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 The nucleus is the defining structure of eukaryotic cells.  The nuclear envelope 

acts as a barrier between nucleus and cytoplasm.  Nuclear pore complexes perforating 

the envelope control all traffic into and out of the nucleus, and thus act to regulate 

transcription, translation, and other essential cellular processes.  During mitosis, the 

nuclear envelope from flies to mammals disassembles into its component parts, with 



 

xiv 

the nuclear pore breaking into multiple subunits.  The pore then reassembles in a step-

wise process as the nuclear envelope reforms in late anaphase.  The major focus of this 

thesis has been to better understand the assembly and function of the nuclear pore.  It 

has resulted in three published papers and one paper in preparation. 

First, I participated, with postdoc Dr. Corine Lau, in a study of the novel 

vertebrate transmembrane nucleoporin, Ndc1.  I resolved the topology of yeast Ndc1p 

and identified conserved amino acids to target for future functional studies (Chapter 

1).  

In a second study, I participated in a collaboration with the laboratory of Dr. 

Pamela Silver at Harvard Medical School in identifying a new role for the vertebrate 

nuclear pore in the regulation of transcription.  We found that in vertebrates, specific 

chromosomal regions move to the nuclear pore complexes during transcriptional 

activation (Chapter 2).  

Key work next centered on the mechanism of action of importin beta in 

negatively regulating nuclear membrane fusion and pore assembly.  (The small 

GTPase, Ran, positively regulates both these processes.)  A major unanswered 

question has been, which specific steps in nuclear pore assembly are regulated by 

importin beta or RanGTP.  I determined, using Xenopus constructs, that importin beta 

is an authentic regulator of nuclear pore assembly and that, contrary to previously 

published results, Ran reverses this negative regulation (Chapter 3).    

Finally, a fourth study, done with Dr. Corine Lau, established that the distant 

importin beta relative, transportin, also negatively regulates nuclear membrane and 
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pore assembly (Chapter 4).  I showed that both transportin and importin beta act early 

to control the initial step of pore assembly:  the binding of the pore-targeting protein 

ELYS to chromatin, which sets in motion the specific targeting of nuclear pores to the 

nuclear surface. 



 

1 

INTRODUCTION 

The nucleus is the defining organelle of eukaryotes and acts to both sequester 

and protect our genetic material.  Two membrane bilayers encircle the genome, 

forming a barrier between the contents of the nucleus and those of the cytoplasm.  

Perforating this barrier are nuclear pore complexes, which act as points of control for 

all traffic into and out of the nucleus. All molecules 20 kDa or less can freely diffuse 

across the nuclear pores (For review see [1-5]).  However, transport receptors are 

required for the transport of larger cargoes, such as proteins that contain a nuclear 

import or export signal or, alternately ribonucleoproteins (RNPs) and RNAs which 

need to be transported (for review see [6-10]).  The regulation of nuclear-cytoplasmic 

transport is essential to cellular function.  A permanently open gate could allow 

indiscriminant gene transcription or the translation of unspliced mRNA.  Thus, the 

need for tight regulation of traffic into and out of the nucleus positions nuclear pores 

to be one of the most critical structures of the eukaryotic cell. 

Mature vertebrate nuclear pore complexes are one of the largest multi-protein 

structures in the eukaryotic cell.  The NPC spans the two bilayers that form the nuclear 

envelope, which fuse at the periphery of the NPC [11-14].  NPCs are comprised of 

~30 different nucleoporins (or Nups) each in 8-32 copies.  These Nups are distributed 

asymmetrically across the nuclear pores [15].  Facing the nucleus, Nup153 and TPR 

form a structure resembling a basket, and thus termed the nuclear basket [16-18].  On 

the opposite or cytoplasmic face of the nuclear pore are Nup214 and Nup358 [19], 

with Nup358 forming cytoplasmic filaments [20].  Three integral membrane proteins 
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connect the nuclear pore to the nuclear membrane: POM121, gp210, and NDC1 [21-

25].  High resolution scanning electron microscopy images show large concentric 

rings making up the area between the nuclear basket and cytoplasmic filaments [26].  

Here the bulk of the nuclear pore mass is found, including the Nup107-160 and 

Nup93/205 subcomplexes [18].  The Nup107-160 complex is the largest subcomplex 

found in the nuclear pore.  It is comprised of 9 nucleoporins and is vital to pore 

assembly [27-30].  Spanning the length of the nuclear pore complex are the different 

Phenylalanine-Glycine (FG) repeat-containing nucleoporins [18, 31, 32].  For review 

see [33, 34].  These nucleoporins are important for nuclear-cytoplasmic transport as 

the nuclear transport receptors are thought to interact with FG-repeat domains as they 

traverse the nuclear pore [35-42]. 

The components of metazoan nuclei, including the nuclear pores, disassemble 

at the onset of mitosis allowing for mitotic spindle formation and faithful segregation 

of the chromosomes, for review see [43].  The nuclear pores break apart into protein 

sub-complexes, while the nuclear membranes retreat into the ER and/or vesiculate 

[44-48].  Beginning in late anaphase of mitosis, the nuclei, including the nuclear pores, 

begin to reassemble in a step-wise process resulting in mature nuclear pores and a 

closed nuclear envelope [49-51]. Reviewed in [34] [52].   

Yeast nuclear pores are structurally similar to their vertebrate counterparts, but 

smaller, 70MDa vs. 125MDa in mass [11, 32, 53, 54].  Many of the nucleoporins are 

homologous between yeast and vertebrates, with several notable exceptions.  It was 

long thought there were three integral membrane proteins in yeast, Pom152p, Pom34p, 
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and Ndc1p, but only two in vertebrates, POM121 and gp210.  Interestingly, no 

homology was found between these vertebrate and yeast integral membrane pore 

proteins.  By a series of iterative BLAST searches our lab uncovered a vertebrate 

homologue for Ndc1p [23].  This work accompanied by a detailed comparison 

between the yeast and vertebrate NDC1 homologues and an experimental 

determination of the topology of Ndc1p was published in the Anatomical Record in 

2006.  I was the secondary author of this publication and it is reproduced in full in 

Chapter 1.  After this work was submitted, two papers were published demonstrating 

that vertebrate NDC1 is indeed part of the nuclear pore complex and necessary for its 

assembly [24, 25]. 

 The role of nuclear pore complexes as the gateway to the nucleus is expanding.  

In the budding yeast, Saccharomyces cerevisiae, the nuclear periphery, including 

nuclear pores are shown to regulate transcriptional repression [55-60] [56] and 

activation [61-72].  In collaboration with the laboratory of Dr. Pamela Silver at 

Harvard Medical School, we now demonstrate that the nuclear pore complex is 

involved in transcriptional activation in humans [73].  Antibody to the vertebrate 

nucleoporin, Nup93, was used to identify chromosomal regions that interacted with 

the nuclear pore during transcriptional activation.  This work was published in Genes 

& Development in March 2008.   This publication is reproduced in full in Chapter 2. 

A main focus of my thesis research has been on a negative regulator of nuclear 

assembly, importin beta.  The canonical role for importin beta is as a nuclear import 

receptor.  Importin beta interacts with cargo containing a nuclear localization signal 
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(NLS) via its cofactor, importin alpha [35, 74, 75].  This trimeric import complex is 

competent to pass from the cytoplasm to the nucleus through the nuclear pore, via FG-

nulceoporin binding.  Once inside the nucleus the import complex encounters 

RanGTP.  RanGTP binds strongly to importin beta, inducing a conformational change 

that disassembles the import complex [76].  Reviewed in [77].  Interestingly, new 

roles for importin beta have emerged in the past several years.  It has been shown to be 

a negative regulator of mitotic spindle assembly, nuclear membrane fusion, and 

nuclear pore complex assembly (Reviewed in [78]) as well as, very recently, a positive 

regulator of the chromosome loading of human chromokinesin Kid [79]. 

Much of nuclear pore complex assembly has been studied in a Xenopus laevis 

nuclear reconstitution system [28, 29, 49, 80-86, 92].  Because the early Xenopus 

embryo must undergo multiple rounds of cell division without protein synthesis, the 

Xenopus egg contains enough material to form millions of nuclear pores.  To study the 

formation of nuclear pores, Xenopus eggs are fractionated by ultracentrifugation into a 

membrane-free cytosol component and a membrane vesicle component.  When both of 

these components are combined in the presence of a chromatin source and an ATP 

regeneration system, nuclei spontaneously assemble.  These nuclei contain normal 

nuclear membranes, a nuclear lamina, and nuclear pores, are competent for nuclear 

import, and can undergo a normal round of replication [85-88]. 

A large portion of my thesis research has focused on the role of importin beta 

as a regulator of nuclear assembly.  Importin beta is a negative regulator of this 

process while and RanGTP is a positive regulator [83, 84].  In a previous study, when 
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excess importin beta was added to the Xenopus in vitro nuclear assembly system, 

vesicle-vesicle membrane fusion was inhibited around the nucleus [83].  This block to 

proper nuclear membrane fusion could be reversed by addition of excess RanGTP 

[83].  This was the first evidence of importin beta regulating nuclear membrane fusion.  

In the same study, excess importin beta was added to nuclear intermediates, which had 

fused nuclear membranes but no detectable nuclear pores [83].  If these nuclear 

intermediates were diluted into fresh Xenopus egg cytosol, then nuclear pores could 

form.  However, if these pore-free intermediates were diluted in cytosol in the 

presence of excess importin beta, nuclear pore formation was blocked [83].  These 

studies define a role for importin beta as a negative regulator in nuclear pore 

formation.  In the Harel et al., 2003 study, the importin beta block to pore assembly 

could not be reversed by the addition of excess RanGTP.  Notably, the original 

research demonstrating a role for importin beta as a negative regulator of nuclear 

assembly tested recombinant human importin beta in a Xenopus laevis in vitro system 

[83, 84].  Chapter 3 of my dissertation addresses whether the block to nuclear 

assembly shown by excess human importin beta is authentic, or due to a dominant 

negative mutation resulting from sequence variation between the Xenopus and human 

importin beta proteins [92].  I demonstrated in work done in collaboration with Dr. 

Rene Chan, a previous graduate student of the laboratory, that Xenopus importin beta 

acts identically to human importin beta in its negative regulation of nuclear membrane 

fusion and nuclear pore assembly, thus validating importin beta as a bona fide 

negative cell cycle regulator.  During this investigation I also discovered that when 
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importin beta, either human or Xenopus, is fused to a 6-His purification tag it has an 

altered sensitivity to RanGTP.  By removing the purification tag, I showed that the 

block to pore assembly by excess untagged Xenopus or human importin beta could 

indeed be reversed by the addition of excess RanGTP [92].  These studies, presented 

in Chapter 3 of this dissertation, have been published in BMC Cell-Biology. 

Dr. Corine Lau, a post-doc in the laboratory, discovered a novel role for the 

transport receptor, transportin, as a negative regulator of pore assembly.  Like importin 

beta, excess transportin blocks both nuclear membrane fusion and nuclear pore 

assembly in a Ran sensitive manner.  Interestingly, we show that both importin beta 

and transportin interact with the same set of nucleoporins as shown by a GST-

pulldown from Xenopus egg extract.  In chapter 4 I establish that transportin, like 

importin beta, also negatively regulates annulate lamellae assembly (AL, or stacks of 

cytoplasmic pores embedded in specialized ER membranes).   

Recent work demonstrated that ELYS, a newly discovered nucleoporin, targets 

nuclear pore assembly to chromatin [89-91] (Rasala et al., submitted).  In the absence 

of ELYS, pores no longer form in the nuclear envelope around chromatin, but can still 

form in the cytoplasm as annulate lamellae [89, 91].  The binding of ELYS to 

chromatin at the end of anaphase initiates nuclear pore assembly by recruiting the 

Nup107-160 complex to chromatin [89, 91] (Rasala et al., submitted).  In Chapter 4, I 

demonstrate that importin beta and transportin negatively regulate the binding of 

ELYS to chromatin in a Ran-sensitive manner.  Thus, importin beta and transportin 

negatively regulate the first known step of nuclear pore assembly.  This work, together 
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with that in the previous paragraph, is the subject of a fourth paper now in manuscript 

form. 

This work expands our knowledge of the nuclear pore complex: what its 

components are, what functions it has, and how its assembly is regulated.  
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CHAPTER 3 

Xenopus importin beta validates human importin beta as a 

cell cycle negative regulator 
 

Valerie A. Delmar, Rene C. Chan, Douglass J. Forbes
 

 

Abstract 

Background 

Human importin beta has been used in all Xenopus laevis in vitro nuclear 

assembly and spindle assembly studies.  This disconnect between species raised the 

question for us as to whether importin beta was an authentic negative regulator of cell 

cycle events, or a dominant negative regulator due to a difference between the human 

and Xenopus importin beta sequences.   No Xenopus importin beta gene was yet 

identified at the time of those studies.   Thus, we first cloned, identified, and tested the 

Xenopus importin beta gene to address this important mechanistic difference.  If 

human importin beta is an authentic negative regulator then we would expect human 

and Xenopus importin beta to have identical negative regulatory effects on nuclear 

membrane fusion and pore assembly.  If human importin beta acts instead as a 

dominant negative mutant inhibitor, we should then see no inhibitory effect when we 

added the Xenopus homologue. 

Results 

We found that Xenopus importin beta acts identically to its human counterpart. 

It negatively regulates both nuclear membrane fusion and pore assembly. Human 
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importin beta inhibition was previously found to be reversible by Ran for mitotic 

spindle assembly and nuclear membrane fusion, but not nuclear pore assembly. During 

the present study, we observed that this differing reversibility varied depending on the 

presence or absence of a tag on importin beta.  Indeed, when untagged importin beta, 

either human or Xenopus, was used, inhibition of nuclear pore assembly proved to be 

Ran-reversible. 

Conclusions 

We conclude that importin beta, human or Xenopus, is an authentic negative 

regulator of nuclear assembly and, presumably, spindle assembly.  A difference in the 

Ran sensitivity between tagged and untagged importin beta in pore assembly gives us 

mechanistic insight into nuclear pore formation.   

Background 

Vertebrate nuclear assembly is a complex process involving the sequential 

recruitment of specific proteins and membranes to chromatin.  At the end of mitosis, 

membrane vesicles and/or ER membrane sheets arrive at the chromatin surface to fuse 

and form a unique structure consisting of two complete, encircling membrane bilayers 

[1, 2].  As soon as regions of double membrane form at the chromatin surface, nuclear 

pore complexes form within those regions perforating the membranes.  Nuclear pore 

complexes span the bilayers and control virtually all traffic between the nucleus and 

cytoplasm [3, 4].  The 125-megadalton vertebrate nuclear pore is composed of 

multiple copies of ~30 different nucleoporins, only three of which are integral 
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membrane proteins [5].  The majority of nucleoporins are recruited from soluble 

cytoplasmic subunits.  The assembly of these nucleoporins into the 500-1000 protein 

complex is a daunting task, as nucleoporins must sequentially and precisely assemble 

in the correct order and location [6-8].  Determining the choreographed molecular 

mechanism by which nucleoporins assemble into functional pores within the double 

nuclear membranes is a matter of intense research.    

The nuclear import factor, importin beta, and its regulatory counterpart, the 

small GTPase Ran, were revealed to be two key regulatory factors controlling this 

choreography, both for nuclear membrane fusion and separately for nuclear pore 

assembly [9-13].  Addition of excess human importin beta to a Xenopus nuclear 

reconstitution system disrupts the endogenous ratio between importin beta and 

RanGTP.  This disruption blocks proper nuclear membrane fusion and the subsequent 

step of nuclear pore assembly [9, 10].  The block to nuclear membrane fusion was 

found to be reversible by the positive regulator, RanGTP, but the block to pore 

assembly, oddly, was not [9, 10].  There is, however, much precedence for positive 

Ran effects on nuclear pore assembly:  The addition of RanQ69L, a Ran mutant 

constitutively in the GTP-bound state, to the Xenopus reconstitution system causes 

greatly increased nuclear pore assembly and ectopic formation of additional pores in 

cytoplasmic membranes or annulate lamellae [9, 10, 14-17]. These studies led to the 

hypothesis that importin beta acts in the cell cycle to negatively regulate nuclear pore 

formation and that it does so by binding to nucleoporins, preventing them from 

interacting with one another.  When such importin beta/nucleoporin complexes enter 
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the vicinity of high RanGTP, importin beta preferentially binds RanGTP, releasing its 

hold on the nucleoporins.  A high concentration of RanGTP is produced only around 

chromatin, due to the chromosomal localization of the RanGEF, RCC1 [18-21].  The 

freed nucleoporins are then able to interact with one another in the correct location and 

the correct ratio to form nuclear pores at the chromatin periphery [9, 10, 22].  

 Prior to the discovery of its role as a negative regulator of nuclear membrane 

fusion and pore assembly, importin beta was elegantly shown by a number of groups 

to be a negative regulator of mitotic spindle assembly in Xenopus laevis egg extract 

[23-29], mammalian cell lines [25, 30], Drosophila Melanogaster [31], and 

Caenorhabditis elegans [32] (Reviewed in [11, 12, 33, 34]).  In this arena, mitotic 

spindle assembly factors (SAFs) such as TPX2, NuMa, and XCTK2 are found to be 

imported into the nucleus by importin beta and localize there throughout interphase in 

Xenopus egg extract [27, 28, 35-37] and mammalian cell lines [35, 38] (Reviewed in 

[39-41]).  This sequestration effectively prevents the SAFs from interfering with 

interphase microtubule formation in the cytoplasm.  At mitosis when the nuclear 

envelope breaks down, the SAFs are released from the nucleus and come under 

importin beta regulation.  Binding of importin beta inhibits the SAFs throughout the 

cell, except in the vicinity of the RanGTP-rich chromosomes.   There, importin beta 

preferentially binds to RanGTP, releasing its hold on the spindle assembly factors and 

allowing them to initiate mitotic spindle formation around the chromosomes.  

These nuclear and spindle assembly studies on the regulatory role of importin 

beta were performed in interphase and mitotic assembly systems derived from 
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Xenopus eggs [23, 26-28, 35, 42-50].  In a Xenopus interphase egg extract, nuclei 

normally assemble spontaneously around added chromatin or DNA [51-60].  In 

contrast, in a Xenopus mitotic egg extract, spindles spontaneously form around the 

added chromatin [61, 62].  Thus, these in vitro systems are powerful tools for studying 

both nuclear and mitotic spindle assembly.  

Upon further analysis, we realized that the recombinant importin beta used in 

all the Xenopus studies of nuclear and spindle assembly was, in actuality, human 

importin beta [9, 10, 25, 27-30, 37, 63-68].  (Xenopus importin beta had neither been 

identified nor cloned and thus was not available for the studies).  The use of 

recombinant human importin beta in the Xenopus system led to a further key question:  

Is importin beta an authentic negative regulator of cellular function, or does human 

importin beta act as a dominant negative mutant as a result of sequence variation 

between the human and Xenopus proteins? 

To address this question, in this study we identified, cloned, and tested 

recombinant Xenopus importin beta for its role in nuclear membrane fusion and 

nuclear pore assembly.  We found Xenopus importin beta to act identically to human 

importin beta, i.e., it acts as a negative regulator of both nuclear membrane fusion and 

pore assembly, finally validating the conclusion that importin beta is an authentic 

negative regulator of cell cycle steps.  However, in examining tagged importin betas, 

which include the form that has been used in all the previous studies, we found 

evidence that the tag renders importin beta mutant in its response to Ran, but does so 

specifically with respect to pore assembly.  This impairment of importin beta raises 
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interesting hypotheses as to why nuclear pore assembly is unique, which will be 

discussed here.  

Results 

Identification and cloning of Xenopus laevis importin beta. 

To address whether human importin beta acts as an authentic negative 

regulator of nuclear membrane fusion, pore assembly, and spindle assembly, or as a 

dominant negative mutant inhibitor due to inherent species sequence differences, we 

set out to identify and clone Xenopus importin beta.  Overlapping Xenopus EST 

sequences showing homology to human importin beta were compiled from gene 

fragments present in the Xenopus EST database.  A full-length Xenopus importin beta 

sequence was then cloned from total Xenopus RNA by reverse transcription and PCR.  

The resulting full-length Xenopus importin beta cDNA was cloned into an N-terminal 

His tag vector, pET28a, for both protein expression and sequencing.  The 

corresponding nucleotide sequence was submitted to GenBank, Accession number 

EU286786.   Sequence alignment revealed that Xenopus importin beta is 94% identical 

to human importin beta; however, 48 amino acids varied between the species, 

although often in a conserved manner (Figure 1).  These 48 amino acids give scope for 

the hypothesis that potential “mutant” amino acids could cause a dominant negative 

phenotype with human importin beta.  

To further eliminate any potential differences from endogenous Xenopus 

importin beta, we wished to use recombinant Xenopus importin beta free of 

purification tags.  For this, the Xenopus importin beta clone was subcloned into a 
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vector that introduced a cleavable GST tag.  After the GST- importin beta was 

expressed and purified, the GST tag was removed by Precision Protease and the 

resulting untagged Xenopus protein was used in nuclear assembly studies. 

 

Xenopus importin beta negatively regulates membrane fusion in a Ran-sensitive 

manner. 

With the Xenopus importin beta clone in hand, we set out first to ask whether it 

blocked nuclear membrane fusion when in excess.  If no importin beta is added to a 

Xenopus laevis in vitro system, after one hour smooth fused membranes are formed 

and can be visualized with the membrane dye DHCC, as we also observed here 

(Figure 2, Control) [9, 69].  However, when we added excess untagged Xenopus 

importin beta at the beginning of a nuclear reconstitution reaction, nuclear membrane 

formation was blocked, as shown by the presence of fuzzy unfused membranes 

(Figure 2, +X-β).   This inhibition of fusion was reversed by addition of RanQ69L-

GTP, a form of Ran stably associated with GTP, as it cannot hydrolyze GTP (Figure 2, 

+X-β + Ran) [16].  These results thus indicated that Xenopus importin beta acts 

identically to human importin beta in negatively regulating nuclear membrane fusion, 

and does so in a Ran-sensitive manner. 
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Xenopus importin beta negatively regulates nuclear pore assembly and is 

reversed by Ran. 

 We next tested Xenopus importin beta for inhibition of nuclear pore assembly.  

We had previously shown that human importin beta blocks nuclear pore formation, but 

cannot be reversed by Ran [9].  To investigate the effect of Xenopus importin beta on 

pore assembly, we first needed to bypass the inhibition of nuclear membrane fusion 

and look only at the nuclear pore assembly step.  It has long been known that when the 

Ca
++

 chelator BAPTA is added to a Xenopus nuclear reconstitution reaction at t=0’, 

nuclei result that have a fused nuclear envelope, but no nuclear pores [9, 58, 70].  

These “BAPTA pore-free nuclei,” in consequence, do not stain with antibody directed 

against nucleoporins containing Phenylalanine-Glycine (FG) repeats (Figure 3, left 

panels) [9, 58].  Upon dilution of the BAPTA nuclei into Xenopus cytosol free of 

BAPTA, nuclear pores form normally, as previously described and shown here (Figure 

3, cytosol + buffer) [9].  This ability of BAPTA pore-free nuclei to be rescued 

provides a convenient system for investigating solely the effect of Xenopus importin 

beta on pore assembly [58].  Here we found that, when BAPTA nuclei were diluted 

into cytosol containing Xenopus importin beta, the nuclei were not able to form 

nuclear pores (Figure 3, +X-β), identical to the block seen with human importin beta 

[9].  Thus, we conclude that importin beta, either Xenopus or human, is indeed an 

authentic negative regulator of nuclear pore assembly. 

 Strikingly, when BAPTA nuclei were diluted into cytosol containing Xenopus 

importin beta and RanQ69L, the BAPTA defect was rescued by Ran, i.e., FG-
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containing nuclear pores formed (Figure 3, bottom panel, +X-β +Ran).  This rescue 

differed from what was previously seen where Ran was unable to overcome the human 

importin beta block to pore assembly (see Figure 3, + h-β-Tag +Ran and [9]).  This 

new result prompted us to investigate the cause for the unexpected difference in Ran 

sensitivity.   

 

Tagging importin beta causes insensitivity to Ran in its block to nuclear pore 

assembly. 

We considered the differing Ran reversibility results seen with human and 

Xenopus importin beta.  Two possibilities existed:  1) either human importin beta 

differs from Xenopus importin beta with respect to its sensitivity to Ran, because of an 

inherent sequence difference in the importin beta coding sequence, or, 2) the His-tag 

present on the human importin beta used in all previous in vitro studies alters its 

sensitivity to Ran in a detrimental manner, but only with respect to pore assembly.  To 

distinguish between these two mechanistic explanations, the BAPTA rescue 

experiment was next performed using tagged Xenopus importin beta, where an N-

terminal His-tag was introduced.  We found that tagged Xenopus importin beta acted 

identically to tagged human beta, i.e., it was not reversible by Ran (Figure 4A).  Thus, 

the second model of tag-induced insensitivity to Ran appeared correct. 

As a final test, however, an untagged form of human importin beta was cloned 

and used in a rescue experiment.  We found that untagged human importin beta 

blocked the ability of nuclear pores to form when BAPTA-arrested nuclei were diluted 
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into fresh cytosol (Figure 4B, +h-β).  However, now RanQ69L rescued the pore 

assembly defect, albeit not as strongly as with the untagged Xenopus importin beta 

homologue (Figure 4B, compare +h-β +Ran with +X-β + Ran).  Therefore, the first 

model of human importin beta acting as a dominant negative due to sequence variation 

is also plausible.  Taken together, the data indicate that, specifically with respect to 

importin beta’s block to pore assembly, wild-type human importin beta is less 

sensitive to Ran than Xenopus importin beta, and the presence of a His-tag on human 

importin beta renders it insensitive to Ran. 

Discussion 

In this study we validate importin beta as a negative regulator of cell cycle 

events, including nuclear membrane fusion and pore assembly.  As all importin beta 

studies on nuclear and mitotic spindle formation using the Xenopus in vitro system to 

date have involved the addition of human importin beta, we asked whether the effects 

of importin beta were due to an inter-species sequence variation causing the human 

protein to act as a dominant negative mutant form.  Instead we clearly show in 

experiments with Xenopus importin beta that this wild type protein acts as a true 

negative regulator.    

Interestingly, during the course of this study we uncovered a mechanistic 

explanation for the Ran-insensitive importin beta block to pore assembly previously 

observed [9].  Tagging importin beta at the N- (Xenopus) or C- (human) terminus was 

discovered to block importin beta’s sensitivity to RanGTP (up to 100µM of added 

Ran, data not shown) in Xenopus in vitro studies, but only in the realm of nuclear pore 
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assembly.  Both spindle assembly and nuclear membrane assembly are blocked by 

importin beta, but readily reversed by RanGTP [9].  We showed that, upon removal of 

the tag, RanGTP now also reversed the block to pore assembly engendered by 

Xenopus importin beta and partially reverses the block by human importin beta.   

Importin beta normally undergoes a significant conformational change upon 

RanGTP binding [71-80].  It is therefore not inconceivable that even a small tag, such 

as the six histidine tag, could increase rigidity or cause an inability for importin beta to 

fully change conformation and thus be unable to release its binding partners correctly 

in response to RanGTP.  What is surprising is that the tagged-importin beta 

insensitivity to RanGTP is only seen with respect to its role as a negative regulator of 

nuclear pore assembly.  All other studies on the dynamics of importin beta and 

RanGTP in mitotic spindle assembly and nuclear membrane fusion have not shown an 

unresponsiveness of tagged-importin beta to RanGTP [9, 10].  One explanation for 

this might derive from the known association of importin beta with multiple FG-

nucleoporins, suggesting that multiple sequential steps in pore assembly could 

potentially be regulated by importin beta [74, 81-84].   The cumulative effect of an 

impaired importin beta being incompletely released by Ran at each step of pore 

assembly could explain the observed irreversibility of tagged importin beta’s block 

specifically on nuclear pore assembly.  

A second explanation for why importin beta’s regulation of nuclear pore 

complex assembly differs from nuclear membrane fusion and spindle assembly with 

respect to Ran reversibility may involve how the targets of regulation interact with 
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importin beta.  What mechanistically might differ between spindle assembly factor 

(SAF) binding and nucleoporin (Nup) binding to importin beta? One study suggested a 

region of importin beta (aa 71-876) bound to SAFs and blocked spindle assembly 

when added to a mitotic extract, whereas amino acids 1-380 of importin beta had a 

lesser effect on spindle assembly [27], albeit other interpretations are also possible 

[38].  Notably, importin beta has two known binding sites for nucleoporins, aa 1-396 

near the N-terminus and aa 304-876 near the C-terminus [83].  Importantly, the N-

terminal Nup binding site of importin beta partially overlaps with the binding site for 

RanGTP [12, 72, 73, 82, 83, 85, 86].  An intriguing possibility is that this N-terminal 

Nup binding site could be responsible for tagged importin beta’s insensitivity to 

RanGTP with respect to pore assembly, as this site appears not to play a significant 

role in the regulation of mitotic spindle assembly.  

There are as yet no identified molecular targets of importin beta with respect to 

nuclear membrane fusion that can be similarly analyzed.  However, when an importin 

beta fragment (aa 45-462) containing the N-terminal Nup binding site, but lacking the 

importin alpha, RanGTP, and C-terminal Nup binding sites, is added, nuclear 

membrane fusion goes forward [9].  Thus, the binding site on importin beta for the 

unknown membrane fusion factor or factors is not contained within this region (aa 45-

462). 

 Perhaps the most surprising difference between tagged and untagged importin 

beta sensitivity to Ran is the differing effect on annulate lamellae (AL) pore formation 

versus nuclear pore formation.  Importin beta blocks AL formation, but this block is 
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reversed by RanGTP, whether tagged or untagged importin beta is used ([10] and data 

not shown), which is clearly not the case for nuclear pore assembly.  One explanation 

could be that AL formation may not be as stringent as nuclear pore assembly, as the 

pore complexes in AL do not necessarily need to function, whereas nuclear pore 

complexes must be functional.  An alternative explanation could be that the tagged 

importin beta blocks an assembly step that is unique to nuclear pore assembly and not 

found in AL assembly.  Whatever the tag-sensitive block to nuclear pore assembly is, 

it must occur after nuclear vesicle-vesicle fusion, as the importin beta block to pore 

assembly is observed using membrane-enclosed BAPTA intermediates as a starting 

point (Figures 3 and 4) [9].   

 The placement of the 6-Histidine tag at either the N- or C-terminus of importin 

beta appears not to matter.  The human importin beta used in most Xenopus in vitro 

studies [9, 10, 26, 29, 30, 35, 63, 65, 87] has a His tag at its C-terminus, while the 

tagged Xenopus importin beta constructed in this study has the tag at the N-terminus.  

We have not tested other types of tags on importin beta for their effect on pore 

assembly. Clearly, in the future functional studies using importin beta should take care 

to use an untagged version of importin beta or, alternatively, may specifically want to 

use a tagged version in order to study the mechanism of arrested nuclear pore 

assembly more closely. 

Conclusions  

By using species-specific importin beta for nuclear assembly studies we have 

now demonstrated that importin beta, human or Xenopus, is indeed an authentic 
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negative regulator of nuclear assembly and, presumably, spindle assembly.  In 

previous studies, the action of human importin beta could easily have been due to a 

dominant negative mutant effect, which would have required a different model of 

regulation.  By performing the experiments here we now provide the evidence that 

importin beta must truly be a negative regulator in its wild type form. 

 

Methods 

Cloning and Sequencing of Xenopus importin beta. 

To obtain a sequence of Xenopus importin beta, overlapping Xenopus EST 

sequences showing homology to human importin beta were compiled from fragments 

present in the NIH Xenopus EST database.  Full-length Xenopus importin beta was 

then cloned from Xenopus total RNA by reverse transcription and polymerase chain 

reaction (PCR) amplification using the forward primer 5’-

CCCGGATCCATGGAGCTCGTCACCATCCTC-3’ (with BamHI site underlined) 

and reverse primer 5’-CCCCGCGGCCGCTCAGGCTTGGTTTTTCAG-3’ (with NotI 

site underlined).  The full-length Xenopus importin beta cDNA was cloned into the N-

terminal His tag vector pET28a (Invitrogen, Carlsbad, CA) (pET28a-Xbfl).  GST-

Xenopus importin beta (pGEX6P-Xbfl) was cloned by restriction digestion of pET28a-

Xbfl with BamHI and NotI, and ligation of the insert into the pGEX6P-3 vector 

(Amersham Biosciences, Sweden) digested with the same restriction enzymes. 

The sequence of Xenopus importin beta was confirmed by DNA sequencing of 

the pET28-Xbfl construct with two forward primers: T7 promoter and an internal 
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primer (Xbfl intF1, 5’ GCTGCACTGCAAAACCTGG 3’) and a reverse primer, the 

T7 terminator primer.   Human and Xenopus importin beta were aligned using the 

Clustal-W program and highlighted using BoxShade, both available through the 

Workbench program of the San Diego Super Computer Center [88]. 

 

Protein Expression and Purification. 

His-tagged proteins (Xenopus importin beta, human importin beta, and 

RanQ69L), were expressed and purified as previously described [9].  RanQ69L was 

loaded with GTP as described previously [9]. 

To purify untagged human and Xenopus importin beta, pGEX6P-hbfl and 

pGEX6P-Xbfl were transformed into Rosetta DE3 competent cells (EMD Biosciences, 

Germany), expanded, and induced with 0.1 mM isopropyl-beta-D-

thiogalactopyranoside (IPTG) overnight at 17°C.  Glutathione-Sepharose 4B beads 

(Amersham Biosciences, Sweden) were used to purify the GST-tagged protein as per 

manufacturer’s instructions. To remove the GST tag, purified proteins were cleaved on 

the column in the presence of 80 units of Precision Protease (Amersham Biosciences, 

Sweden) for 4 hours at 4°C.  Untagged protein was eluted from the column and 

dialyzed into 5% glycerol/PBS and stored at  -80°C. 

 

Nuclear reconstitution and immunofluorescence. 

 Nuclear reconstitution and 1,2-bis (2-aminophenoxy) ethane-N,N,N,N-

tetraacetic acid (BAPTA) (Calbiochem, La Jolla, CA) nuclear reconstitution reactions 
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were performed in the Xenopus egg extract system as described previously [9].   FG 

nucleoporins were localized using an Alexa-488 directly labelled monoclonal antibody 

mAb414 (Covance, Berkeley, CA).  Xenopus egg cytosol and membranes were 

prepared as previously described [56], except for the use of 500 mM KCl in the 

membrane wash buffer.  After fixation in 3% formaldehyde, membranes were 

visualized by the lipophilic dye 3,3-dihexyloxacarbocyanine iodide (DHCC) (Eastman 

Kodak, Rochester, NY).  DNA was stained with 4’,6-diamidino-2-phylindole (DAPI).  

Nuclei were visualized with an Axioskop 2 microscope (63X objective; Carl Zeiss, 

Thornwood, NY).   

Authors' contributions 

VAD carried out the comparison between human and Xenopus importin beta 

and tagged vs. untagged importin beta.  VAD drafted the manuscript. 

RCC conceived of the original project, drafted parts of the manuscript, directed 

the cloning and sequencing of Xenopus importin beta, and performed preliminary 

characterization of His-tagged Xenopus importin beta. 

DJF significantly contributed to the intellectual content and manuscript. 

All authors read and approved the final manuscript. 



62 

 

Acknowledgements 

 

 This chapter, in full has been reproduced from Delmar VA, Chan RC, Forbes 

DJ.  Xenopus importin beta validates human importin beta as a cell cycle 

negative regulator. BMC Cell Biology, 2008, 9:14 by copyright permission from 

BioMed Central.  I was the co-primary author listed in this publication that forms the 

basis for this chapter.  We wish to thank Corine Lau and other members of the Forbes 

lab for helpful discussions, and Brian Sato for assistance with the cloning of Xenopus 

importin beta.  The work described here was supported by a National Institutes of 

Health grant R01-GM033279 to D.J.F. 

 

 



63 

 

Figures 

 

Figure 3.1  - Xenopus importin beta shows close homology to human importin 

beta. 

The protein sequence of Xenopus importin beta shows very close homology to 

human importin beta with 94% identities (828/876, black boxes) and 97% positives 

(857/876 gray and black boxes).  The amino acid composition, along with the length 

of the protein, is well conserved between Xenopus and human importin beta.  Three of 

the conservative amino acid differences between the Xenopus and human importin 

beta sequence are at residues involved in FG-domain binding (F217Y [82-84], I265V 

[84], and L505V [84].    
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Figure 3.2  - Xenopus importin beta is an authentic negative regulator of the 

fusion events in nuclear membrane formation. 

Addition of His-tagged Xenopus importin beta to a nuclear assembly reaction 

(+X-β) blocked nuclear membrane fusion, as shown by the lack of a solid nuclear rim 

stain by the green fluorescent membrane dye DHCC.  The block to membrane fusion 

could be rescued by the addition of RanQ69L-GTP (+X-β +Ran).  Where indicated, 

the added concentrations were 30µM Xenopus importin beta and/or 40µM RanQ69L-

GTP. DNA was stained with DAPI.  These observations are in accordance with 

experiments done with recombinant human importin beta in nuclear assembly 

reactions [9].  To better view the membranes, a section of the membrane stain (white 

dashed box) is enlarged by 3X (right panels).  The bar represents 10 microns.   
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Figure 3.3  - Xenopus importin beta is an authentic negative regulator of nuclear 

pore assembly and is reversed by RanGTP.   

Pore-free BAPTA nuclear intermediates, which have fused nuclear membranes 

but contain no nuclear pores (left panel), when diluted into fresh cytosol (+ buffer), 

incorporate nuclear pores.  The addition of His-tagged human importin beta (+h-β-

Tag) or Xenopus untagged importin beta (+X-β) prevented nuclear pore assembly. 

Addition of RanQ69L-GTP with His-tagged human importin beta (+h-β -Tag +Ran) 

could not reverse the beta block to pore assembly, as previously observed [9].  

However, addition of RanQ69L-GTP with untagged Xenopus importin beta (+X-β 

+Ran) did reverse the beta block to pore assembly. Nuclear pores were detected by the 

monoclonal antibody mAb414, which recognizes FG nucleoporins (FG Nups). Where 

indicated, importin beta was added at 20µM and RanQ69L-GTP at 30µM.  The bar 

represents 10 microns.  Black squares on the drawings at the right indicate FG-staining 

nuclear pores.
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Figure 3.4  - Altering importin beta by addition of a His-tag renders importin 

beta insensitive to RanGTP specifically in its block to nuclear pore assembly. 

A.   Pore-free BAPTA intermediates rescued in the presence of cytosol plus 

His-tagged Xenopus importin beta were not able to assemble nuclear pores (+Tag-X-

β).  When RanQ69L-GTP was added along with His-tagged Xenopus importin beta, 

the block to pore assembly could not be reversed (+Tag-X-β +Ran).  Where indicated, 

importin beta was added at 10µM and RanQ69L-GTP at 50µM.  The bar represents 10 

microns. 

B.  Pore-free BAPTA nuclear intermediates rescued in the presence of cytosol 

and untagged human or Xenopus importin beta were not able to assemble nuclear 

pores (+X-β or +h-β).  The inhibitory concentration of 10µM used here was 

determined to be the approximate minimum concentration for pore assembly 

inhibition in a separate experiment (data not shown).  When RanQ69L-GTP was 

added along with untagged human importin beta, the block to pore assembly was 

partially reversed (+h-β +Ran).  The Xenopus importin beta block was fully reversed 

(+X-β +Ran).  To better visualize the FG-nucleoporin stain, a section of the images 

(white dashed box) was enlarged by 3X (right most panel).  Where indicated, importin 

beta was added at 10µM and RanQ69L-GTP at 50µM. The bar represents 10 microns.
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CHAPTER 4 

 

Transportin and importin beta regulate both the initial  

and downstream steps of nuclear pore assembly 

 

Corine K. Lau, Valerie A. Delmar, Rene C. Chan, Douglass J. Forbes 

 

Abstract 

 Post-mitotic nuclear assembly requires the precise formation of nuclear 

membranes and the step-wise assembly of the nuclear pore complexes.  However, the 

mechanism, the order of assembly, and the factors involved in these highly regulated 

processes are still under debate.  We previously showed that importin beta negatively 

regulates both nuclear membrane fusion and nuclear pore assembly in vitro using 

Xenopus laevis egg extracts.  Here, we demonstrate that the transport factor, 

transportin, also negatively regulates nuclear envelope fusion and nuclear pore 

assembly.  In a cell, pores are found in the nuclear envelope, but can also be found in a 

specialized region of the endoplasmic reticulum (ER) of rapidly growing cells as 

annulate lamellae (AL).  We show, like importin beta, that excess transportin blocks 

the formation of AL-pores.  By GST-pull down from Xenopus egg cytosol, we reveal 

that the putative soluble nucleoporin regulatory targets of importin beta and 

transportin for nuclear pore assembly are largely the same:  the Nup107/160 complex, 

ELYS, the phenylalanine-glycine (FG)-containing nucleoporins, and Nup53.  
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Importantly, we show that both importin beta and transportin initiate their regulation 

as early as the first known step of nuclear pore assembly:  they negatively regulate the 

recruitment of the pore targeting nucleoporin, ELYS to chromatin.  The steps that are 

regulated by importin beta and transportin are counteracted by the small GTPase Ran.  

The interplay of these two negative regulators, along with the positive regulator Ran, 

allows precise choreography of nuclear assembly.  

 

Introduction 

 The eukaryotic genome is protected by an encircling nuclear envelope.  This 

consists of double nuclear membranes perforated by macromolecular structures called 

nuclear pore complexes.  The nuclear pores serve as the major portals for exchange of 

molecules between the nucleus and the cytoplasm.  Proteins larger than ~40kD, 

ribonucleoproteins (RNPs), and RNAs require active transport through the nuclear 

pores by transport receptors termed karyopherins (reviewed in [1, 2]).   

 Karyopherins consist of a large family of importins (import receptors) and 

exportins (export receptors) (reviewed in [3, 4]).  The most studied import receptor of 

the family is importin beta.  It mediates import of proteins through the use of adaptors, 

such as importin alpha and snurportin (reviewed in [5]).  Importin alpha recognizes 

cargoes containing a classical nuclear localization signal (NLS) composed largely of 

basic amino acids.  Importin beta can also bind to certain cargos directly without the 

use of an adaptor.  A second import receptor, transportin, recognizes and imports 

cargoes that contain either a hydrophobic proline-tyrosine PY-NLS or a basic PY-NLS 
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[6], also without the use of an adaptor.  The first protein discovered to be a substrate of 

transportin was hnRNP A1, which contains a 38-amino acid NLS called M9 [7].   

 The directionality of transport is governed by a gradient of RanGTP, the GTP-

bound form of the small GTPase Ran, where the concentration of RanGTP is high near 

the chromatin in the nucleus, and low in the cytoplasm (reviewed in [8]).  Both 

importin beta and transportin release their cargoes once they encounter RanGTP in the 

nucleus. 

 The basic architecture of the vertebrate nuclear pore consists of a large central 

framework, eight cytoplasmic filaments, and a nuclear basket.  Each nuclear pore 

contains ~30 different proteins in multiples copies and possesses eightfold symmetry 

([9-13] and references therein). 

 In vertebrates, the nuclear envelope breaks down and reforms during each cell 

cycle to allow chromosome segregation to take place.  The assembly of the nucleus at 

the end of mitosis requires all the components including nuclear membranes and 

nuclear pores to be re-assembled in a step-wise manner.  Vertebrate nuclear pore 

assembly also occurs during S-phase where nuclear pores must assemble in intact 

double nuclear membranes (Reviewed in [14]).  Various model systems have been 

utilized to study the regulated process of nuclear pore assembly.  Of interest, in vitro 

formation of nuclei using Xenopus egg extracts has provided a powerful way to 

observe and manipulate nuclear assembly [15-27].  For this, fractionated Xenopus egg 

cytosol is combined with Xenopus membranes, sperm chromatin, and an energy 

regenerating system.  Nuclei competent for nuclear import and DNA replication are 
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formed within one hour of incubation at room temperature.  Notably, the fractionated 

Xenopus cytosol contains the soluble nucleoporins in ~14 subcomplexes (Rasala et al., 

submitted) and these are poised for assembly into nuclear pores.   

 Although some nuclear assembly intermediates have been identified in the 

Xenopus system using chemical and protein inhibitors [17, 22, 23, 28-30] (reviewed in 

[31]), the individual steps in nuclear assembly have not been clearly defined.  In 

addition, the precise order and regulation of nuclear assembly remain controversial.  

Nonetheless, one of the widely accepted models for nuclear assembly in vitro involves 

membrane vesicles first binding to sperm chromatin, followed by vesicle-vesicle 

fusion to become patches of membranes, from which a layer of double membranes can 

form over the chromatin.  Nuclear pore assembly involves the recruitment of both pore 

membrane proteins and soluble nucleoporins to the chromatin in an orchestrated 

manner to the nuclear membrane [32, 33].  

 Amongst the soluble nucleoporins, the Nup107-160 complex is the largest, 

containing 9-10 members making it crucial for nuclear pore assembly [17, 19].  

Vertebrate ELYS was recently discovered to be a nucleoporin and was identified as a 

binding partner of the critical Nup107-160 complex [34, 35].  Interestingly, ELYS has 

been shown to initiate nuclear pore assembly; ELYS binds to chromatin and then 

recruits the Nup107-160 complex [34-36].  In the absence of ELYS, pore complexes 

cannot assemble at the chromatin periphery, but instead form in the ER to form pores 

within cytoplasm, i.e. membrane stacks of which are termed annulate lamellae (AL) 

[34, 35].  The recruitment ELYS and the Nup107-160 complex to chromatin is a 
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prerequisite for other soluble nucleoporins, including the FG-repeat containing 

nucleoporins, to be recruited to form the mature pore.  However, the mechanism of 

regulation of this important first step of nuclear pore assembly has not been 

elucidated.   

 Two key regulators of nuclear envelope assembly have been found: Ran is a 

positive regulator, while importin beta is a negative regulator [17, 19].  Nuclei formed 

in vitro in the presence of excess importin beta fail to undergo the vesicle-vesicle 

fusion necessary to form the nuclear membranes.  This inhibition can be counteracted 

by RanGTP [15, 17, 19].  GTP bound to RanQ69L is unable to be hydrolyzed, thus 

this Ran mutant is constitutively found in the GTP form [37].  Excess importin beta 

also blocks nuclear pore assembly in nuclei that contain pre-formed nuclear 

membranes and in annulate lamellae [15, 17, 19], and RanGTP also reverses this 

inhibition [15].  These studies show a precise balance between the two regulators is 

required for proper nuclear assembly.  Nevertheless, the molecular steps regulated in 

pore assembly remain an open question. 

 In this study, we show that transportin is a regulator of nuclear envelope 

assembly.  Like importin beta, transportin regulates both nuclear membrane formation 

and nuclear pore assembly in the Xenopus nuclear assembly system and does so in a 

Ran-sensitive manner.  A search for the regulatory targets for both importin beta and 

transportin of nuclear pore assembly reveals the same soluble nucleoporin targets.  

Furthermore, both receptors appear to differentially regulate one of the first steps of 

nuclear pore assembly -- ELYS binding to chromatin in a Ran-dependent manner.   
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Results 

Transportin blocks nuclear membrane formation in a Ran-reversible manner. 

 Importin beta has previously been shown to act as a negative regulator of both 

nuclear membrane and nuclear pore assembly in the Xenopus laevis in vitro nuclear 

assembly system [15, 17, 19].  While investigating the mechanism of importin beta 

regulation of nuclear assembly, we also tested another nuclear import receptor, 

transportin, for its ability to regulate nuclear envelope assembly in the Xenopus 

system.  In the control reaction, when chromatin is mixed with Xenopus egg cytosol 

and membranes, completely fused nuclear membranes were observed to encircle the 

chromatin by 60 minutes, as indicated by the smooth membrane stain surrounding 

each nucleus (Figure 1, Control).  The addition of GTPγS, a known inhibitor of 

vesicle-vesicle fusion, inhibited nuclear membrane formation as evidenced by the 

discontinuous membrane profile indicative of unfused membrane vesicles ([23, 38]; 

Figure 1, GTPγS).  Importin beta gave, as expected, a similarly discontinuous 

membrane profile around the chromatin (data not shown; [15, 17]).  Strikingly, when 

excess transportin was added, unfused membranes were also observed (Figure 1, Trn).  

Importantly, this membrane fusion defect was counteracted by the positive regulator 

Ran, in the form of RanQ69L-GTP (a form of Ran that cannot hydrolyze GTP) (Figure 

1, compare Trn+Ran with Trn).  Therefore, transportin, like importin beta, negatively 

regulates nuclear membrane fusion in a Ran-reversible manner. 
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Transportin negatively regulates nuclear pore assembly. 

To determine whether transportin separately blocks nuclear pore assembly, we 

first assembled nuclear intermediates containing complete nuclear membranes, but 

which lacked nuclear pores.  This was done by performing nuclear assembly in the 

presence of BAPTA.  Such BAPTA nuclear intermediates contain a fused nuclear 

envelope, but no nuclear pores as shown by electron microscopy and a lack of 

detectable FG nucleoporins by immunofluoresence microscopy ([15, 17, 23]; Figure 

2A, left panel).  Normally, it has been shown that when such BAPTA nuclei are 

diluted 1:10 into fresh cytosol lacking BAPTA, nuclear pore assembly quickly ensues 

[15, 17, 23].  This rescue is apparent from the presence of FG-nucleoporin staining 

(Figure 2A, +Buffer).  If the Xenopus cytosol contained BAPTA, rescue was not 

observed (Figure 2A, +BAPTA).  Importantly, when BAPTA nuclei were diluted in 

cytosol containing excess transportin, the incorporation of FG-nucleoporins was 

blocked (Figure 2A, +Trn).  As in the case of importin beta ([15]; data not shown), the 

ability of transportin to block pore assembly was partially reversed by RanQ69L-GTP 

(Figure 2A, +Trn+Ran).  RanQ69L-GTP alone did not have any effect on nuclear pore 

assembly (Figure 2A, +Ran).  To quantitate these effects, seventy-five nuclei for each 

condition in Figure 2A were counted for the presence or absence of FG nucleoporin 

staining (Figure 2B).  The quantitation clearly confirms that transportin blocks nuclear 

pore assembly.   
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Annulate lamellae assembly is negatively regulated by transportin. 

 Annulate lamellae (AL) are stacked membranes that contain cytoplasmic 

mimics of intact nuclear pore complexes [39-41]. In most ways these AL-pores are 

identical to nuclear pores, but they are assembled differently in that they do not require 

chromatin or the pore targeting protein, ELYS [39, 40, 42] (Rasala et al., submitted).  

AL is thought to serve as storehouses of nuclear pore proteins in cases when nuclear 

pore assembly must occur rapidly [41, 43].  A previous study found that importin beta 

blocks AL-pore assembly at concentrations as low as 5µM, as indicated by the 

absence of FG nucleoporin Nup358, Nup214, Nup153, and Nup62 incorporation into 

AL membranes [19]. On the other hand, transportin did not affect AL assembly when 

added at 10µM in the same study [19].   Since we found 20µM transportin to block 

nuclear pore assembly, we asked if this concentration blocked AL-pore assembly.  To 

address this question, we compared the incorporation of several key nucleoporins into 

AL.  We formed AL in vitro by mixing Xenopus cytosol with Xenopus membranes in 

the absence of a chromatin source for 90 minutes.  The AL were then isolated by 

centrifugation and subjected to immunoblot analysis.  In AL formed under normal 

“control” conditions, individual nucleoporins such as Nup133, Nup43, Nup93, and 

Nup53 were detected, as expected (Figure 3, lane 1), indicating the formation of AL-

pores.  As expected, when we added importin beta to an AL assembly reaction at 

20µM, it blocked the incorporation of these soluble nucleoporins (Figure 3, lane 2).  

Strikingly, we found that 20µM transportin was indeed also able to block AL 

assembly (Figure 3, lane 4).  The block to AL formation by importin beta or 
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transportin could be reversed by the addition of RanQ69L-GTP (Figure 3, lanes 3 and 

5), although not completely.  Importin beta and transportin also inhibited the 

incorporation of all tested nucleoporins, including Nup214, Nup155, Nup153, Nup98, 

and Nup62 into AL-pores (data not shown). Thus, these results demonstrate that 

transportin negatively regulates AL pore assembly. 

 

A subset of nucleoporins binds to both importin beta and transportin. 

 Next, we wished to determine the targets of importin beta and transportin 

regulation of pore assembly.  During import, both bind to FG-containing nucleoporins 

that are essential for nucleocytoplasmic transport [8, 9, 44].  One hypothesis would be 

that importin beta and transportin regulate pore assembly by sequestering these 

essential FG-nucleoporins except in the region of the chromosomes, where RanGTP is 

produced.  The broader hypothesis would involve all of the nucleoporin subunits as 

targets of regulation.  In addition, it is conceivable that importin beta and transportin 

can have certain non-overlapping targets that can be regulated differentially. 

   Thus, to seek a comprehensive knowledge of the nucleoporin targets for these 

transport receptors in the Xenopus system, we performed GST pull-downs from 

Xenopus cytosol using GST-importin beta or GST-transportin as bait.  We then tested 

for the presence of 12 of the 14 known soluble nuclear pore subunits by 

immunoblotting.  Both importin beta and transportin interacted with the FG-

nucleoporins Nup358, Nup214, Nup153, Nup98, Nup62, and Nup50 (Figure 4A, lane 

3), as expected [45 - 51].  The major subcomplex of the nuclear pore, the Nup107-160 
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complex, known to interact with importin beta, also bound to transportin as evidenced 

by its binding of Nup160, Nup133, and Nup85 (Figure 4A, lane 4).  Interestingly, the 

two newly discovered Nup107-160 complex-associated proteins, ELYS and centrin 

[34-36, 52], bound to both importin beta and transportin (Figure 4A).  Nup53 also 

associated with importin beta and transportin (Figure 4A).  However, among the tested 

nucleoporins, members of the key Nup93/188/205 subcomplex and Nup155 did not 

show interaction with importin beta or transportin (Figure 4A).   

 We next tested the Ran sensitivity of nucleoporin binding to transportin.  The 

interaction between transportin and the FG-nucleoporins Nup214, Nup98, and with the 

Nup107-160 complex (Nup160, Nup133, and Nup43) was abolished in the presence of 

RanQ69L-GTP (Figure 4B, lane 5).  The interaction with Nup62 was significantly 

decreased.  In contrast, the interaction between transportin and the FG-nucleoporins 

Nup358, Nup153, and Nup50 remained the same or slightly increased in the presence 

of RanQ69L-GTP (Figure 4B, lane 5).  Interestingly, these latter three nucleoporins 

are unique in that each has been found to bind RanGTP on their own [51, 53-56]. 

 Together, the above data demonstrates that both importin beta and transportin 

interact with the same specific subset of nucleoporins.  This suggests importin beta 

and transportin may regulate nuclear pore assembly by a similar mechanism.  It is 

interesting that neither interact with the Nup93/188/205 subcomplex or Nup155.  The 

recruitment of these specific nucleoporins into the forming nuclear pore is thus not 

likely to be regulated by importin beta or transportin.  
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Importin beta and transportin regulate chromatin binding of ELYS in the first 

step of nuclear pore assembly. 

 The first known step of nuclear pore complex assembly involves recruitment of 

the pore-targeting nucleoporin ELYS to the chromatin [34, 36](Rasala et al., 

submitted).  This then attracts the Nup107-160 complex and initiates pore assembly.  

Since both importin beta and transportin interact with ELYS and the Nup107-160 

complex (Figure 4A), it is feasible that these transport receptors regulate the initial 

steps in nuclear pore assembly.  This hypothesis was tested using a chromatin-binding 

assay.  Xenopus cytosol was incubated with sperm chromatin with or without 

recombinant proteins, and subsequently processed for immunofluorescence.  In the 

control, when only cytosol was added to chromatin, the chromatin binding protein 

Orc2 and ELYS both bound to the chromatin (Figure 5A, +Buffer).  In contrast, ELYS 

no longer associated with chromatin in the presence of excess importin beta (Figure 

5A, +beta) and was greatly reduced in the presence of transportin (Figure 5A, +Trn), 

while binding of Orc2 to chromatin was unaffected by either of these treatments.  The 

inhibition was largely reversed if recombinant RanQ69L was also added (Figure 5A, 

+beta+Ran and +Trn+Ran). Quantitation of the ELYS binding results are shown in 

Figure 5B.  Thus, we conclude that importin beta and transportin negatively regulate 

the binding of ELYS to chromatin.  

 The binding of ELYS to chromatin was also tested in an anchored chromatin 

assay.  Decondensed sperm chromatin bound to poly-L-lysine coverslips was 

incubated with Xenopus cytosol, washed, and tested for the presence of ELYS and the 
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Nup107-160 complex by immunoblotting.  In the absence of added recombinant 

proteins, ELYS and members of the Nup107-160 complex bound to chromatin (Figure 

5C, lane 4, ELYS, Nup160, Nup133).  Association of ELYS and the Nup107-160 

complex with the chromatin was greatly reduced in the presence of importin beta 

(Figure 5C, lane 5) or transportin (Figure 5C, lane 8), while the Orc2 staining 

remained unchanged (Figure 5C, compare lanes 5 and 8 to lane 4).  This block of 

ELYS and Nup107-160 complex binding to chromatin could be, in part, reversed by 

the addition of RanQ69L to the reaction (Figure 5C lanes 6 and 9). The data further 

suggest that importin beta and transportin negatively regulate recruitment of the pore 

targeting protein, ELYS to chromatin in a Ran-reversible manner.  

 If importin beta and RanGTP are dueling regulators, then it would be expected 

that importin beta would shield interactions between nuclear pore subunits until they 

are in the vicinity of RanGTP near the chromatin.  When near chromatin, the nuclear 

pore subunits are available to interact with one another to form a nuclear pore.  Indeed, 

such an example of RanGTP positively regulating the interaction between two nuclear 

pore subunits was previously shown.  In the presence of excess RanQ69L-GTP, an 

interaction between Nup153 and the Nup107-160 complex in Xenopus egg extract 

could be induced [19].  Other data also demonstrated that Nup153 could bind to 

chromatin in the presence of RanGTP, presumably via the Nup107-160 complex [19] 

(Rasala, et al., submitted).  We asked whether importin beta and transportin could 

prevent such interaction of Nup153 with chromatin.  As expected, when RanQ69L 

was added to an anchored chromatin assay, we observed an induced Nup153 
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association with the chromatin (Figure 5C, lane 7).  In contrast, Nup153 did not bind 

to chromatin with the addition of importin beta (Figure 5C, lane 6) or transportin 

(Figure 5C, lane 9) in the presence of excess RanQ69L.  Therefore, both importin beta 

and transportin negatively regulate the Ran-induced interaction between Nup153 and 

chromatin.   

Discussion 

 Post-mitotic nuclear assembly is a complex step-wise process that requires 

regulation at multiple points.  Previously, excess importin beta has been shown to 

inhibit two steps during nuclear assembly: vesicle-vesicle fusion to form the nuclear 

membranes and nuclear pore assembly.  In this paper, using Xenopus egg extract for in 

vitro nuclear assembly, we show that transportin is a novel negative regulator of these 

two processes.  Importantly, we show that both transportin and importin beta can act 

as negative regulators of the earliest known step in the initiation of pore assembly by 

preventing ELYS and Nup107-160 complex from binding to chromatin.  RanGTP 

plays a positive role in each of these three steps (Figure 6). 

  It is interesting that importin beta and transportin can have diverse functions 

during different parts of the cell cycle, namely as import receptors during interphase, 

and negative regulators of nuclear assembly.  In addition, importin beta has been 

shown to regulate spindle activating factors by binding and sequestering them spatially 

and temporally until they are needed for mitotic spindle formation (Reviewed in: [57, 

58].  It is not known whether transportin plays a similar role during mitosis.  On the 

other hand, Ran in the GTP form, acts in opposite direction as a positive regulator for 
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nuclear assembly and mitotic spindle formation by triggering dissociation of importin 

beta from its binding partners (Reviewed in [57]).   

 Although the negative regulatory role for importin beta in nuclear assembly 

and in mitotic processes identified so far can be counteracted by the positive regulator 

Ran, excess RanQ69L-GTP was unable to fully rescue the block of nuclear pore 

assembly by transportin.  In a study by Delmar et al., 2008, the block to pore assembly 

by excess human importin beta was weakly reversed by RanQ69L-GTP, whereas the 

block by Xenopus importin beta was readily reversed. Notably, in this present study 

human transportin is used [15].  One possibility for the incomplete rescue of the 

transportin block to pore assembly is that human transportin is less sensitive to 

RanGTP than its Xenopus homologue for nuclear pore assembly.  Another reason 

could be that transportin affects the function of an unknown factor that has a more 

global effect on nuclear formation.  

 Here, we identified nucleoporin targets for the regulation of nuclear pore 

assembly by importin beta and transportin.  Both GST-importin beta and GST-

transportin associate specifically with the members of the Nup107-160 complex, 

ELYS, centrin, the FG-nucleoporins, and Nup53.  It is possible that the binding to 

ELYS and centrin is mediated through the Nup107-160 complex.  Importin beta and 

transportin do not bind members of the Nup93/188/205 complex or Nup155.  These 

data imply that the recruitment of the Nup93/188/205 subcomplex and Nup155 are not 

subject to regulation by importin beta or transportin.  
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 The binding of GST-importin beta and –transportin to ELYS and the Nup107-

160 complex is significant because we demonstrate that importin beta and transportin 

regulate their role in the first step of nuclear pore complex assembly.  However, it is 

not yet known at precisely which point during nuclear pore assembly do the other 

importin beta- and transportin-binding nucleoporins, the FG-nucleoporins and Nup53, 

assemble to form a nuclear pore.  It would be interesting for future studies to test, for 

example, if importin beta and transportin regulate the interaction between Nup53 and 

its known interacting partner, the trans-membrane nucleoporin Ndc1[59]. 

 The Nup107-160 complex, and FG-nucleoporins Nup214, Nup98, and a 

fraction of Nup62 no longer bind GST-transportin in the presence of RanQ69L-GTP.  

This is consistent with the idea that RanGTP promotes pore assembly by releasing 

these nucleoporins that importin beta and transportin have sequestered.  However, 

Nup358, Nup153, and Nup50 remain bound to GST-transportin even in the presence 

of RanQ69L-GTP.   It is known that these three nucleoporins can interact with 

RanGTP [51, 53-56], thus it is possible that they remain bound to the transportin via a 

different mechanism.   

 While nucleoporins are the most likely targets of regulation by importin beta 

and transportin during nuclear pore assembly, the effectors of importin beta and 

transportin during membrane fusion have yet to be identified. 

 Why is more than one nuclear import receptor used to regulate nuclear 

assembly?  One explanation could be that although importin beta and transportin bind 

to the same nucleoporins, they have different affinities for binding (thus regulating) 



91 

 

different nucleoporins.  This will be consistent with our data that a higher 

concentration of transportin (20µM) was needed to sequester its nucleoporin targets to 

block both pore assembly in AL membranes and on chromatin, while previous study 

showed that 5µM of importin beta is sufficient to block AL pore assembly [19].  In 

addition, transportin at 10µM did not affect the Ran-induced AL pore assembly [19].  

Indeed, there are differences in binding affinities between these two import factors and 

individual nucleoporins.  Furthermore we do not exclude the possibility that other 

transport receptors can regulate nuclear assembly in a similar way providing a 

mechanism to fine-tune this regulation.  

 In this study we discovered a newly regulated step in nuclear pore assembly by 

importin beta and transportin – the binding of ELYS to chromatin.  This initial step in 

pore assembly is critical to the targeting of pore complexes to the chromatin periphery.  

In the absence of ELYS, pore complexes no longer form as pores in the nuclear 

envelope, but instead as annulate lamellae pores in the cytoplasm.  Therefore the 

targeting of nuclear pore assembly to the chromatin must be tightly regulated.  

Consequently, this could lead to defects in nuclear assembly (i.e. pore spacing and 

lamina formation) and an excess of nuclear pores would inevitably affect other 

functions of the nuclear pore complex such as transcriptional activation [60].   

 Another important point to consider is the reason for importin beta and 

transportin to act at multiple steps during nuclear pore assembly.  There is a need for 

regulation during the initiation of pore assembly around chromatin, but it would also 

be advantageous to regulate later steps.  For example, ectopic subcomplex-
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subcomplex (nup-nup) interactions between soluble nucleoporins in the cytosol, or 

between membrane-bound nucleoporins in the membranes need to be prevented until 

the correct time during nuclear pore assembly.  Importin beta and transportin have the 

ability to bind multiple nucleoporins and regulate multiple events.  

 In conclusion, we demonstrate that transportin is a negative regulator of 

membrane fusion and nuclear pore assembly in the Xenopus in vitro system.  

Importantly, both importin beta and transportin can negatively regulate ELYS binding 

to chromatin, the initial step in pore assembly. Ran, on the other hand, plays an 

opposite role than that of importin beta and transportin to balance the effects of these 

negative regulators.  Thus, these two import receptors, together with Ran, are 

choreographed precisely to regulate multiple steps of nuclear assembly. 

 

Methods 

Recombinant proteins cloning, expression, and purification. 

  GST-human transportin (pGEX6P-Trn) was cloned by ligating a BamHI and 

XhoI fragment containing full-length transportin from pET28a-Trn (Shah and Forbes, 

unpublished) into pGEX6P-3 vector (GE Healthcare, Piscataway, NJ).  Cloning of 

GST-Xenopus importin beta was described in [15].  GST, GST-tagged Xenopus 

importin beta, and GST-tagged human transportin proteins were expressed in BL21 

competent cells (EMD Chemicals, Inc., Gibbstown, NJ) by inducing with 0.1mM 

IPTG and grown overnight at 17°C.  Glutathione-Sepharose 4B beads (GE Healthcare) 

were used to purify the GST-tagged protein according to manufacturer’s instructions.  
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GST tagged protein was cleaved using GST-Precision Protease (GE Healthcare) 

incubated at 4
o
C for 4 hours.  The cleaved protein was eluted and dialyzed into 5% 

glycerol in PBS (8g/L NaCl, 2g/L KCl, 1.44g/L Na2HPO4, 0.24g/L KH2PO4, pH 7.4) 

and stored at -80°C.  All the Xenopus importin beta and human transportin 

recombinant proteins added to the reactions are untagged, except in the case of pull-

down experiments where GST-tagged importin beta and transportin were used.  We 

note that 6xhis-tagged transportin behaves indistinguishably with untagged 

transportin. 

6xHis-tagged RanQ69L was expressed, purified, and loaded with GTP as 

previously described [17].   

 

Membrane fusion and nuclear pore assembly assays. 

Xenopus cytosol, membrane, sperm chromatin were prepared as in [17].  

Membrane fusion and nuclear pore assembly assays were performed as described 

previously [17], except that membrane fusion experiments comparing transportin 

addition to reconstituted nuclei were visualized with an Axiovert 200M microscope 

(Carl Zeiss, Thornwood, NY) at a magnification of 63x using an oil objective (Carl 

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

camera and Metavue software (Molecular Devices Corporation, Downingtown, PA).  

Images were processed using ImageJ (available at http://rsb.info.nih.gov/ij/).  Nuclear 

membrane was stained with 3,3-dihexyloxacarbocyanine iodide (DHCC) (Eastman 
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Kodak, Rochester, NY), and 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic 

acid (BAPTA) (EMD Chemicals, Inc., Gibbstown, NJ) was added at 8 mM. 

 

Annulate Lamellae assembly. 

 Xenopus cytosol, membranes, glycogen, and recombinant proteins were 

incubated together for 1.5 hours at room temperature.  Ten microliters of the reaction 

was diluted in 190µL ELB (10mM HEPES, pH 7.6, 50mM KCl, 2.5mM MgCl2) and 

overlaid on to a 0.5M Sucrose cushion in ELB.  These samples were spun at 25,000 

rpm for 20 minutes at 2
o
C in a Beckman tabletop ultracentrifuge. The membrane pellet 

was rinsed with ELB and resuspended in 100µL 1x SDS PAGE sample loading buffer. 

 

GST pull-downs. 

 Recombinant GST, GST-Xenopus importin beta, and GST-human transportin 

were incubated with Glutathione-sepharose beads (GE Healthcare) without cross-

linking.  After blocking with 20mg/mL Bovine Serum Albumin (BSA) in PBS for 30 

minutes, Xenopus egg cytosol spun for an additional 150,000 rpm for 10 minutes at 

4°C to remove residual membrane contamination, was then added to the beads and 

incubated for 2 hours at 4°C (25µL cytosol in 500µL PBS).  After washing the beads 

with PBS, the bound proteins were eluted with 0.1M Glycine, pH 2.5, and then 

neutralized with 1M Tris pH 8 before the samples were processed for immunoblotting.  

One fifth of each reaction was loaded for SDS-PAGE. 
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Anchored chromatin assay for immunoblotting. 

 Xenopus cytosol was heat inactivated at 100°C for 3 minutes and then spun at 

14,000 rpm for 20 minutes to collect the supernatant.  Twenty-five µL heat inactivated 

cytosol was used to decondense 500,000 Xenopus sperm chromatin at room 

temperature for ~15 minutes, and the state of chromatin decondensation was 

monitored by DAPI staining and fluorescence microscopy.  The decondensed sperm 

chromatin were diluted in 300µL ELB (10mM Hepes, pH 7.6, 50mM KCl, 2.5mM 

MgCl2) and allowed to bind to poly-L-lysine coated coverslips by gravity for 2 hours 

at room temperature.  The chromatin covered coverslips were blocked with 4% BSA 

in ELB.  The blocked chromatin coated coverslips were then incubated with cytosol or 

cytosol in the presence of 20µM Xenopus importin beta, 20µM human transportin, or 

30µM RanQ69L recombinant protein for 20 minutes at room temperature.  After three 

washes in ELBK (10mM Hepes, pH 7.6, 100mM KCl, 2.5mM MgCl2) the chromatin 

was lysed in 30µL 1x sample loading buffer.   

 

Chromatin binding for immunofluorescence microscopy. 

 Xenopus cytosol, sperm chromatin, and recombinant proteins were incubated 

together for 20 minutes at room temperature.  The reactions were diluted in 800µL 

ELB, overlaid on a 300µL 75% sucrose cushion in ELB, and centrifuged at 750 rpm 

(100x g) for 15 minutes onto poly-L-lysine treated coverslips.  Coverslips were then 

fixed in 4% formaldehyde in PBS for 10 minutes at room temperature and processed 

for immunofluoresence microscopy.  IgG purified anti-Orc2 (gift from John Newport) 
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was used at 1:100, affinity purified anti-Xenopus ELYS (Rasala et al., submitted) was 

used at 1:200, FITC-goat anti-mouse was used at 1:200 and Alexa-568 goat anti-rabbit 

(Invitrogen, Carlsbad, CA) was used at 1:500. 
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Figures 

 

Figure 4.1 - Excess transportin blocks nuclear membrane fusion in a Ran-

reversible manner. 

Nuclear formation from Xenopus egg extract was performed at room temperature for 

one hour with the addition of PBS buffer (control), 2mM GTPγS (GTPγS), 37.5µM 

RanQ69L (Ran), 25µM transportin (Trn), or 25µM transportin and 37.5µM RanQ69L 

(Trn+Ran).  Membrane fusion was observed without fixation using confocal 

microscopy and by staining nuclei with the membrane dye DHCC (green).  DNA was 

stained with DAPI (blue).  Sections of membrane stain were magnified three times 

(3X) and represented to the right of the merged images.  Contour images of the 

respective DHCC staining are shown (trace), and discontinuities in the traces indicate 

regions with little or no membrane fusion.  Representative images are shown.  Bar: 

10µm.
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Figure 4.2 - Excess transportin blocks nuclear pore assembly in BAPTA arrested 

nuclei.   

A.  Pore-free BAPTA nuclei intermediates were assembled by adding 8µM BAPTA in 

the nuclear formation reaction at t=0.  At t=60’, BAPTA-arrested nuclei were diluted 

1:10 in fresh cytosol in the presence or absence of recombinant proteins.  To assess 

nuclear pore formation, Alexa-488 directly labeled antibody against FG nucleoporins 

was added to the nuclei at t=90’ for an additional 20 minutes before visualization by 

fluorescence microscopy.  As expected, no staining was observed in BAPTA nuclei 

(left panels), while nuclear pores were formed in control nuclei with cytosol and 

buffer (+buffer) or with 30µM RanQ69L (+Ran).  In BAPTA nuclei recovered in fresh 

cytosol, either adding 8 µM BAPTA (+BAPTA) or 20µM transportin (+Trn) blocked 

nuclear pore formation.  However, weak FG staining was observed when nuclei 

containing 20µM transportin were added in conjunction with 30µM Ran (+Trn+Ran).  

DNA was stained with DAPI (blue).  Representative images are shown.  Bar: 10µm.  

B.  Quantitation of data in A.  Seventy-five nuclei per experiment were counted under 

each condition, and the percentage of nuclei that contained FG-nucleoporin staining 

was plotted.  Error bars represent standard deviation calculated over three independent 

experiments.
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Figure 4.3 - Annulate lamellae pore assembly is regulated by importin beta and 

transportin in a Ran-mediated manner.  

Decondensed sperm chromatin was incubated with Xenopus cytosol in the absence or 

presence of recombinant proteins, and the nucleoporins that bound to chromatin were 

detected by immunoblotting.  When AL is formed, all tested nucleoporins are present 

(lane 1).  However, when excess importin beta or transportin are added, nucleoporins 

no longer accumulate on AL membranes (lanes 2 and 4).  This importin beta and 

transportin block to AL assembly can be reversed by addition of excess RanQ69L-

GTP (lanes 3 and 5).  RanQ69L-GTP does not affect AL pore assembly (lane 6).  AL 

was not formed when only cytosol (lane 7) or membrane (lane 8) was added to sperm 

chromatin.  Equal amounts of membranes were collected under each condition, as 

indicated by the pore membrane protein gp210 (top row).
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Figure 4.4 - Nucleoporin targets of importin beta and transportin.  

A.  GST, GST-importin beta, or GST-transportin was added to Xenopus cytosol and 

incubated for 2 hours at 4°C.  The bound proteins were analyzed by immunoblotting.  

Immunoblotting controls were shown in the left lane (Cytosol).  FG-nucleoporins 

interact with both importin beta and transportin as expected (Nup358, Nup214, 

Nup153, Nup98, Nup62, and Nup50).  Members of the Nup107-160 complex, 

representing the entire Nup107-160 complex (Nup160, Nup133, and Nup85), the 

Nup107-160 complex-associated proteins ELYS and centrin, and Nup53 also bind 

both importin beta and transportin.  Nup205 binds to transportin inconsistently, but not 

to importin beta.  Nup155 and Nup93 do not associate with importin beta or 

transportin.   

B.  GST or GST-transportin pull-downs were performed and bound proteins were 

analyzed as in Figure 4A, except that 10µM RanQ69L was added in the reaction 

(GST-Trn+Ran). 
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Figure 4.5 - Importin beta and transportin regulate the initial step in nuclear 

pore assembly. 

A.  When Xenopus cytosol is incubated with a chromatin source in the absence of 

membranes, ELYS binds to chromatin (+Buffer).  However, when 20µM importin 

beta or 20µM transportin are added to the reaction, ELYS can no longer bind to 

chromatin (+beta, and +Trn).  Both blocks of chromatin binding of ELYS can be 

reversed by the addition of 30µM RanQ69L-GTP (+beta+Ran, and +Trn+Ran).  The 

binding of chromatin binding protein, Orc2 only moderately changes upon addition of 

excess recombinant protein.  Increased FG-nucleoporins bind to chromatin in the 

presence of 30µM RanQ69L-GTP (+Ran).  Representative images are shown.  Bar: 

10µm. 

B.  Quantitation of the results in Figure 5A.  In each experiment, 5 nuclei per 

condition were analyzed.  Ten 10x10 pixel sections of each nucleus were measured for 

pixel brightness using ImageJ software.  These values were averaged per condition 

and normalized to the average pixel brightness value obtained for the control.  The 

standard deviations are calculated over 4 experiments. 

C.  Chromatin was decondensed and allowed to settle onto poly-L-Lysine coated 

coverslips.  The anchored chromatin was incubated with Xenopus egg cytosol in the 

presence and absence of added recombinant protein for 20 minutes at room 

temperature.  Proteins bound to chromatin were analyzed by immunoblotting.  

Immunoblotting control is shown in lane 1.  Decondensed chromatin incubated with 

recombinant importin beta or transportin but without cytosol serve as negative controls 

(lanes 2 and 3).  The Nup107-160 complex (represented by Nup160 and Nup133) and 

ELYS bind to chromatin (lane 4), whereas Nup153 and Nup205 do not bind to 

chromatin.  Orc2, a chromatin binding protein, was included as a positive control for 

chromatin binding.  When 20µM importin beta or transportin is added, the binding of 

ELYS and the Nup107-160 complex to chromatin is abolished (lanes 5 and 8).  This 

block can be reversed by addition of 30µM RanQ69L-GTP (lanes 6 and 9).  

RanQ69L-GTP alone does not affect the binding of ELYS and the Nup107-160 

complex to the chromatin, but induces the binding of Nup153 to chromatin (lane 7). 
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Figure 4.6 - Model of transportin and importin beta in regulation of multiple 

steps during nuclear assembly. 

The initial step of post-mitotic nuclear pore assembly in Xenopus laevis in vitro 

nuclear formation involves the binding of ELYS (red ovals) and the Nup107-160 

complex (yellow Y-shapes) to the chromatin (blue half circles) [34-36].  Here, we 

demonstrate that importin beta and transportin (yellow hexagons) both negatively 

regulate this binding (Figure 5).  The block to ELYS and Nup107-160 complex 

binding to chromatin is reversible by RanGTP (red circle).  Membrane vesicles 

competent for pore formation are recruited to the chromatin (green circles) and fuse to 

form a double nuclear envelope (curved green lines).  The fusion of the membrane 

vesicles to form a nuclear envelope is negatively regulated by importin beta [15, 17] 

and transportin in a Ran sensitive manner.  After vesicle-vesicle fusion at the 

chromatin, remaining nucleoporins are recruited to form mature nuclear pores (red 

nuclear pore).  This process is negatively regulated by importin beta [15, 17, 19] and 

transportin.  Excess RanGTP counteracts the importin beta and transportin block to the 

recruitment of the FG-nucleoporins to the forming nuclear pore complex. 
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Future Directions 

 This dissertation describes work that has furthered our understanding of the 

regulation of nuclear pore complex assembly.  In this section I highlight several key 

questions that follow from this work.  These questions include:  What is the 

mechanism of the importin beta and transportin negative regulation of ELYS binding 

to chromatin, and what other steps of pore assembly do importin beta and transportin 

regulate. 

 

What is the mechanism of the importin beta and transportin negative regulation 

of ELYS binding to chromatin? 

 The first known step for nuclear pore assembly is the binding of the pore 

targeting protein, ELYS, to chromatin [1, 2, 3] (Rasala et al., submitted).  Thus, a 

simple way to downregulate NPC assembly, when needed, would be for importin beta 

or transportin to inhibit ELYS-chromatin binding.  Indeed, in Chapter 4, I demonstrate 

that importin beta and transportin do negatively regulate ELYS binding to chromatin 

(Chapter 4, Figure 5). To molecularly define this regulated interaction, we can ask 

whether importin beta binds directly to ELYS or to the chromatin. 

It has been shown that ELYS binding to chromatin was mediated in part by an 

AT-hook located near the C-terminus of ELYS and an additional site located within 

the last 49 amino acids of ELYS (Rasala et al., submitted).  During the course of this 

study several useful GST-tagged ELYS constructs were made available:  AT-hook+ 

(the last 127 amino acids containing the AT-hook and secondary binding site), ∆AT-
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hook (the last 49 amino acids containing only the secondary binding site), and AT-

hook-short (a region containing the AT-hook, but not the secondary binding site) 

(Rasala et al., submitted; Rasala, in prep.).  These constructs may serve as useful tools 

to determine the molecular mechanism of the importin beta and trasnportin regulation 

of ELYS binding to chromatin. 

First, we can assess importin beta binding to ELYS by testing for a direct 

interaction between untagged importin beta and the recombinant chromatin-binding 

GST-tagged ELYS fragments.  Two of the ELYS fragments, GST-AT-hook+ and 

GST-∆AT-hook, have been found to interact with importin beta by GST-pulldown 

from Xenopus cytosol (Rasala et al., in prep.).  Recent work, done under my mentor 

ship by Quang Phung, an undergraduate researcher, showed that importin beta also 

binds to the GST-AT-hook-short fragment.  Also of note, we showed by GST-

pulldown that transportin also binds to all 3 GST-ELYS fragments.  However, from 

these pull-down experiments, it is unclear if the interactions between importin beta (or 

transportin) and the ELYS fragments are direct ones.  Thus, the next step is to perform 

GST-pulldowns using the three GST-ELYS fragments plus untagged recombinant 

Xenopus importin beta or untagged recombinant human transportin in the absence of 

cytosol.  Preliminary results indicate that GST-ELYS AT-hook+ and ∆AT-hook bind 

directly to importin beta (Phung, in prep.).  If these results are confirmed, it will be 

important to test if these interactions are reversed by addition of RanQ69L-GTP.  If a 

direct interaction between importin beta and the ELYS fragments is found, this will 
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provide data in support of the model that ELYS binding to chromatin is directly 

negatively regulated by importin beta.  

 

Do importin beta and transportin regulate additional steps in nuclear assembly? 

Although importin beta may regulate the initial step in pore assembly, it does 

not preclude it from regulating subsequent steps.  Each step of pore assembly is in 

potential need for precise regulation.  If one step were to go unchecked, aberrant 

assembly of pores with respect to place and time could occurs.  We found that in 

Xenopus cytosol importin beta is bound to all the FG-nucleoporin subcomplexes, to 

the Nup107-160 complex, and to Nup53, arguing that regulation could occur at the 

level of assembly of any of these complexes into forming nuclear pores (Chapter 4).   

 

Do importin beta and transportin regulate Pom121 and Ndc1 membrane vesicle 

recruitment?  

 Pom121
+
/Ndc1

+
 vesicle recruitment to the chromatin occurs soon after ELYS 

and Nup107-160 recruitment (Rasala et al., submitted).  Indeed, we also find that a 

fragment of Pom121, when bound to beads, can pull down the Nup107-160 

subcomplex from Xenopus egg cytosol (Rasala et al., submitted). We could next test 

the hypothesis that importin beta or transportin negatively regulates the interaction 

between the Nup107-160 complex on the surface of chromatin and Pom121
+
/Ndc1

+
 

membrane vesicles.   



116 

 

 To test this, a modified chromatin-binding assay could be performed.  

Chromatin can be decondensed in full Xenopus egg cytosol (not heat-treated) in the 

absence of membranes and allowed to settle onto poly-L-Lysine coated coverslips.  

This will allow for ELYS and the Nup107-160 complex from the cytosol to bind to the 

chromatin ([6]; Chapter 4; Rasala et al., submitted).  After washing, the chromatin-

coated coverslips could be incubated with Xenopus egg membranes and buffer, in the 

presence or absence of excess recombinant importin beta or transportin.  In the 

absence of importin beta or transportin, Pom121
+
/Ndc1

+
 membrane vesicles should 

bind to the chromatin substrate, presumably via ELYS and the Nup107-160 

subcomplex, and be detectable by our fluorescently labeled anti-xPom121 antibody.  

If, however, added importin beta or transportin prevented this interaction, we would 

find no Pom121, either by IF or immunoblotting, on the harvested chromatin 

intermediates.  This approach will allow us to determine whether importin beta and/or 

transportin can negatively regulate the interaction between Pom121
+
/Ndc1

+
 vesicles 

and chromatin. Our data indicate that importin beta does indeed interact with Pom121 

fragments in solution (Rasala et al., submitted) (Transportin was not assayed in this 

study).  This is thus a promising starting point.    

 

Do importin beta and transportin regulate inner and outer nuclear membrane 

fusion? 

            Importin beta and transportin negatively regulate the vesicle-vesicle fusion 

required for formation of the double nuclear membranes ([7]; Delmar et al., in press; 
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Chapter 3; Chapter 4).  However, whether importin beta and transportin regulate the 

fusion between the inner and the outer membrane of the nuclear envelope to form the 

nuclear pore remains unknown.  A former post-doc in the Forbes lab, Dr. Corinne 

Ramos, identified a cold-arrested nuclear intermediate where fusion between the inner 

and outer nuclear membranes had not yet occurred (Ramos et al., in prep.).  To address 

whether importin beta or transportin regulates the important inner/outer membrane 

fusion step, we could form cold-arrested nuclei, add an excess of importin 

beta/transportin or a control protein, and allow the intermediates to then assemble for a 

further time.  Untreated nuclei, upon continued incubation, should readily form pores 

that are competent for diffusion of an Alexa-labeled 3-kDa fluorescent dextran into the 

nucleus and thus would show brightly labeled nuclei after anti-Alexa antibody 

quenching.  If importin beta/transportin prevents the formation of the fusion event and 

pore assembly, however, we would expect the 3-kDa fluorescent dextran to be 

excluded from such nuclear intermediates and the nuclei to thus appear dark.  To 

control for nuclei that have simply broken, we could also include an Alexa-568 

fluorescently labeled anti-DNA antibody.  This antibody will only access the DNA if 

the nuclei are broken, as the antibody is too large to fit through a nuclear pore.  This 

study would be one of the first characterizations of potential regulation of fusion 

between the inner and outer nuclear membranes.  The experiments described above are 

directed at attacking the molecular mechanism of regulation of nuclear pore assembly 

by importin beta and transportin.  The prevailing theory is that importin beta and 

transportin interact with nucleoporin subcomplexes and prevent them from interacting 
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with one another.  When for example, an importin beta-inhibited nucleoporin 

subcomplex comes into contact with RanGTP in high concentration around chromatin, 

it is thought that importin beta releases its hold on the nucleoporin, permitting 

nucleoporin-nucleoporin interaction [8, 9].  This mechanism could be applicable to 

any nuclear assembly step before the formation of an enclosed nuclear envelope that 

involves the recruitment of an importin beta- or transportin-binding protein.  

 

Does transportin regulate mitotic spindle assembly? 

 Importin beta plays a key role in regulation of mitotic spindle assembly by 

binding to spindle activation factors (SAFs), preventing them from performing their 

function.  In some cases, the interaction of importin beta with the SAFs is mediated by 

importin alpha.  However, in others the interaction of the SAFs with importin beta is 

direct [10-14].  Therefore, it is interesting to speculate that transportin may also have 

an effect on spindle assembly by sequestering particular transportin-binding SAFs. 

 A simple way to address this question would be to add recombinant untagged 

transportin to mitotic Xenopus cytosol in the presence of chromatin and check for the 

presence of properly formed spindles by addition of rhodamine-labeled tubulin.  

Addition of excess importin beta would act as an important control for spindle 

assembly inhibition.  If transportin does in fact regulate spindle assembly, one could 

identify potential regulatory targets by investigating the amino acid sequences of 

known spindle assembly factors for the M9 or A1 type NLSs that are recognized by 

transportin in its cargo binding.   
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Which member of the Nup107-160 complex does importin beta bind to? 

 It is known that importin beta interacts with the key Nup107-160 complex ([9] 

Chapter 4).  However, it is not known which of the 9 nucleoporins of the Nup107-160 

complex with which importin beta interacts.  The answer is not known because most 

of the 9 nucleoporins are insoluble when recombinantly expressed.  Therefore, 

performing the obvious direct binding assay is not practical.  However, if we were 

able to narrow down our options (i.e., have 2 vs. 9 potential candidates) this would 

make determining the answer feasible. 

 One way to narrow down the candidates would be to try a blot overlay 

approach.  In this approach, one would immunoprecipitate the Nup107-160 complex 

with anti-Nup133 (or an antibody to another complex member).  The 

immunoprecipitate would be run out on a gel and transferred to PVDF membrane, as if 

treating for western blot.  The membrane could be incubated with recombinant 

importin beta to allow importin beta the opportunity to bind to specific Nup107-160 

complex members, separated by molecular weight, and immobilized on the 

membranes.  An antibody to importin beta (or to its purification tag if applicable) 

could be used to identify where on the blot importin beta bound.  If, for example, anti-

importin beta recognized a band at 43kDa it would suggest that importin beta could 

directly bind to Nup43 of the Nup107-160 complex.  Recombinant direct binding 

assays can be used to confirm this interaction.    
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 The answers to the questions in this Future Directions section would provide 

substantial mechanistic insight into the roles of importin beta and transportin in the 

regulation of nuclear pore complex assembly.  
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