro in Xenopus interphase egg extracts (30, 46, 73, 109, 126, 141).  This 

system provides a powerful tool by which robust assembly of functional nuclei 

occurs around chromatin templates in vitro.  Using immunofluorescence with 

both centrin antibody A and B, we found that Xenopus centrin 2 was indeed 

localized at the nuclear rim, as well as to a lesser extent the nuclear interior 

(Figure 4.3A).  Moreover, the centrin 2 at the nuclear rim was observed in a 

punctate pattern that closely co-localized with that of FG nucleoporins (Figure 

4.3A, 5X magnification).  

When immunofluorescence was performed on XL177 Xenopus cultured 

cells, centrin antibody A and B again consistently gave a nuclear pore stain 

(Figure 4.3B and data not shown).  Centrin 2 was also observed in the cytoplasm 

of XL177 cells, consistent with the previous finding (94) that the majority of 

centrin 2 in animal cells is not associated with the centrosome, but is cytoplasmic 

and nuclear. A specific centrosomal stain was not seen, likely because the 
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cytoplasmic stain obscures it.  Taken together, the above results demonstrate 

that Xenopus centrin 2 is clearly present at the nuclear pore. 

 

Centrin 2 is at the nuclear pores of human cells.   

In human and mouse cells, vertebrate centrin has long been observed at 

the centrosome, when either immunofluorescence or GFP-tagging was used (19, 

29, 49, 51, 65, 76, 86, 87, 105, 108, 135). In prior studies where centrin 2 was 

identified visually as being primarily at the centrosome with no NPC localization, 

the human cells were either methanol fixed or formaldehyde fixed and then Triton 

X-100 permeabilized (29, 62, 94, 108).  When we fixed human HeLa cells with 

formaldehyde, followed by permeabilization with Triton X-100 and performed 

immunofluorescence with centrin antibody A in the traditional manner, we saw no 

centrin staining of any sort (data not shown).  Notably, even yeast cdc31 could 

not be visualized at the NPC by immunofluorescence (31).  When we performed 

formaldehyde fixation and permeabilization with Triton X-100 and used centrin 

antibody B on HeLa cells, we saw distinct centrosomal staining and little other 

stain (white arrow, Figure 4.4A), as previously observed by others.    

However, if HeLa cells were permeabilized with the more mild detergent 

digitonin and immunofluorescence was performed with anti-centrin antibody A or 

B, we observed centrin 2 in a punctate stain at the nuclear rim (Figure 4.4B and 

Supplemental Figure S4.3B).  This stain was seen to co-localize with that of the 

FG nucleoporins.  Nuclear pore staining was observed whether formaldehyde 

fixation preceded (Figure 4.4B) or followed (Supplemental Figure 4.3B) digitonin 
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permeabilization of the HeLa cells.  Some nuclear and cytoplasmic centrin 2 was 

additionally observed, but the nuclear pore stain was prominent.  

In summary, we find that centrin 2 is observed primarily at the centrosome 

in Triton-X100-permeabilized human cells, in accordance with previous 

immunofluorescence studies.  However, milder digitonin treatment conditions 

after fixation reveals that centrin 2 is clearly located in a punctate pattern at the 

nuclear rim in human cells, co-localizing with FG nucleoporins.  

 

Centrin 2 staining is disrupted by the loss of nuclear pores.   

To further test the nuclear pore localization of centrin 2, we disrupted 

nuclear pores in HeLa cells using RNAi.  It has been shown by us and others that 

RNAi of the critical nuclear pore assembly protein, ELYS/MEL-28, leads to a 

dramatic loss of nuclear pores at the nuclear envelope in human cells and, 

instead, promotes the formation of annulate lamellae, cytoplasmic stacks of 

membranes with pore complexes that contain virtually all nucleoporins tested 

(17, 20, 36, 101). Furthermore, ELYS RNAi in HeLa cells was previously shown 

by us to leave the nuclear membranes and Ran gradient unaltered (101).  

We examined the effect of ELYS/MEL-28 RNAi on human centrin 2.  

ELYS/MEL-28 RNAi of HeLa cells led to a dramatic loss of FG nucleoporins at 

the nuclear rim and a concomitant increase in large cytoplasmic aggregates 

containing FG nucleoporins, near but not part of the nuclear rim (ELYS RNAi, 

green panel, Figure 4.5A).  Neither of these changes was observed with a control 

RNAi oligo (Figure 4.5A, compare green panels).  Strikingly, RNAi depletion of 
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ELYS/MEL-28 led to a decrease in the centrin 2 punctate nuclear rim stain, as 

compared to that of the control cells (Figure 4.5A, compare red panels).  

Disruption of the nuclear pores caused centrin 2 protein to aggregate in the 

cytoplasm in locations often coincident with FG nucleoporins (Merge, Figure 

4.5A; see also 5X Trace).  As these FG nucleoporin-containing aggregates have 

previously been characterized by electron microscopy to be annulate lamellae, 

i.e., stacks of cytoplasmic pores (36), our data support the finding that centrin 2 is 

associated with the pore both in nuclear pores and in cytoplasmic annulate 

lamellae pores.   

It should be noted that in some ELYS/MEL-28 RNAi depleted cells, a 

population of centrin 2 also accumulated in the nucleus (Figure 4.5A); these 

nuclear aggregates did not overlap with FG nucleoporins.  As expected, 

ELYS/MEL-28 RNAi did not disrupt the nuclear envelope overall (101), as lamin 

B staining remained unchanged (Figure 4.5B, red panels).  

We conclude that disruption of the nuclear pores reduces centrin 2 nuclear 

pore staining and causes localization of a population of centrin 2 to the FG 

nucleoporin-containing cytoplasmic aggregates presumed to be annulate 

lamellae.  Thus, the RNAi result is entirely consistent with the localization of 

centrin 2 at nuclear pores. 

 

Centrin 2 is involved in vertebrate mRNA export.   

The localization of centrin 2 at the vertebrate nuclear pore suggested that 

it might have a functional role at the pore.  Vertebrate Nup160 has previously 
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been shown to play a role in mRNA export: transfection of a fragment of Nup160, 

specifically aa 317-697, into HeLa cells had a dominant negative effect on mRNA 

export, resulting in nuclear poly [A]+ RNA accumulation (128).  One possibility is 

that this fragment of Nup160 might, when overexpressed, sequester centrin 

away.  Thus, we pursued a two-fold strategy to determine whether centrin 2 plays 

a role in mRNA export. 

  We first asked which domains of human Nup160 are involved in the 

interaction with centrin 2.  HeLa cells were transfected either with specific myc-

tagged fragments of the Nup160 gene or with a full-length malate dehydrogenase 

gene as a control. After transfection, the cells were lysed and subjected to 

immunoprecipitation with centrin antibody A.  Both the myc-tagged C-terminus of 

Nup160 (aa 912-1436) and the internal fragment of Nup160 (aa 317-697) co-

immunoprecipitated with centrin 2 (black arrows, Figure 4.6A, lane 2).  The 

Nup160 fragments may bind directly to centrin 2 or indirectly via a secondary 

protein.  The negative control protein malate dehydrogenase did not 

immunoprecipitate with centrin 2 (white arrow, Figure 4.6A, lane 2).  We 

conclude that centrin 2 biochemically interacts with at least two regions of human 

Nup160, and that the C-terminal region of Nup160 appears to be involved in the 

stronger interaction of the two, as shown by its distinct enrichment (Figure 4.6A). 

We asked whether overexpression of the strong centrin-interacting 

Nup160 C-terminus (aa 912-1436) had an effect on mRNA export.  Plasmids 

containing the two different myc-tagged Nup160 fragments or malate 

dehydrogenase were transfected into HeLa cells for 24 hours and poly [A]+ RNA 
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localization monitored by hybridization with Cy3-oligo-[dT]50.  Successfully 

transfected cells were identified with FITC-labeled anti-myc antibody.  The 

location of poly [A]+ RNA in the cells was determined in 500 transfected myc+ 

cells per experiment and the experiment was done in triplicate.  Quantitation of 

the results indicated that transfection of human cells with the negative control 

malate dehydrogenase gene inhibited mRNA export in only 2% of the myc+ 

transfected cells (Figure 4.6B).  Expression of Nup160 aa 317-697, previously 

shown to inhibit mRNA export, led to nuclear accumulation of poly [A]+ RNA, as 

expected, in 30% of the myc-positive transfected cells (Figure 4.6B).  Expression 

of the strong centrin-binding C-terminus of Nup160 (aa 912-1436) had an even 

greater effect, inhibiting mRNA export in nearly 50% of the transfected cells 

(Figure 4.6B).   Sample images of transfected human cells inhibited for mRNA 

export by the Nup160 fragments are shown in Figure 4.6C (red: poly [A]+ RNA; 

green: myc transfection).   

Transfection of Xenopus cultured cells, as opposed to human cell 

transfection, has historically proven difficult.  Conditions that allowed transfection 

of our myc-tagged constructs into XL177 cells were worked out (see Materials 

and Methods).  Transfection of each of the human Nup160 fragments into 

Xenopus XL177 cells led to nuclear accumulation of poly [A]+ RNA (Figure 4.6D).  

However, due to the low overall transfection efficiency of the XL177 cells, we 

were unable to precisely quantify and graph this effect. We conclude, however, 

from the human and Xenopus transfection results that domains of Nup160 that 

interact with centrin 2 elicit a dominant negative effect on mRNA export.   
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Approaching the role of centrin 2 in mRNA export more directly, we asked 

whether transfection of fragments of the human centrin 2 gene would have an 

effect on poly [A]+ RNA export.  Centrin 2 protein has been shown by X-ray 

crystallography to have a dumbbell-shaped structure consisting of two domains, 

an N-terminal half containing two Ca2+ binding EF-hand motifs and a C-terminal 

half also containing two Ca2+ binding EF-hand motifs, with the individual halves 

separated by a helical linker (124).  We created separate myc-tagged constructs, 

an HsCen2 N-terminal half (aa 1-98) and an HsCen2 C-terminal half (aa 94-172), 

based on the published structures of these domains (83, 139).  We found that 

expression of either half of human centrin 2 led to nuclear poly [A]+ RNA 

accumulation in ~20-25% of the transfected cells (Figure 4.7A).  In contrast, 

transfection of either of two myc-tagged negative control genes, malate 

dehydrogenase (data not shown) or pyruvate kinase (PK-Myc, Figure 4.7A), 

inhibited export in only 5% of transfected cells.   The majority of cells transfected 

with the control constructs showed a largely cytoplasmic stain, indicating that 

mRNA had been exported. Sample images of centrin 2-transfected cells with 

inhibition of mRNA export are shown in Figure 4.7B (red: poly [A]+ RNA; green: 

myc transfected). We conclude that the overexpression of either the N- or C-

terminal half of human centrin 2 inhibits vertebrate mRNA export in a dominant 

negative manner. 

We also determined the effect of centrin 2 depletion on mRNA export by 

using a specific siRNA oligo known to knock down centrin 2 (108) (Supplemental 

Figure S4.4A-C).  Because centrin 2 RNAi is known to disrupt centriole 
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duplication and lead to mitotic defects, we were only able to look for potential 

effects of centrin 2 knockdown on mRNA export in those cells which were not 

arrested in mitosis (without nuclei) or were multinucleate (as a result of 

inaccurate exit from mitosis).  This made approximately half the transfected cells 

available for poly [A]+ RNA assessment.  Centrin 2 RNAi depletion led to poly 

[A]+ RNA accumulation in ~20% of this group of cells.  We thus conclude that 

overexpression of either the N- or C-terminal half of human centrin 2, as well as 

depletion of the centrin 2 protein via RNAi, inhibits vertebrate mRNA export.   

 

Dominant negative fragments of centrin 2 block protein export, but not 

import.   

Nuclear protein import and export can be measured with an NES/NLS-

bearing protein construct, RGG, which contains the HIV protein REV with its 

NES, the ligand binding domain of the glucocorticoid receptor which contains a 

hormone-dependent NLS, and GFP (44, 75).  When transfected alone, the RGG 

protein is cytoplasmic until the introduction of dexamethasone, which induces its 

import into the nucleus (Figure 4.8A).  Upon removal of dexamethasone the RGG 

construct protein is exported, which is presumed to occur through the Crm1 

export receptor. Co-transfection of the RGG construct with a control malate 

dehydrogenase gene had no effect on either RGG protein import or export 

(Figure 4.8B-E).  Co-transfection of RGG with either Nup160 aa 317-697 or the 

Nup160 C-terminus (aa 912-1436) also had no effect on nuclear RGG protein 

import or export induced by dexamethasone (Figure 4.8B-E).  Interestlingly, 
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siRNA depletion of centrin 2 had no effect on RGG protein import, but led to a 

block in RGG export, disrupting RGG protein export in 23-32% of depleted cells 

without mitotic defects (Supplemental Figure S4.4D-F).  Similarly, each half of 

centrin 2 showed no effect on RGG protein import (Figure 4.8B and D).  

However, both centrin fragments exhibited a dominant negative effect on RGG 

protein export (Figure 4.8C and E). Specifically, expression of either the N or C-

terminus of human centrin 2 led a block in RGG protein export in ~20-30% of the 

transfected cells (Figure 4.8E).  Strikingly, this effect on RGG protein export 

appears to mirror exactly the effect of the centrin halves on mRNA export (Figure 

4.7A).  In this context, it is significant to the consideration of mechanism of action 

to note that Rev NES protein export uses the receptor Crm-1, while mRNA export 

employs a different set of transport factors which include Tap1/Mex67 and 

associated proteins (6, 28, 33, 35, 54, 57, 68, 69, 117, 118).  Thus, while 

overexpression of fragments of Nup160 only affect mRNA export (Figures 4.6 

and 4.8) (128), our results support that centrin 2 acts on both protein and mRNA 

export pathways. 

 

Discussion 

A new role for vertebrate centrin at the nuclear pore has been identified in 

this study.  Despite being observed to be a structural component of the yeast 

nuclear pore in 2000 (103) with a functional role later revealed (31), the 

intervening years have never shown a hint that centrin has any connection to the 

vertebrate nuclear pore, either structurally or functionally.  We have now 
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observed interaction between vertebrate centrin 2 and the critical Nup107-160 

complex of the nuclear pore from Xenopus to human cells (Figures 4.1 and 4.2).  

Indeed, although previously visualized to be a centrosomal protein by 

immunofluorescence, we have found that centrin 2 co-localizes extensively with 

nuclear pores in human and Xenopus cultured cells, as well as with the pores of 

nuclei reconstituted in vitro in Xenopus egg extracts (Figures 4.3 and 4.4).  

Although readily apparent at the NPCs of Xenopus cells and in vitro reconstituted 

nuclei, substitution of digitonin for Triton X-100 is required to observe NPC 

association in HeLa cells.  Disruption of the nuclear pore targeting/assembly 

protein ELYS/MEL-28 by RNAi, known to lead to a loss of nuclear pores, causes 

a dramatic decrease in centrin 2 at the nuclear pore under conditions where the 

nuclear lamina remains unaltered (Figure 4.5).   Instead, in ELYS RNAi-treated 

cells centrin 2 relocates to FG nucleoporin-containing cytoplasmic aggregates 

(annulate lamellae), demonstrating that centrin 2 interacts with both nuclear and 

cytoplasmic pore complexes (Figure 4.5).  We additionally identify a functional 

role for centrin 2 at the nuclear pore.  Overexpression of either the N-terminal or 

C-terminal Ca2+ binding EF hand domains of human centrin 2 leads to the 

nuclear accumulation of poly [A]+ RNA, consistent with a disruption of mRNA 

export (Figure 4.7).  This mRNA export defect mirrors the nuclear poly [A]+ RNA 

accumulation caused by overexpression of Nup160 fragments, which are either 

direct or indirect binding sites for centrin 2 (Figure 4.6), and also mirrors the 

Cdc31 defect observed in yeast (31).  In addition, overexpression of either half of 

human centrin 2 has a dominant negative effect on RGG protein export, but not 
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its import (Figure 4.8). Depletion of centrin 2 by RNAi causes similar disruptions 

of both mRNA and protein export (Supplemental Figure S4.4). We conclude that 

centrin 2 interacts with a major subunit of the nuclear pore, exhibits a nuclear 

pore localization, and has a functional role in mRNA and protein export.  

Centrins have long been associated structurally with the centrosome 

(105).  Traditional immunofluorescence on human cells using methanol or 

formaldehyde/Triton X-100 has previously revealed centrin 2 to be localized at 

the centrosome (29, 94, 108).  RNAi experiments demonstrated that centrin 2 is 

required for centriole duplication (108).  Moreover, a physical interaction between 

centrin 2 and the centrosomal protein Sfi-1, observed both in yeast and humans, 

plays a key role in the regulation of centrosome structure and centriole 

duplication (59, 71, 82, 106). It is thus clear that centrins are an essential 

component of the vertebrate centrosome and yeast spindle pole body. A single 

higher eukaryotic, non-centrosomal nuclear function for centrin 2 was previously 

observed in the XPC nucleotide excision repair complex, as described in the 

Introduction (4, 72, 90, 92). 

Our identification of vertebrate centrin 2 as a novel binding partner for the 

Nup107-160 complex in immunoprecipitations originally suggested a possible 

mitotic, centrosome-related role for the interaction.  Indeed, the Nup107-160 

complex moves to the kinetochores and spindle poles at mitosis (11, 25, 74, 93, 

142) and we previously demonstrated that it is required for correct bipolar spindle 

assembly: immunodepletion of the Nup107-160 complex from Xenopus mitotic 

extracts results in severely defective spindle assembly in vitro (93).   
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Our finding, however, that centrin 2, is present at the nuclear pore in 

interphase and is involved in mRNA and protein export now shows that centrin 2 

has another important novel interphase function in vertebrates.  This conclusion 

brings an unexpected, but remarkable symmetry to the studies of yeast and 

vertebrate centrin.  The single centrin of S. cerevisiae, Cdc31, is an essential 

component of the yeast centrosome equivalent, the spindle pole body, and an 

established member of the yeast nuclear pore complex (31, 53, 103, 113).  

Indeed, a functional role for yeast Cdc31 in mRNA export was identified; 

expression of a mutant Cdc31 allele (Cdc31-151) or absence of Cdc31 

expression leads to nuclear accumulation of poly [A]+ RNA (31).  Here, we find 

that overexpression of either half of human centrin 2 has a dominant negative 

effect on mRNA export, both in human and Xenopus cultured cells (Figure 4.7). 

Moreover, centrin 2 affects Crm-1 mediated protein export, but not at least one 

major type of protein import (Figure 4.8).  Thus, our data indicates for the first 

time that vertebrate centrin 2 is at the nuclear pore and plays a role in mRNA and 

nuclear protein export during interphase. The recent discovery of dynein at the 

yeast nuclear pore now presents a new and interesting difference between the 

yeast and vertebrate nuclear pore (115). 

In yeast, the function of Cdc31 in mRNA export appears to be mediated 

through interaction with an mRNA export complex, the yeast Sac3-Thp1-Sus1 

complex (31, 130).  Specifically, Cdc31 interacts with yeast Sac3p, a 150 kDa 

protein (9, 31).  Vertebrate centrin 2 might also possibly bind and/or function 

through an as yet undiscovered vertebrate Sac3-Thp1-Sus1 complex.   
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Three vertebrate homologues of Sac3 have been identified, GANP, 

MCM3AP and Shd1 (1, 58). GANP (B-cell germinal center-associated protein) 

and MCM3AP (MCM3 associated protein) are derived from the same gene by 

alternative splicing (1).  GANP is 210 kDa; 60 kDa of which has 23% homology 

with a region of yeast Sac3 (aa 129-803).  This region of yeast Sac3 contains its 

centrin-interaction domain (1, 60, 61).  GANP also has several N-terminal 

degenerate FG motifs (32), a motif found almost exclusively in nucleoporins. 

However, the large GANP protein and its smaller alternatively spliced C-terminal 

isoform, MCM3AP, contain other non-Sac3 domains, including a GCN5-related 

N-acetyltransferase domain and a DNA primase activity, both required for their 

function in DNA replication (60, 61, 121-123). 

The third vertebrate relative of Sac3p, SHD1 (Sac3 homology domain 

protein 1), is a third the size of yeast Sac3p and lacks the yeast centrin-

interaction domain (58).  However, SHD1 localizes to centrosomes and RNAi of 

SHD1 causes abnormalities in centrosome duplication and spindle formation 

(58). Thus, while both Shd1 and GANP/MCM3AP contain similarities to yeast 

Sac3, they contain unrelated additional domains.  We cannot rule in or out a role 

for these proteins at the nuclear pore in mRNA export.  As yet, however, they 

have no direct connection to vertebrate centrins. 

Our work identifies interactions between centrin 2 and several major 

nucleoporins involved in mRNA export.  In addition to the Nup107-160 complex, 

we observed centrin 2 interacting with the FG nucleoporin Nup153 (Figure 4.2). 

Interestingly, yeast Sac3 is known to bind to the yeast FG nucleoporin Nup1, a 
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distant homologue of Nup153 (31, 32, 55, 67).  Our observed interaction of 

vertebrate centrin 2 with Nup153 may be direct or indirect and involve a 

vertebrate Sac3 equivalent, such as Shd1.  Alternatively, the interaction between 

vertebrate centrin 2 and Nup153 may use the Nup107-Nup160 complex as an 

intermediary, since we have shown this complex binds both centrin 2 and 

Nup153 (Figure 4.2) (128, 132). 

Structurally, the major domains of centrins are comprised of Ca2+-binding 

EF hand motifs.  It has been observed that mutations that specifically affect the 

calcium-binding of yeast Cdc31 cause nuclear accumulation of poly (A)+ RNA 

(31). Other actions of centrins are also altered by calcium.  The affinity of Cdc31 

for its spindle pole body partner Kar1 increases 10-fold with calcium, which 

affects its role in spindle pole body duplication (37).  The affinity of human centrin 

2 for XPC similarly increases 28-fold in the presence of calcium, although, how 

this affects XPC activity has not yet been determined (92, 97).  

Calcium has been separately implicated as a possible regulator of the 

nuclear pore in a handful of studies [see (26, 125) and references therein].  For 

example, atomic force microscopy observes structural changes in the pore with 

calcium addition, described as a calcium-induced, iris-like opening of the nuclear 

basket ring, the first pore structure encountered by proteins and mRNAs before 

export (116).  Specific changes in nucleoporin localization include the FG domain 

of Nup153, which changes its position within the pore with the addition of 2 mM 

Ca2+ (95), a Ca2+ change comparable to typical calcium flux from the ER. 
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Calcium changes have been observed to influence not only pore structure, 

but pore function.  Thapsigargin, which depletes the ER calcium stores, is seen 

to disrupt passive diffusion and nuclear transport through the vertebrate NPC in 

living cells (41, 64). Because the integral membrane pore protein, gp210, 

contains lumenal calcium-binding motifs, and expression of an antibody to this 

portion of gp210 within the ER lumen inhibits both passive diffusion and signal-

mediated transport, one hypothesis has been that gp210 could be a calcium 

sensor that triggers such conformational NPC changes (26, 42).  However, our 

identification of centrin 2 at the vertebrate nuclear pore introduces a potential 

more centrally located calcium sensor for the NPC, one that is not lumenal.  

In summary, we conclude that a population of vertebrate centrin 2 

interacts with nuclear pore subcomplexes, localizes to the nuclear pore, and 

plays a role in mRNA and protein export.  Thus, we have identified a new and 

distinct interphase function for vertebrate centrin 2.  Possible interaction of 

centrin 2 in an mRNA export complex, such as the yeast Sac3-Thp1-Sus1-Cdc31 

complex, which is as yet undiscovered in vertebrates, may be of future interest.  

In addition, the ability of centrin 2 to bind calcium provides interesting potential 

roles for this protein as a regulatory or structural component of the nuclear pore. 
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Figures 

 
 

 

Figure 4.1. Scheme of proteins and antibodies used. 
 (A) Xenopus centrin 2 and human centrin 2 both consist of 172 amino acids and share 85% 
identity. Two antibodies were used to recognize both human and Xenopus centrin 2 in this study. 
Centrin antibody A (Ab A) recognizes a region between residues 50-100 of human centrin 2; 
Xenopus centrin 2 shares 80% identity with human centrin 2 in this domain. Centrin antibody B 
(Ab B) was raised to C-terminal residues 152-172 of human centrin 1, which because of high 
homology also recognizes human centrin 2.  Xenopus centrin 2 differs from human centrin 1 at 
only one position from aa 152-172.  (B) Both anti-centrin antibodies recognize an apparent single 
band in Xenopus egg extract (lanes 1 and 2), Xenopus XL177 cell lysate (lanes 3 and 4), and 
HeLa cells (lanes 6 and 7).  Control IgG did not recognize this band (lane 5). Hatch marks on the 
left indicate the molecular weight markers (From top: 150, 100, 75, 50, 37, 25, 20, 15 kDa). (C) 
The GST-tagged C-terminus of xNup160 interacts with Xenopus centrin 2, as well as members of 
the Nup107-160 complex in the presence or absence of RanQ69L-GTP (black arrow, lanes 3 and 
5).  Certain nucleoporins interact only when excess RanGTP is added, presumably due to 
removal of endogenous importin β, a negative inhibitor of interaction. We observed no effect of 
RanQ69L-GTP addition here, other than removal of peripheral importin β.  GST alone was used 
as a negative control (lanes 2 and 4). ‘Cyt’ indicates a fraction of input Xenopus egg cytosolic 
extract (lane 1). 
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Figure 4.2. Centrin 2 antibody co-immunoprecipitates nucleoporins involved in mRNA 
export from human cells and Xenopus egg extracts. 
(A) Anti-centrin antibody B (Ab B) immunoprecipitates Xenopus centrin 2 (white arrow), along with 
members of the Nup107-160 complex, such as Nup160, Nup133, Nup85 and Nup43 (black 
arrows; lane 2) from Xenopus egg extract.  Nup37 was also occasionally immunoprecipitated by 
centrin 2 antibody B (data not shown). Centrin antibody B did not immunoprecipitate the non-
Nup107-160 complex member, Nup93 (lane 2).  Immunoprecipitation with rabbit IgG was used as 
a negative control (lane 3). ‘Cyt’ indicates a fraction of input Xenopus egg cytosolic extract. 
Centrin antibody A also co-immunoprecipitated both centrin 2 and Nup160 (data not shown). 
Because of its superior efficiency, centrin antibody B was used for the majority of subsequent 
Xenopus centrin 2 immunoprecipitation experiments. (B) Anti-centrin antibody A (Ab A) 
immunoprecipitates human centrin 2 (white arrow), and all tested members of the Nup107-160 
complex (Nup160, Nup133, Nup85, Nup43 and Nup37; black arrows) from HeLa cells, but does 
not immunoprecipitate the non-complex member Nup93 (lane 2).   Immunoprecipitation with goat 
IgG (lane 3) was used as a negative control.  ‘Lys’ indicates a fraction of the input HeLa cell 
lysate (B-D).  Centrin antibody B also co-immunoprecipitated both centrin 2 and Nup160 (data not 
shown); however, because of the superior levels of human centrin 2 immunoprecipitated by 
centrin antibody A, we used this antibody for the majority of HeLa immunoprecipitation 
experiments.  (C) Nup160 antibody reciprocally co-immunoprecipitated human centrin 2 (lane 2).  
Immunoprecipitation with rabbit IgG (lane 3) was used as a negative control (C and D).  (D) Anti-
centrin antibody A (Ab A) immunoprecipitates Nup153 (black arrow), but not Nup98 from HeLa 
cell lysate. 
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Figure 4.3. Centrin 2 is located at the nuclear pore in Xenopus nuclei assembled in vitro 
and in cultured cells.  
(A) Xenopus centrin 2 localizes to the rim of in vitro reconstituted nuclei.  Double 
immunofluorescence of spun down reconstituted nuclei, stained with anti-centrin 2 antibody (Ab A 
or B; left panels) and anti-FG Nup antibody mAb414 (middle panels) with merged images (right 
panels).  Insets (far right) are a 5X magnification.  See also Supplemental Figure S4.3A for 
parallel images from this experiment performed under different conditions.  (B) Anti-centrin 
antibody A shows localization of centrin 2 at the nuclear rim of Xenopus XL177 cells fixed with 
formaldehyde and permeabilized with Triton X-100. Double immunofluorescence with anti-FG 
Nup antibody mAb414 is shown with the merged image at the right.  Insets (far right) are a 5X 
magnification.  
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Figure 4.4. Centrin 2 is located at the centrosome and the nuclear pore in human cells.  
(A) Human centrin 2 localizes to the centrosome in HeLa cells fixed with formaldehyde and 
permeabilized with Triton X-100. Double immunofluorescence of HeLa cells with anti-centrin 
antibody B (left) and the FG Nup antibody mAb414 (middle) is shown with the merged image at 
the right.  (B) Immunofluorescence with Centrin Ab B or A performed on HeLa cells fixed with 
formaldehyde and treated with digitonin. Centrin antibody B reveals more extensive centrin 2 
staining with clear human centrin 2 staining present at the nuclear rim in a punctate pattern. 
Double immunofluorescence of HeLa cells with either anti-centrin antibody A or B and anti-FG 
Nup monoclonal antibody mAb414 is shown with the merged image at the right. Insets (far right) 
are a 5X magnification. 
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Figure 4.5. ELYS/MEL-28 RNAi disrupts centrin 2 at the nuclear pore. 
Immunofluorescence on HeLa cells transfected with ELYS siRNA duplexes, known to disrupt 
nuclear pore structure, for 48 h.  After ELYS or control RNAi, the cells were digitonin 
permeabilized and fixed with formaldehyde. (A) Double immunofluorescence, performed with anti-
centrin antibody A and anti-FG Nup monoclonal antibody mAb414, is shown with the merged 
image at the right. The far right image is a contour trace of the individual antibody signals as a 
representative of a transfected cell.  (B) Double immunofluorescence performed with anti-lamin B 
and anti-FG Nup monoclonal antibody mAb414 is shown.  ELYS RNAi disrupts centrin 2 at the 
nuclear rim, while leaving the nuclear lamina unaltered. 
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Figure 4.6. Fragments of Nup160 that interact with centrin 2 cause nuclear accumulation of poly [A]+ 
RNA. (A) Anti-centrin antibody A co-immunoprecipitates Myc-tagged Nup160 C-terminus (aa 912-1436) and 
Myc-tagged Nup160 aa 317-697 (lane 2), but not malate dehydrogenase (MD, lane 2) from transfected 
HeLa cells. Lane 1 indicates the amount of transfected protein produced.  Lane 2 measures whether and 
how much of the protein is immunoprecipitated by the anti-centrin antibody, as revealed by probing with an 
anti-Myc antibody. Differences in transfection efficiency or the level of construct protein expression between 
the constructs were present (see Lane 1); however, in this experiment at least as much Myc-malate 
dehydrogenase was expressed as was Myc-Nup160 C-terminus (lane 1, compare Myc-MD to Myc-Nup160 
C-term).  Immunoprecipitation with goat IgG serum (IgG) was used as a negative control (lane 3).  ‘Lys’ 
indicates a lane with 10% of the input transfected HeLa cell lysate shown (lane 1); the remaining 90% was 
used for the anti-centrin 2 immunoprecipitation (lane 2).  (B) Overexpression of Nup160 aa 317-697 or 
Nup160 C-terminus (aa 912-1436), but not malate dehydrogenase, causes nuclear accumulation of poly 
[A]+ RNA. HeLa cells were transfected with the myc-tagged Nup160 fragments or malate dehydrogenase 24 
hours before the poly [A]+ RNA accumulation assay was performed.  Quantitation of nuclear poly [A]+ RNA 
accumulation was done on 500 cells per experiment.  The percentage of transfected HeLa cells with nuclear 
poly [A]+ RNA accumulation was calculated in three independent experiments and averaged.  (C) Typical 
views of HeLa cells successfully transfected with the myc-tagged Nup160 fragments or malate 
dehydrogenase are shown. Left panels show expression of the myc tagged constructs using FITC-labeled 
myc antibody (green).   The center panels are the same cells hybridized with Cy3-oligo[dT]50 to show nuclear 
poly [A]+ RNA accumulation (red). Right panels show the complete field of cells by DAPI DNA staining.  (D) 
Typical views of Xenopus XL177 cells successfully transfected, as described in Materials and Methods, with 
the myc-tagged Nup160 fragments or malate dehydrogenase are shown. The cells were visualized as in (C). 
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Figure 4.7. Overexpression of the N- or C-terminal half of centrin 2 causes nuclear 
accumulation of poly [A]+ RNA in human cells. 
(A) Overexpression of the human centrin 2 N-terminus or C-terminus, but not pyruvate kinase, 
causes nuclear accumulation of poly [A]+ RNA. HeLa cells were transfected with the indicated 
construct 24 hours before the poly [A]+ RNA accumulation assay was performed.  Quantitation of 
nuclear poly [A]+ RNA accumulation in cells transfected with either of the two human centrin 2 
fragments or the control pyruvate kinase gene was done on 500 cells per experiment.  The 
percentage of transfected HeLa cells with nuclear poly [A]+ RNA accumulation was calculated in 
three independent experiments and averaged. (B) Typical views of HeLa cells successfully 
transfected with the myc-tagged centrin fragments or pyruvate kinase control gene are shown. 
The cells were transfected as in (A).  Left panels show expression of the myc tagged constructs 
using FITC-labeled myc antibody (green).   The center panels are the same cells hybridized with 
Cy3-oligo [dT]50 to show nuclear poly [A]+ RNA accumulation (red). Right panels show the 
complete field of cells by DAPI DNA staining. 
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Figure 4.8. Overexpression of the N- or C-terminal half of centrin 2 blocks protein 
export, but not import. 
(A) HeLa cells were transfected with the Rev-Glucocorticoid ligand binding domain-GFP 
(RGG) plasmid for 16 hours before the addition of dexamethasone to induce RGG import 
which occurred exactly as in (44, 75, 128).  (B) Overexpression of the human centrin 2 N-
terminus or C-terminus, Nup160 aa 317-697 or Nup160 C-terminus (aa 912-1436) or malate 
dehydrogenase, have no effect on RGG protein import.  HeLa cells were co-transfected with 
the indicated constructs plus the RGG construct 16 hours before the addition of 
dexamethasone to induce RGG protein import. Typical views of HeLa cells successfully 
transfected with the myc-tagged constructs and the RGG construct following induced protein 
import are shown.  Top panels show expression of the myc-tagged constructs using TRITC-
labeled myc antibody (red).  The bottom panels are the same cells showing the location of the 
RGG protein via its GFP tag (green).  Typically, the RGG protein targets to the nucleoli within 
the nucleus (44, 75, 128) as observed here.  (C) Overexpression of the human centrin 2 N-
terminus or C-terminus, but not Nup160 aa 317-697 or C-terminus (aa 912-1436) and malate 
dehydrogenase, blocks RGG protein export.  Cells were transfected and treated with 
dexamethasone as in (B).  Following RGG protein import, the cells were switched to fresh 
media lacking dexamethasone for two hours to induce RGG protein export.  Typical views of 
HeLa cells successfully transfected with the myc-tagged proteins and RGG construct following 
induced protein export are shown and were visualized as in (B).  Of the transfected cells 24% 
were inhibited for RGG export by the N-terminal half of centrin 2 and 22% by the C-terminal 
half of centrin 2 while only 5% of control malate dehydrogenase transfected cells showed 
inhibition of export.  (D) Quantitation of RGG protein import in cells co-transfected with the 
human centrin 2 N-terminus or C-terminus, Nup160 aa 317-697 or C-terminus (aa 912-1436) 
or malate dehydrogenase.  The cells were transfected as in (B).  The percentage of 
transfected HeLa cells with blocked RGG protein import was calculated in three independent 
experiments and averaged.   500 transfected cells were counted per experiment. (E) 
Quantitation of RGG protein export in cells co-transfected with the myc-tagged constructs as 
in (B) was performed as in (D). 
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Supplemental Data 
 
 

 
 
Supplemental Figure S4.1. Xenopus Centrin 2/Centrin shares 85% identity with human 
centrin 2.  A mass spectrometry screen identified three protein fragments that corresponded to 
amino acids 34-52, 131-152, and 151-165 of Xenopus centrin 2 (NP_001080127) and Cetn2-prov 
protein (AAH54948).  The sequence of Xenopus centrin 2 is shown with the boxes indicating the 
peptide fragments.  A Blast search of the Entrez protein database identified 2 additional 
homologous Xenopus protein isolates (AAA79194 and AAH84063) that displayed only a three 
amino acid difference (circled amino acids 91, 111, and 172) from the Xenopus centrin 2 protein 
shown.  These were referred to in the Entrez database generically as centrin.  Alignment of these 
sequences with the human centrin 1 (NP_004057) and 2 (NP_004335) sequence (shown) reveals 
that these Xenopus sequences display 85% identity to human centrin 2 and only 80% identity to 
human centrin 1.  Human centrin 1 and centrin 2 differ at 28 residues.  Of these residues that 
distinguish human centrin 1 and 2, Xenopus centrin 2 matches human centrin 2 at 14 sites, but 
only matches human centrin 1 at 6 of these sites (highlighted residues).  (Note that in a number of 
places, Xenopus centrin 2 differs from both human centrin 1 and 2, unmarked). 
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Supplemental Figure S4.2. Lack of centrin interaction with multiple non-Nup107-160 
complex nucleoporins.  Additional immunoblots were done in parallel to Figure 4.2B-D.  These 
confirm that anti-centrin antibody A (Ab A) immunoprecipitates human centrin 2, and reveal that it 
does not immunoprecipitate the non-Nup107-160 complex nucleoporins Nup205, Nup155, 
Nup53, or Nup 50 (lane 2). Immunoprecipitation with goat IgG (lane 3) was used as a negative 
control.  ‘Lys’ indicates a fraction of input HeLa cell lysate. 
 
 

  
 



181 

 
 

Supplemental Figure S4.3.  Additional conditions demonstrating localization of centrin 2 at 
the nuclear rim. 
(A) Xenopus centrin 2 localizes to the rim of in vitro reconstituted nuclei. Double 
immunofluorescence of reconstituted nuclei, spun down, and Triton X-100 permeabilized were 
stained with anti-centrin 2 antibodies (Ab A or B) (left panels) and mAb414 (middle panels) with 
merged images (right panels). Insets (far right) are a 5X magnification.  A punctate rim is 
observed, but is not as distinct as in Figure 4.3A, where Triton X-100 was not used.  This 
experiment was performed on the same day as those in Figure 4.3A.  (B) Immunofluorescence 
performed with either centrin antibody A or B demonstrates that human centrin 2 is present at 
nuclear rim in a punctate pattern in HeLa cells treated with digitonin before formaldehyde fixation. 
Double immunofluorescence of HeLa cells with anti-centrin Ab A or B and anti-FG Nup 
monoclonal antibody mAb414 is shown with the merged image at the right. The inset (far right) is 
a 5X magnification, with the nuclear (N) and cytoplasmic (C) sides of the nuclear envelope 
indicated.  A punctate rim is observed, but is not as distinct as in Figure 4.4B where digitonin 
treatment was performed after formaldehyde fixation. This experiment was performed on the 
same day as those in Figure 4.4B. 
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Supplemental Figure S4.4. Centrin 2 siRNA disrupts mRNA and protein export, but not 
protein import. 
(A) Depletion of centrin 2 protein by siRNA. Immunoblotting for centrin 2 (Ab B), Nup160, and 
γ-tubulin was performed on HeLa cells transfected with control (lane 1) or centrin 2 (lane 2) 
siRNA for 48 hours.  (B) Depletion of centrin 2 by siRNA causes nuclear accumulation of poly 
[A]+ RNA.  HeLa cells were transfected with control or centrin 2 siRNA duplexes 48 hours 
before the poly [A]+ RNA accumulation assay was performed.  Only cells which had a single 
nucleus were quantitated (~half the total cells on the coverslip). The figure indicates the % of 
single nucleate cells accumulating poly [A]+ RNA.  Multinucleate cells and cells arrested in 
mitosis were not assessed.  Quantitation of nuclear poly [A]+ RNA accumulation was 
performed on 500 single nucleate cells per experiment.  The percentage of these transfected 
HeLa cells with nuclear poly [A]+ RNA accumulation was calculated form three independent 
experiments and averaged. (C) Typical views of HeLa cells transfected with control or centrin 
2 siRNA are shown. The cells were transfected as in (B). The red panels show cells hybridized 
with Cy3-oligo [dT]50 to assess nuclear poly [A]+ RNA accumulation. The blue panels show the 
complete field of cells stained with DAPI DNA dye.  (D) HeLa cells were transfected with the 
RGG protein import/export plasmid together with control or centrin 2 siRNA oligonucleotides 
for 48 hours, followed by the addition of dexamethasone to induce RGG import.  In parallel, a 
second set of similarly transfected cells where RGG protein import had been induced were 
switched to fresh media lacking dexamethasone and incubated for two additional hours, in 
order to induce RGG protein export. Typical views are shown of siRNA transfected HeLa cells 
(control or centrin 2) expressing the RGG construct visualized via its GFP tag following the 
induction or either protein import or export. (E) Quantitation of RGG protein import in single 
nucleate interphase cells is shown after transfection with control or centrin 2 siRNA. The cells 
were transfected as in (D).  The percentage of transfected single nucleate HeLa cells which 
contained blocked RGG protein import was calculated in three independent experiments and 
averaged.   500 transfected cells were counted per experiment. (F) Quantitation of RGG 
protein export in cells co-transfected as in (E). The experiments presented in panels D-F were 
performed at the same time.   
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FUTURE DIRECTIONS 

 

Defining the steps required to initiate nuclear pore assembly. 

 In Chapter 1-3, I described the progress I made toward understanding 

how nuclear pore assembly is initiated, as well as toward defining the early 

steps in this process.  Based on my results and others, I propose a highly 

detailed model for nuclear pore assembly (Figure F.1).  In this model, the 

binding of ELYS to AT-rich chromatin sites is the first step in nuclear pore 

assembly.  Chromatin-bound ELYS then recruits the Nup107-160 complex, the 

major structural subunit of the pore (Rasala et al., 2006; Franz et al., 2007; 

Gillespie et al., 2007).  The ELYS/Nup107-160 pore platform then actively 

recruits membranes containing POM121 and NDC1, the two early assembling 

and essential integral membrane pore proteins (Bodoor et al., 1999; Antonin et 

al., 2005; Mansfeld et al., 2006; Stavru et al., 2006a; Funakoshi et al., 2007).  

Nuclear recruitment of gp210, the third integral membrane pore protein which 

is thought to be dispensable for pore assembly (Gerace et al., 1982; 

Chaudhary and Courvalin, 1993; Bodoor et al., 1999; Eriksson et al., 2004; 

Antonin et al., 2005; Stavru et al., 2006b), does not depend on chromatin-

bound ELYS/Nup107-160 complex.  In vitro, vesicle-vesicle fusion then 

occurs.  In vivo, the membranes would likely be recruited in sheets from the 

ER or in tubules at the end of mitosis (Ellenberg et al., 1997; Yang et al., 1997; 

Daigle et al., 2001; Anderson and Hetzer, 2007), thus vesicle fusion would not 
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be required.  At this point, the Nup107-160 complex would be located on both 

sides of the nuclear membrane.  Oligomerization of ELYS/Nup107-

160/POM121 on the surface of the chromatin and an equivalent 

oligomerization of Nup107-160 and POM121 on the opposing outer nuclear 

membrane then precedes and possibly induces the fusion between the inner 

and outer nuclear membranes.  This involves an LPC-sensitive hemifusion 

intermediate.  The assembly of the remaining soluble pore subunits is likely a 

stepwise process and their order still remains to be defined in regard to one 

another and to the inner/outer nuclear membrane fusion step, except the FG-

Nups, whose assembly is concurrent with or follows the fusion event.  Taken 

together, this data strongly supports the fusion-mediated model for nuclear 

pore assembly which describes pore insertion within a continuous double 

membrane that is dependent on inner/outer membrane fusion, and 

convincingly refutes the alternative, pre-pore model, where membrane sheets 

engulf a preformed pore ‘plug’ or complex (see Introduction, Figure I.3).  

Importantly, because my model describes pore insertion into a double nuclear 

membrane, it is valid during both post-mitotic and S-phase nuclear pore 

assembly.  

 While molecular details of nuclear pore assembly are becoming clearer 

with the studies described here, many questions still remain to be answered.  

In the remainder of this section, I will summarize these questions as I see 

them. 
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Further characterization of ELYS’ AT-rich chromatin binding 

My data suggest that ELYS is restricted, at some level, to bind certain 

AT-rich regions or sites on the genome.  Indeed, preliminary data I have 

obtained suggests that ELYS cannot bind a chromatinized pBluescript 

plasmid, but can bind the pEGPF plasmid which contains a eukaryotic 

promoter insert, even though the plasmids have comparable amounts of A-T 

DNA (49.6% verses 46.6%, respectively; data not shown).  It would be 

extremely interesting to identify the chromatin binding sites for ELYS that my 

data suggests exist.  Is there a specific AT-rich DNA sequence that ELYS 

recognizes?  If so, where on the chromatin is that sequence found?  ELYS 

chromatin immunoprecipitation and then chip hybridization (ChIP-chip) would 

be one way to identify specific DNA sequences associated with ELYS.  

Alternatively, high throughput technology such as in vitro systematic evolution 

of ligands by exponential enrichment (SELEX) could also be used to 

characterize high affinity DNA sequences for ELYS binding.   

Another question concerning ELYS chromatin binding is: Does the 

population of ELYS that is associated with nuclear pores remain chromatin-

bound throughout the cell cycle?  Or does it release the chromatin after pore 

assembly is complete?  If ELYS doesn’t remain bound to chromatin, what is 

the signal to release it?  In contrast, if ELYS does remain bound to chromatin 

throughout interphase, does it play a role in chromatin biology, such as 
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chromatin organization or gene expression?  Indeed, ELYS was originally 

proposed to be a transcription factor involved in embryonic haematopoiesis 

(Kimura et al., 2002).  That study demonstrated that certain fragments of 

ELYS, when fused to a GAL4 DNA binding domain, could activate 

transcription of a luciferase reporter gene upon transfection, while other 

fragments acted to suppress transcription. 

Finally, are other chromatin proteins involved in ELYS binding?  

Interestingly, in Chapter 2 I demonstrated that two overlapping fragments of 

xELYS, one that contains the AT-hook and one that does not, could bind to 

chromatin.  Mass spectrometry analysis of GST pulldown reactions using 

these fragments revealed a variety of chromatin-associated proteins to be 

potential binding partners for both the AT-hook+ and ΔAT-hook fragments 

(data not shown).  Further analysis of these potential binding partners should 

yield insight into how ELYS is targeted to chromatin.   

 

Oligomerization of the early assembling nucleoporins and membrane 

fusion 

In Chapter 3, we demonstrate that ELYS, the Nup107-160 complex, 

and POM121 are found in punctate entities before the fusion of the inner and 

outer nuclear membranes.  What about NDC1?  Is it also located in these 

structures (see below)?  Interestingly, we show that the presence of 

membranes is required to induce the organization of ELYS into these punctate 
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entities.  The nuclear pore has an eight-fold rotational symmetry, so each pore 

subunit is found in copies of eight or multiples of eight.  Indeed, the yeast 

homologue of the Nup107-160 complex, the Nup84 complex, is found in 16-32 

copies per pore and recent modeling analyses suggest that it makes up the 

primary pore scaffold (Rout et al., 2000; Cronshaw et al., 2002; Krull et al., 

2004; Alber et al., 2007; Hsia et al., 2007).  We believe the punctate structures 

visualized by immunofluorescence at 15°C 30 min (Chapter 3, Figures 3.5 and 

3.6) represent early intermediates of this 8-fold symmetrical pore scaffold and 

contain multiple copies of ELYS, POM121, and the Nup107-160 complex.  

However further characterization of these early pore entities would be required 

to verify this hypothesis.  Co-localization of these proteins by 

immunofluorescence or immunoelectron microscopy could be used to show 

whether they are found in the same punctate entities.  Preliminary data using 

directly-labeled antibodies to POM121 and Nup133 suggest that they do 

indeed co-localize at 15°C 30 min (data not shown).  A biochemical analysis 

could be employed to determine the copy number for ELYS, the Nup107-160 

complex, and POM121 per punctate early pore intermediates.  Specifically, the 

early pore intermediate could be isolated by lightly crosslinking the 15°C 30 

min nuclei.  The subsequent solublization of the reaction followed by 

immunoprecipitation with, for example, anti-Nup133 antibodies, should result 

in the purification of Nup107-160 complex-containing intermediate.  The 

molecular mass of this structure could be determined by analytical 
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ultracentrifugation.  Immunoblots on the purified pore intermediate would allow 

us to verify that ELYS, POM121, and the Nup107-160 complex are indeed 

organized within the same punctate entity.  Of course, we could also test for 

the presence of all the other pore subunits.  Once the mass of the early pore 

intermediate is determined and the components have been identified, an 

estimate of the copy number for each protein could be made. 

We also show in Chapter 3 that the early, punctate pore entities are 

present before the inner/outer membrane fusion event.  What remains to be 

answered is: what are the minimal requirements to induce membrane fusion?  

Is ELYS/Nup107-160/POM121 sufficient?  Is an as yet unidentified protein 

required?  What is the mechanism of fusion?  Is protein oligomerization 

sufficient to bend the membranes and induce fusion as we have proposed?  

Or is a ‘hit-and-run’ fusogen required, as others have proposed (Stavru et al., 

2006a)?  The early pore intermediate could be isolated as above from LPC-

treated 15°C 30 min nuclei, which are arrested just prior to inner/outer nuclear 

membrane fusion.  Immunoblot and/or mass spectrometry analysis on isolated 

the LPC-arrested pore intermediate would allow one to determine which 

known nucleoporins and potential fusogens are present on the membranes 

and associated with the pore intermediate at this time.   

Finally, in Chapter 3 we demonstrated that early, punctate pore 

intermediates appear on the chromatin side of the nuclear envelope (as 

visualized by ELYS) and on the cytoplasmic side of the nuclear envelope (as 
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visualized by externally added anti-POM121 and anti-Nup133 antibodies)  at 

the same time in nuclear assembly.  Can we show a biochemical connection 

between the nuclear Nups with those on the cytoplasmic face?  If so, how 

does the interaction span the two lipid bilayers and the lumen which lies 

between them?  Neither POM121 nor NDC1 have large luminal domains.   

I believe finding the answers to these important questions will greatly 

improve our understanding of the mechanism of nuclear pore insertion.   

 

What role does NDC1 play in nuclear pore initiation? 

 In Chapter 2, I show that chromatin-bound ELYS and the Nup107-160 

complex are required for the recruitment of POM121- and NDC1-containing 

membrane vesicles to the nucleus.  POM121 and NDC1 are co-enriched on 

the same membrane vesicle population in vitro (Mansfeld et al., 2006), so 

NDC1 should presumably be recruited to the nuclear membranes early in 

nuclear pore assembly, i.e. with the same timing as POM121.  What role, then, 

does NDC1 play in nuclear pore assembly?  Both yeast and vertebrate nuclear 

pore complexes contain three known integral membrane pore proteins; 

however NDC1 is the only protein that is conserved over this evolutionary 

distance.  Ndc1 is essential in yeast (Chial et al., 1998; West et al., 1998; Lau 

et al., 2004).  In vertebrates, RNAi knockdown of NDC1 disrupts proper pore 

assembly and/or structure (Mansfeld et al., 2006; Stavru et al., 2006a).  

Together, these data suggest that NDC1 plays an essential role in nuclear 
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pore assembly.  Thus, it would be of interest to determine whether NDC1 

localizes with ELYS/Nup107-160/POM121 in the punctate early pore 

intermediate, which could be done by performing indirect immunofluorescence 

on 15°C 30 min nuclei (unfortunately, our lab does not have the tools to do this 

as of yet).  Based on my data and others, I would predict that NDC1 does 

assemble into the early pore intermediate.   

 

Determining the order of the remaining pore subunits in nuclear pore 

assembly 

In Chapter 2, I show that the assembly of most of the soluble pore 

subunits (with the exception of ELYS and the Nup107-160 complex) occurs 

following membrane recruitment and formation of the double nuclear 

membranes (Chapter 2, Figure 2.6).  In Chapter 3, we demonstrate that the 

FG-Nups recognized by mAb414 (Nup358, Nup214, Nup153, and Nup62), 

either assemble concurrently with or following the second fusion event, 

inner/outer nuclear membrane fusion (Chapter 3, Figure 3.12).  However, the 

assembly order of the remaining soluble pore subunits with respect to one 

another and to the second fusion event remains to be determined.  In Chapter 

2, I show that a POM121 fragment interacts not only with the Nup107-160 

complex, but with the Nup93-205 complex (Chapter 2, Figure 2.7).  Like the 

Nup107-160 complex, the Nup93-205 complex, and its yeast counterpart the 

Nic96 complex, is believed to be part of the pore scaffold.  It is located on both 
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the nuclear and cytoplasmic face of the pore, and has been predicted to be 

close in proximity to the membranes (Rout et al., 2000; Krull et al., 2004; 

Hawryluk-Gara et al., 2005; Alber et al., 2007).  In support of our POM121 

pulldown data, a cytoplasmic fragment of POM121, when expressed in the 

membranes of mitochondria, was able to recruit Nup205 to the mitochondria 

(Stavru et al., 2006b).  Furthermore, NDC1 has been linked to the Nup93-205 

complex and was shown to interact with Nup53 (which itself binds to Nup93-

205) (Hawryluk-Gara et al., 2005; Mansfeld et al., 2006).   Thus, it is likely that 

the Nup93-205 complex assembles soon after membrane vesicle recruitment 

and fusion, possibly between the first and second fusion events.  Indeed, our 

preliminary data suggest that Nup93 is located in punctate entities in the cold 

intermediate, suggesting that the Nup93-205 complex assembles before 

fusion between the inner and outer nuclear membranes (data not shown).  

Immunoblot analysis on a 15°C anchored nuclear assembly timecourse, in 

combination with addition of pore assembly inhibitors such as LPC, GTPγS, 

and excess importin β (see below), could be used to determine the order of 

assembly of the remaining soluble pore subunits with respect to one another 

and to membrane fusion. 

 

The role of Ran and Importin β regulation in the early steps in nuclear 

pore assembly 
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Nuclear membrane formation and nuclear pore assembly are controlled 

by the GTPase Ran and its antagonist, importin β.  Importin β negatively 

regulates nuclear membrane fusion and nucleoporin assembly (Harel et al., 

2003; Walther et al., 2003), while RanGTP promotes these processes 

(Wozniak and Clarke, 2003; Clarke and Zhang, 2004; Harel and Forbes, 

2004).  It is believed that importin β acts by binding to its targets such as 

individual nucleoporins, thereby preventing key interactions.  RanGTP 

positively regulates nuclear membrane formation and pore assembly by 

binding to importin β, which results in the release of β’s targets.  This release 

occurs only near the chromatin, due to the chromatin localization of RCC1, the 

RanGEF that exchanges GDP for GTP (Bischoff and Ponstingl, 1991).  What 

remains unknown is how Ran/importin β mediate the pore assembly steps that 

I have defined above.  Importin β binds to the Nup107-160 complex (Walther 

et al., 2003) and to ELYS (Appendix B, Figure A.4).  Is the chromatin binding 

of ELYS and/or the Nup107-160 complex regulated by Ran/importin β?  

Several studies have shown that the addition of Ran69L-GTP induces excess 

chromatin binding of ELYS and the Nup107-160 complex (Walther et al., 2003; 

Franz et al., 2007), however my own data do not support this, although the 

experiments were not performed in the same manner (Chapter 2, Figure 2.6).  

To answer whether RanGTP/importin β regulate the chromatin binding of 

ELYS and the Nup107-160 complex more conclusively, one could 

immunodeplete Ran and ask whether ELYS and/or the Nup107-160 complex 
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can still bind to chromatin.  Alternatively, one could add excess importin β to 

chromatin binding assays to determine whether excess β blocks the ability of 

ELYS/Nup107-160 to bind to chromatin.  Indeed, our lab has performed these 

experiments and our results indicate that the chromatin binding of ELYS is 

negatively regulated by importin β (data not shown).   Similar experiments 

could be done to determine whether the recruitment of POM121- and NDC1-

containing membrane vesicles is also regulated by Ran/importin β.   

  

 While we have come a long way in our understanding of nuclear pore 

assembly and function, many questions remain unanswered.  I believe that 

future studies that strive to answer the questions above will greatly enhance 

not only our knowledge of nuclear pore complexes, but our understanding of 

many cellular functions involving nuclear-cytoplasmic communication, 

including the regulation of gene expression, DNA damage responses, cell-

cycle control, extra-cellular signaling, and apoptosis. 
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Figures 
 
Figure F.1.  A combined model for the early steps in fusion-dependent nuclear pore 
assembly.  Nuclear pore assembly is initiated from AT-rich chromatin through the binding of 
ELYS (yellow) via its AT-hook motif and a second chromatin binding domain.  ELYS recruits 
its binding partner, the Nup107-160 complex (green).  The chromatin-bound ELYS/ 
Nup107-160 pore platform then actively recruits the integral membrane pore proteins, 
POM121 (red) and NDC1 (not shown) and their associated membrane vesicles (black lines) in 
vitro, or associated membrane tubules or sheets in vivo.  In vitro, membrane vesicle fusion 
occurs.  ELYS, POM121 and the Nup107-160 complex organize into punctate early pore inter-
mediates.  This protein clustering or oligo-merization leads to the bending of the nuclear 
membranes and results in the fusion of the inner and outer nuclear membranes and the 
formation of a diffusion channel.  Maturation to a functional pore, which involves the 
recruitment of the remaining soluble pore subunits, occurs concurrently or following the 
inner/outer nuclear membrane fusion event.  Of note, the nuclear basket and cytoplasmic 
filaments of the NPC, as well as the integral membrane pore proteins gp210 and NDC1, were 
excluded from the model for simplicity.        
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APPENDIX A 

 

ELYS localization with respect to the nuclear envelope 

 

ELYS resides on the nuclear face of the nuclear pore. 

 Using RNAi in HeLa cells, we were able to show that ELYS is essential 

for nuclear pore assembly (Rasala et al., 2006).  We proposed two potential 

models for ELYS’ role in NPC assembly (see Chapter 1, Figure 1.4D).  The 

first was that ELYS was a key structural component of the nuclear pore, 

similar to its binding partner, the Nup107-160 complex.  The second model, 

which we favored, was that ELYS functions to target pore assembly to the 

nuclear envelope through an interaction with the chromatin.  To distinguish 

between these two models, we began by investigating the localization of ELYS 

in regards to the nuclear envelope.  The nuclear pore is composed of three 

asymmetrical domains: the central scaffold which spans the nuclear 

membranes, the cytoplasmic filaments, and the nuclear basket.  The key 

structural components of the pore, like the Nup107-160 complex and the 

Nup93-205 complex, reside in the central scaffold domain and can therefore 

be accessed by antibodies from both sides of the nuclear envelope (Belgareh 

et al., 2001; Krull et al., 2004).  To determine whether ELYS localizes to the 

cytoplasmic face to the nuclear pore, I performed indirect immunofluorescence 

on HeLa cells using the commercially available anti-human ELYS antibody.  I 
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treated cells with either digitonin to selectively permeabilize the plasma 

membrane, or TritonX-100 to permeabilize both the plasma and nuclear 

membranes.  Indeed, the anti-human ELYS antibody only stained the nuclear 

rim in the presence of TritonX-100, while the antibody to Nup133, a member of 

the Nup107-160 complex that has been shown to localize to both sides on the 

NE (Belgareh et al., 2001), stained in both digitonin- and TritonX-100-treated 

cells (Figure A.1A).  These data suggest that either: (1) ELYS resides solely 

on the nuclear side of the NE or (2) ELYS, once assembled into pore 

complexes, is masked and immunofluorescence detection requires TritonX-

100 extraction/permeabilization.       

 To distinguish between these possibilities, I co-stained TritonX-100 

treated HeLa cells with ELYS and either the nuclear pore cytoplasmic filament 

protein, Nup88, or the nuclear lamina protein, Lamin A/C.  Deconvolution 

microscopy allowed for visualization of the location of ELYS with respect to 

nuclear envelope.  Nup88 resides on the cytoplasmic side of the NE while 

Lamin A/C resides on the nuclear side (Figure A.1B).  As a control, we also 

co-stained cells with Nup133.  As expected, Nup133 co-localized with both 

cytoplasmic Nup88 and nuclear Lamin A/C (Figure A.1B, left column). The 

anti-ELYS signal, however, was slightly more interior to the Lamin A/C signal 

and significantly more nuclear than the Nup88 signal (Figure A.2B, right 

column).  Taken together, these data indicate that ELYS is located on the 

nuclear side of the nuclear envelope, and suggest that ELYS is not part of the 
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nuclear pore central scaffold.  Furthermore, the data argue against ELYS as a 

structural protein of the nuclear pore. 

 To determine more conclusively whether ELYS is a structural 

component of the pore, I asked if ELYS assembles into annulate lamellae 

(AL).  AL are cytoplasmic stacks of ER membranes embedded with structurally 

correct pore complexes (Dabauvalle et al., 1991; Kessel, 1992).  If ELYS is an 

essential structural component of the nuclear pore, then it must also be 

present in the structurally correct AL-pore complexes.  HeLa cells were co-

stained with mAb414 to visual the FG-Nups in the cytoplasm at AL-pore 

complexes, and either ELYS or Nup133.  Immunofluorescence revealed that 

ELYS does not co-localize with the FG-Nups in the cytoplasm at AL-pore 

complexes, while Nup133, a key structural pore protein does (Figure A.2).   In 

a separate experiment, I quantitated the percent co-localization of ELYS with 

the cytoplasmic AL-pores in HeLa cells (Figure A.3).  Z-projections through 

HeLa cells were used to determine the frequency in which ELYS co-localized 

to AL-pores, as visualized with the anti-FG-Nup antibody, mAb414.  Cells were 

co-stained with ELYS, Nup133, and Tpr.  Nup133 is known to assemble into 

AL-pores, while Tpr is the only identified soluble nucleoporin that does not 

assemble into AL, to date (Cordes et al., 1997).  Quantitation revealed that 

anti-Nup133 antibodies co-stained with cytoplasmic FG-nups at a high 

frequency, while anti-Tpr antibodies do so at a low frequency (Figure A.3).  

Anti-ELYS antibodies also only stained AL-pores at a low frequency (Figure 
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A.3).  Similar results were seen by immunofluorescence using U2OS cells 

(data not shown), and biochemically for Xenopus AL assembled in vitro (see 

Chapter 2, Figure A.1).  These data suggest that ELYS is not necessary for 

the assembly of AL-pore complexes and thus implies that ELYS is not an 

essential factor for pore structure.   

 In conclusion, ELYS is resides solely on the nuclear face of the nuclear 

pore, and does not significantly associate with cytoplasmic AL-pore 

complexes.  Thus, my data indicate that the essential pore assembly protein, 

ELYS, does not function as a keystone structural component of the nuclear 

pore, but rather as a spatial regulator required to target pore assembly to the 

nuclear envelope.    
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Figures 
 

 
 
 
Figure A.1.  ELYS is located on the nuclear face of the nuclear envelope.   
A. HeLa cells were treated with either Digitonin to permeabilize only the plasma membrane or 
TritonX-100 to permeabilize both the plasma and nuclear membranes.  Antibodies to human 
ELYS (red, top row) only detect ELYS at the pore when the nuclear membrane is 
permeabilized with TritonX-100, while antibodies to Nup133, which localizes to both sides on 
the nuclear pore, are able to detect Nup133 under both treatments (red, bottom row). 
 
B.  Indirect immunofluorescence on HeLa cells permeabilized with TritonX-100.  At the nuclear 
rim, ELYS (red) co-localizes with the nuclear protein Lamin A/C (green) and is interior to 
Nup88 (green), a cytoplasmic filament protein.  Nup133 (red), which localizes to both sides on 
the nuclear pore, co-localizes with both Lamin A/C and Nup88.   
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Figure A.2.  ELYS does not localize to annulate lamellae in HeLa cells.  Z-stack 
projections acquired by confocal microscopy on HeLa cells indicate that human ELYS (red, 
top row) does not co-localize with the FG-Nups (green) at cytoplasmic pores, called annulate 
lamellae (see insets, 2x).  Arrow points to anti-ELYS staining in the insets.  Nup133 (red, 
bottom row), however, does assemble into annulate lamellae, as expected. 
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Figure A.3.  Quantitation of co-localization of the indicated Nups with AL-pores.  Z-stack 
projections through HeLa cells were used to count cytoplasmic AL-pores, as visualized by 
anti-FG-Nup antibody, mAb414.  Percent co-localization of the indicated nucleoporins was 
determined by dividing the number of AL-pores co-staining with the indicated Nups, by total 
number of AL-pores.   
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APPENDIX B 

 
xNup160 C-terminus binding partners 

 
 
Introduction 

Throughout this thesis, I describe the progress I have made into 

understanding the order and regulation of nuclear pore assembly.  I have 

demonstrated that ELYS and the Nup107-160 complex are fundamental in 

initiating nuclear pore assembly.  However, our lab is also interested in 

understanding nuclear pore structure and function.  The nuclear pore is the 

only known gateway between the nucleus and cytoplasm.  Nuclear pore 

complexes (NPCs) span the nuclear envelope and function in the facilitated 

transport of large proteins and RNAs, and the diffusion of small proteins and 

chemicals, across the nuclear envelope.  Components of the nuclear pore also 

play a role in the formation of proper mitotic spindles and kinetochores, 

intranuclear bodies, and chromatin organization and transcriptional silencing 

(Suntharalingam and Wente, 2003).  Thus, the pore is crucial for many 

aspects of normal eukaryotic cell physiology.  

 As described previously, the Nup107-160 complex functions to initiate 

nuclear pore assembly and is a vital structural component of the pore.  Our 

laboratory identified Nup133 and Nup160, two members of the complex in 

2001 (Vasu et al., 2001), simultaneously with another group (Belgareth et al., 
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2001.  Our lab showed that Nup133 and Nup160 were stably associated with 

Nup96 and Nup107, and that these four proteins interact physically with the 

non-complex proteins, Nup98 and Nup153.  In the same work, we showed that 

Nup133 and Nup160 were important for mRNA export.  Later work from the 

lab also demonstrated that the complex is absolutely essential for post-mitotic 

nuclear pore assembly and/or structure in Xenopus extracts (Harel et al., 

2003b).   Eventually, all nine members of this complex were identified (Radu et 

al., 1994; Fontoura et al., 1999; Belgareh et al., 2001; Vasu et al., 2001; Harel 

et al., 2003b; Loiodice et al., 2004).  Strikingly, the Nup107-160 complex 

makes up about 1/3 of the nuclear pore.   

Surprisingly, the Nup107-160 complex may have additional functions.  

The complex localizes to kinetochores from prophase to anaphase of mitosis 

(Belgareh et al., 2001; Harel et al., 2003b; Walther et al., 2003a; Loiodice et 

al., 2004) and contributes to proper kinetochore function (Zuccolo et al., 2007).  

The Nup107-160 complex also binds to the spindle apparatus and is required 

for correct bipolar spindle assembly (Enninga et al., 2003; Orjalo et al., 2006).  

The complex may have additional functions as well, considering the nuclear 

pore seems to be participating in more aspects of nuclear biology than just 

nuclear-cytoplasmic transport.   
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Results 

The first project I undertook in the lab was to identify and characterize 

novel functions for the Nup107-160 complex.  My approach was to identify 

structural differences between the yeast and vertebrate complexes, then 

investigate the function(s) of said differences.  The yeast homologue of the 

Nup107-160 complex is the Nup84 complex.  Similar to the vertebrate 

homologue, the yeast Nup84 complex is important for mRNA export (Doye et 

al., 1994; Aitchison et al., 1995; Li et al., 1995; Goldstein et al., 1996; 

Siniossoglou et al., 1996; Siniossoglou et al., 2000; Bai et al., 2004).  

However, the yeast Nup84 complex differs from the Nup107-160 complex in a 

number of ways.  Yeast undergo closed mitosis, thus the Nup84 complex does 

not disassociate from the pore during mitosis.  As a result, it does not localize 

to kinetochores and it does not play a role in post-mitotic NPC assembly as 

the vertebrate homologue does (Belgareh et al., 2001; Harel et al., 2003b; 

Walther et al., 2003a; Loiodice et al., 2004).   The vNup107-160 complex also 

contains two additional members, WD repeat proteins Nup37 and Nup43  that 

are not found in yeast (Loiodice et al., 2004).  Finally, BLAST two protein 

alignments of S.pombe vs. human complex members reveal that, of the seven 

proteins shared in common, five are highly conserved (Figure B.1).  The two 

proteins that are not well conserved are Nup133 and vNup160/yNup120.  

Even though according to this alignment tool, yeast and vertebrate Nup133 

only share a small region of homology, both are about the same size (Figure 
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B.1, Nup133, blue shaded region).   vNup160 and its yeast homologue 

yNup120 also only share a small region of homology according to the BLAST 

two protein alignment program (Figure B.1, Nup160, blue shaded regions).  

Strikingly, vNup160 is about 300 amino acids longer in length than yNup120 

(Figure B.1, Nup160; Figure B.2A).  Of note, while these initial alignments did 

not indicate any homology between the C terminus of vNup160 and 

spNup120, later BLAST searches with Nup160 C-terminus was able to reveal 

regions of homology in some lower eukaryotes, including fungi (data not 

shown).   

I began my investigation into the function of the C terminal extension of 

Nup160, which I will refer to as “Beyond the Box” or BB (Figure B.2), by 

analyzing the effects of addition of excess recombinantly expressed GST-

xNup160-BB to Xenopus reconstitution reactions.  Functional nuclei can be 

formed in vitro by combining a purified Xenupos egg membrane fraction and 

soluble egg cytosol together with an energy regenerating system and a source 

of chromatin (Forbes et al., 1983; Lohka and Masui, 1983; Newport, 1987).  

This nuclear reconstitution system can be used as a tool to study 

biochemically ‘mutant’ nuclei, often either by the removal of a critical protein by 

immunodepletion or by the addition of dominant negative protein fragments.  

Analysis of the ‘mutant’ phenotype then provides valuable clues about the 

function of the protein of interest.  However, 5-12 μM GST-xNup160-BB did 

not affect nuclear assembly, including nuclear membrane fusion and nuclear 
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pore assembly, or nuclear envelope breakdown (data not shown).  These 

preliminary results suggest that xNup160-BB does not function in the above 

processes.  However, previously identified dominant-negative proteins, like 

importin β aa 45–462, require higher concentrations to inducce nuclear 

assembly defects (Harel et al., 2003a).  Thus, we feel these results are not 

conclusive. 

 

GST-xNup160-BB interacts with proteins involved in a variety of cellular 

functions. 

To learn more about the function of the C terminus of xNup160, I set 

out to identify proteins that interact with xNup160-BB.  I performed GST 

pulldowns with GST-xNup160-BB from Xenopus egg extracts.  Pulldowns 

were performed with GST or GST-xNup160-BB, both in the presence and 

absence of the nuclear pore assembly factor, RanQ69L-GTP.  It is believed 

that RanGTP may induce interactions between multiple pore subunits, and has 

been shown to do so between Nup107-160 complex and Nup153 (Walther et 

al., 2003b).  Silver stain analysis revealed that GST-xNup160-BB specifically 

pulls down several proteins, compared to GST alone and GST-xNup160-BB 

incubated with buffer instead of egg cytosol (Figure B.3).  In collaboration with 

Steve Briggs and Zhouxin Shen, we identified the xNup160-BB interacting 

proteins via liquid chromatography tandem mass spectrophotometry (LC-

MS/MS).  Interestingly, I was able to categorize most of the identified 

   



  229

interacting proteins into three classes: nuclear pore-associated proteins, 

kinetochore- and microtubule-associated proteins, and proteins involved in 

chromatin remodeling and gene expression (Table 1).  A second GST-

xNup160-BB pulldown-MS experiment verified most of these potential binding 

partners (data not shown).     

MS analysis identified the nucleoporins Nup107, Nup133, and Nup153, 

and nuclear transport factors importin α and importin β as potential xNup160-

BB binding partners (Table 1).  According to the MS results, Nup107 and 

Nup133 bound xNup160-BB both in the presence and absence of RanQ69L-

GTP.  Nup153 only pulled down with BB in the presence of RanQ69L-GTP, 

while importin α and importin β interacted with BB only in the absence of Ran 

(data not shown).  These results were verified by immunoblot analysis.  

Nup133, a member of the Nup107-160 complex, binds BB both in the 

presence and absence of RanQ69L-GTP (Figure B.4).  Nup107 is also a 

member of this complex and has been shown to directly bind to Nup133 in 

yeast (Lutzmann et al., 2002).  Unfortunately, we could not probe the 

pulldowns for Nup107, due to a lack of antibody.  Immunoblot analysis also 

verified an interaction between Nup153 and xNup160-BB in the presence of 

RanQ69L-GTP (Figure B.4).  This result is consistent with the known 

interaction between Nup153 and the Nup107-160 complex: Nup153 can co-

immunoprecipitate with the entire Nup107-160 complex only in the presence 

on RanGTP (Walther et al., 2003b).  Importin β, a transport factor and the 
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negative regulator of nuclear pore assembly, binds to xNup160-BB, but only in 

the absence of RanGTP (Figure B.4).   

Interestingly, centrin was identified to interact with the C-terminal 

extension of Nup160 (Table 1).  In yeast, the centrin homologue Cdc31p has 

been shown to associate with nuclear pores and function in mRNA export 

(Rout et al., 2000; Fischer et al., 2004).  However, there has been no 

experimental evidence to date linking centrin to the nuclear pore in vertebrates 

(Cronshaw et al., 2002; Matunis, 2006).  Indeed, I was able to verify the 

interaction between centrin and xNup160-BB by immunoblot (Figure B.4).  

Based on these pulldown experiments, a colleague was able to show, for the 

first time, that vertebrate centrin localizes to nuclear pore complexes and 

functions in mRNA and protein export (Resendes et al., 2008).   

The other two classes of proteins found to interact with xNup160-BB in 

the pulldown experiments were kinetochore- and microtubule-associated 

proteins, and proteins involved in chromatin remodeling and gene expression 

(Table 1).  Future experiments are needed to verify these interactions and to 

understand how Nup160 potentially functions in kinetochore/spindle biology 

and/or chromatin structure and function.   

 

Discussion 

The Nup107-160 complex is the largest and, arguably, the most critical 

subunit of the nuclear pore.  In order to determine novel functions of the 
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vertebrate Nup107-160 complex, I set out to investigate the function of the C-

terminus of Nup160.  The addition of excess GST-xNup160-BB to Xenopus 

reconstitution reactions revealed that the protein fragment did not affect 

nuclear assembly, nuclear pore assembly, protein import, or nuclear envelope 

breakdown (data not shown).  These data suggest that Nup160-BB does not 

function in any of these processes; however a more conclusive analysis is 

required to verify this conclusion.   

Interestingly, LC-MS/MS analysis of GST-pulldown precipitates 

revealed that xNup160-BB potentially binds to a variety of proteins which can 

be categorized into three classes: nucleoporins, kinetochore- and microtubule-

associated proteins, and proteins involved in chromatin remodeling and gene 

expression (Table 1).  Although very interesting, these three classes were not 

unexpected.  We know Nup160 binds nucleoporins at the pore.  We know that 

Nup160 goes to kinetochores and spindle poles at mitosis.  And we know that 

the yeast nuclear pore plays a role in chromatin organization and gene 

expression (Marshall et al., 1997; Feuerbach et al., 2002; Ishii et al., 2002; 

Casolari et al., 2004; Casolari et al., 2005; Brown and Silver, 2007).   

LC-MS/MS analysis also revealed that nucleoporins Nup107, Nup133, 

and Nup153 also interact with xNup160-BB.  The nucleoporin interacting data 

provides clues about the orientation of the Nup107-160 complex within the 

pore.  The structure of the homologous complex in yeast, the Nup84 complex, 

has been determined.  The Nup84 complex is Y-shaped, with Nup120 on one 
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end of the Y and Nup133 and Nup107 on the other (Siniossoglou et al., 2000; 

Lutzmann et al., 2002).  If the structure of this complex is conserved in 

vertebrates, as is believed, then Nup160 and Nup133/Nup107 would reside on 

opposite ends of the Y structure.  Thus, the most likely way the C-terminal 

extension of Nup160 could interact with Nup133 is if they are associated with 

separate complexes (Figure B.5).  As the concentration of RanGTP increases 

around the chromatin periphery during nuclear pore assembly, Nup153 would 

bind to Nup160/Nup133/Nup107 on the nuclear face of the pore to form the 

nuclear basket.   

Importantly, LC-MS/MS analysis of xNup160-BB binding partners led to 

the discovery that vertebrate centrin localizes the nuclear pores and functions 

in protein and mRNA export (Resendes et al., 2008).   

LC-MS/MS analysis of xNup160-BB binding partners also suggests that 

BB interacts with proteins of the kinetochore and spindle as well as proteins 

involved in chromatin remodeling and gene expression.  There is no doubt that 

future experiments delving into these interactions will lead to new insights into 

the role of Nup160 in a variety of cellular processes.   

 

 

 

 

 

   



  233

Figures  

 

 
 
Figure B.1.  Alignments of human (top) and S. pombe (bottom) Nup107-160/Nup84p 
complex proteins.  BLAST two protein alignments were performed on human and S. pombe 
homologues of the hNup107-160 complex and spNup84 complex members.  The Nup107-160 
complex contains nine members, most of which are comparable in size to the yeast 
homologues.  Blue boxes denote regions of homology.  Yeast do not have homologues for 
vNup43 and vNup37.  hNup160 contains a C-terminal extension not found in the yeast 
Nup120 homologue. 
  
 
 
 
 
 
 
 
 
 

 

Figure  B.2.  Vertebrate Nup160 has a unique C-terminal extension.  A cartoon 
representing an alignment between S. pombe Nup120 and the vertebrate homologue, 
Nup160.  The blue box represents a region of homology.  The vertebrate homolog has a C 
terminal extension of 300 amino acids in length, referred to as Beyond the Box or BB.   
xNup160-BB was GST-tagged and expressed. 
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Figure B.3.  xNup160-BB interacts with several distinct proteins.  Silver stain analysis of a 

GST pulldown experiment reveals that GST-xNup160-BB interacts with several proteins (red 

arrows), both in the presence and absence of the nuclear pore assembly factor, RanGTP.   
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Table 1.  Selected proteins identified by LC-MS/MS in Nup160 C terminus 
pulldowns. 

Potential interactors # Distinct
peptides 

Function 

Nuclear pore proteins   
Importin β 17 transport factor 
Importin α 7 transport factor 

Centrin 3 nuclear pore-associated (yeast) 
Nup107 3 nucleoporin 

RanGAP1 2 Ran GTPase activating protein 
Nup153 2 nucleoporin 
Nup133 1 nucleoporin 

   
Kinetochore/microtubule

related-proteins 
  

β tubulin 19 microtubule subunit 
α tubulin 15 microtubule subunit 

PP2, regulatory subunit 8 protein phosphatase 
PP2, catalytic subunit 4 protein phosphatase 

APACD 4 microtubule architecture 
Cdc2 3 cell cycle kinase 

   
Gene silencing/ 

activating proteins 
  

HDAC3 complex subunit 8 histone deacetylase 
RuvB-like 1/Tip49b 7 DNA helicase 
RuvB-like2/Tip49a 7 DNA helicase 

histone deacetylase 1 5 histone deacetylase 
histone deacetylase 3 4 histone deacetylase 

Rbbp7 4  chromatin remodeling 
   

Other   
Facl2 26 palmitoyl-CoA ligase 
p97 4 ATPase involved in membrane fusion
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Figure B.4.  xNup160-BB interacts with Nup133, Nup153, importin β and centrin.  GST 
and GST-xNup160-BB pulldowns were performed from Xenopus interphase egg extract, either 
in the presence or absence of a nonhydrolyzable form of the nuclear pore assembly factor, 
RanGTP.  Immunoblot analysis reveals that BB interacts with importin β only in the absence of 
RanGTP.  Nup153 interacts with BB only in the presence of RanGTP.  BB specifically pulls 
down Nup133 and centrin under both conditions.  BB does not interact with Nup62, Nup214, 
or Nup358.  Egg cytosol, ‘cyt’ was loaded for comparison.      
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Figure B.5.  A model for the orientation of the Nup107-160 complex within the nuclear 
pore.  (A) A cartoon representing the structure of the Nup107-160 complex, based on that of 
the homologous yeast Nup84 complex (Siniossoglou et al., 2000; Lutzmann et al., 2002).  (B)  
Nup160 binds to Nup133 and Nup107 of the adjacent Nup107-160 complex molecule within 
the nuclear pore (grey box).  They also bind to Nup153 of the nuclear basket. 
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