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ABSTRACT
Modem studies of the ce11 nucleus have provided a highly detailed view of its roles
and the structures and mechanisms that carry out these roles, but many facets of nuclear

physiology remain unclear. The present thesis focuses on three main areas of nuclear
research. First, several calcium binding proteins in pig cardiac and rat liver nuclei were
isolated and identified using high salt extraction foIlowed by Stains-Al1 staining and
" ~ a " overlays of western blots. These proteins, including calsequestrin and calnexin,

exhibited distinct partitioning between the nucleoplasm and nuclear envelope. These
findings will aid in understanding the function of the nuclear calcium pool. Second, we
investigated nuclear nucleoside triphosphatase (NTPase), an enzyme bound to the nuclear
envelope that provides energy for the export of poly A(+) mRNA £iom the nucleus.
Using a novel corpulent rat model, we examined how alterations in nuclear envelope
composition affected NTPase activity. Corpulent rats had greatly increased NTPase
activity, and this conelated well with an increase in nuclear membrane [cholesterol].
Corpulent rat nuclei also exhibited greater £iagility in a novel nuclear membrane integrity
assay we developed using salt-induced lysis. Alteration of nuclear envelope composition
thus has both structural (nuclear fiagility) and fùnctional (NTPase activity) consequences.

Third, nuclear localization signal-mediated import of proteins to the nucleus through the

nuclear pore complex was examined. Many studies have identified cytosolic factors
required for nuclear import, however, few have examined import regulation. Using a

nuclear protein import assay in permeablized aortic smooth muscle cells, we found that
H 2 0 2 inhibited irnport in a time- and dose-dependent manner by acting on a cytosolic
factor. HzOaactivated the MAP kinase ERK.2. Activated ERKS, in tum, mimicked

H20z7seffect on nuclear import. ERK2, therefore, mediates nuclear protein import
inhibition caused by HzOz.
lmmunocytochemistryrevealed that the cytosolic level of
Ran, a key import factor, increased specifically in response to H202treatment, which rnay
reflect an alteration in the nucleocytoplasmic cycling o f Ran. Altered Ran cycling is
known to inhibit import, thus the downstrearn target o f ERKî may be Ran or one of its

accessory proteins. This study was the first to link the MAP kinase pathway with import.
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A. REVIEW OF LITERATURE

1. Structure and Function of the Nucleus
1. Role of the Nucleus in Cell Funcîion

Eukaryotic cells are distinguished fiom those of p r o k q o t e s primarily by the
presence of the largest of the cellular organelles, the nucleus. The evolution of the
nucleus was a cntical step in the genesis of multicellular organisrns. Indeed, prokaryotes
are virtuaIIy d l single-celled and represent the most ancient forms of life on earth. The

development of the nucleus provided eukaryotes with very important advantages by
fÙIfilling a nurnber of crucial roles for the proper fùnctioning of the cell.
The most obvious role of the nucleus is enhanced protection of the cell's genetic
material. DNA has a fiagile structure, prone to cuts or cleavage, nicks in the sugarphosphate backbone and loss or mutation of nucleotides. This damage may occur by
exposure of DNA to endonucleases, UV radiation, oxidizing agents, fiee radicals,
osmotic changes or even simple physical shock. The nuclear envelope protects DNA, as
well as DNA binding proteins and nascent RNAs, by physically buffering the
nucleoplasm and contents t?om the rest of the intracellular environment and by adding a
fùrther layer of insulation fiom the extracellular milieu.
The existence of the nucleus also pennits segregation of DNA replication and
transcription Erom the process of translation. The main consequence of the separation of
these processes is that the ce11 has greater control over each of these processes. Proteins
such as DNA binding proteins, transcription factors and polymerases required for
replication and transcription are synthesized in the cytosol, but fùlfill their fùnctions in
the nucleus. The ce11 gains tremendous control over the rates and timing of these

processes by regulating the entry of these factors into the nucleus. For example, the
transcription factor NF-KB,a downstream effector of a nurnber of ce11 signaling cascades,
is prevented from entering the nucleus when bound to its inhibitor protein, I d .

Phosphorylation of IKB causes release of NF-&, exposhg a nuclear localization signal
and pemitting translocation to the nucleus (106). This mechanism provides the ce11 with
finer control over the action of NF-& by regulating not o d y the activation of the protein,
but also by regulating its appearance in the nucleus. Similady, mRNAs to be translated to
proteins must travel fiom their synthesis site in the nucleus to the ribosomes in the
cytosol; control over the entry of rnRNAs into the cytosol may in turn partially determine
rates of translation (37).
Another role of the nucleus, in particular the nuclear envelope, is to provide
anchoring points for chromatin. Anchonng of chromatin to the nuclear envelope not only
provides enhanced structural stability for DNA, it may also provide another level of
control for the ce11 over rates of replication and transcription. Prior to these processes,
DNA must be unwound nom nucleosomes and the individual DNA strands separated

from each other. Recent evidence suggests that replication and translation of DNA is
pre ferentially blocked at points of anchorage of heterochromatin to the nuclear envelope
(81, 188). A gene's relative location on a chromosome with regard to anchor points may

even affect its transcription rate (81).
Lastly, the nucleus plays a cntical role during mitosis and meiosis. During prophase,
nuclear envelope breakdown is a necessary initial step to allow alignment of chromatids
along the ce11 midline during metaphase, followed by segregation of parent-daughter
DNA strands during anaphase. During the initial portion of telophase in mitosis, new

nuclear envelopes quickly self-assemble around the putative nuclei o f the two daughter
cells, preventing Lûrther mixing of DNA and ensuring proper allocation of individual
copies of the genome to each daughter cell. In meiosis, however, nuclear envelope
reassembly is blocked at this point to allow for a second round of "mitosis," during which
DNA strands are again separated to ensure a haploid DNA content in the daughter (germ)

cells. It is immediately pnor to this second round of division that "crossing over" of
genetic material occurs, allowing assortment of genes and creation of non-identical germ
cells. This process is critical for evolution by introducing random fluctuations in the
genome that may result in usehl mutations for the species. Only after this round of
division without replication does nuclear envelope reassembly occur in meiosis.
Therefore, the proper timing of niiciear envelope reassembly may ensure appropnate
control of critical spatiotemporal events in both rnitosis and meiosis.

2. Architedure of the Nucleus

In keeping with the critical roles of the nucleus in ce11 physiology, nuclear structure is
highly developed and consists of three discrete cornponents: the nuclear envelope, the

nuclear pore complex and the nuclear matrix. Chromatin, Le. the nucleic acid component
of nuclei plus interacting proteins, is associated with the nuclear matrix, but a discussion

of the highly complex structure of chromatin is beyond the scope of this thesis. The
reader is directed to a nurnber of excellent reviews of this topic (8 1, 125,207,228).

a. Nuclear Envelope

The nuclear envelope is a complex spheroid structure consisting of a double set of
lipid bilayer membranes surrounding the nuclear core, or nucleophrn (i.e. the nudear
matrix and chromatin; Figure 1). The lipid bilayers are each typically on the order of 5

nrn thick, and are separated by an aqueous gap called the perinuclear space, which is
generally between IO and 60 nm thick f 108). The exact biochemical composition of the
nuclear membrane varies widely depending on tissue type and species- In cornparison to
other cellular membranes, the nuclear membrane has a very high protein content of
approximately 70% by weight, and a relatively low lipid content of approximately 20%
by weight (108). Of the lipid content, approximately 10% by weight is cholesterol or
related sterols, with the remainder being a mixture of phospholipids, sphingolipids and
phosphoinositides (108). It is unclear whether the exact lipid profile of the imer versus
the outer nuclear membrane is different.
The outer lipid bilayer is contiguous with the endoplasmic reticulum, and is observed
by electron microscopy to be punctuated by attached ribosomes. The imer nuclear

membrane lacks ribosomes, but is intemally Iined by a nuclear lamina (see Section

A.I.2.c.i). The imer nuclear membrane is generally considered to be a separate structure
from the outer membrane, but has been shown to be contiguous with the outer nuclear
membrane at the sites of nuclear pores, where the membrane is termed pore membrane
(1 16). The pore membrane may provide the continuity required to transfer integral

membrane proteins between the inner and outer nuclear membranes (352). Despite the

continuity of the two membranes, cells are apparently able to ~ p e c i wproteins to localize
to one or the other membrane, perhaps by secondary interactions with the lamina,

Figure 1. Schematic diagram of the nucleus showing nuclear pores and penauclear
space

This figure originally appeared in Panté and Aebi, 1996 (252).

or to localize in the outer nuclear membrane but not the endoplasrnic reticulum (85, 129).
The larnin B receptor p58 has been demonstrated to possess a domain that targets it to the
imer nuclear membrane (320,32 1).
The pennuclear space between the nuclear membranes is contiguous with the lumen
of the endoplasrnic reticulum (1 16). Despite this continuity, however, the perinuclear

space may behave as a functionally distinct cellular cornpartment. This possibility is
suggested by the presence of numerous calcium channels and purnps that are distinctly
localized to the inner or outer nuclear membrane (148), as well as nuclear membraneassociated calcium binding proteins (86, 114). One possibility is that the ce11 may be able
to regulate nuclear [ca2+]independently of cytoplasmic [ca27, perhaps by using the
perinuclear space as a calcium sink (see Section A.m). Another possibility is that
perinuclear calcium may be involved in gating of the nuclear pore complex (see Section
A.1.2.b.iii).

6. M d e a r Pore Cornplex

Although the role of the nuclear envelope is principally to segregate the nuclear
contents from the cytoplasm, some degree of communication between these two
comparmients is nevertheless critical for the ce11 to fûnction properly. With the exception
of certain free radicals and gases, which to some extent are able to cross the nuclear
membrane by dissolution through the phospholipid biIayers, almost al1 traffic between the

nucleus and cytoplasm must travel through the nuclear pore complex (NPC) (Figure 2
and 3).

Cytopiasmic Filaments

&

Cytopbsmic Ring
Outer Membr
Lumenal Domain

Inner Membra

i
Terminal Ring

Figure 2. Schematic diagram of tbe nuclear pore complex

Modified fiom Panté and Aebi, 1993 (253).

Figure 3. Electron micrograph of liver tissue sample showing NPCs
A sample of rat liver tissue was processed for electron microscopy as detailed in
Methods. The boxed areas are contrast-enhanced and detailed in the insets, showing two
nuclear pore complexes (circled). Magnification: - 2 8 0 0 0 ~ (main image), - 8 4 0 0 0 ~
(insets).

The factors that reguiate nuclear pore nurnber and density have not yet been
detemined. However, it has been observed that pore density is generally higher in
metabolically active tissues and lower in relatively quiescent tissues, with reported pore
densities of -4pore/pm2 in avian erythrocytes which are transcriptionally quiescent to
nearly 190 pores/lim2 in Tetrnhymeno macronuclei (225). Pore density may also be
linked to the ce11 cycle, since HeLa ce11 pore numbers double prior to S phase (2 16). Pore
density does not appear to be linked to the arnount of nuclear DNA, the nuclear s d a c e
area or volume, or the genome size (215). It is alsa unclear whether pore distribution in
the nuclear envelope is regulated, but there have been reports of non-random pore
distribution (108,204,214)- Furthermore, it has been observed that pore ~Iusteringcan
occur under certain experimental conditions (3 1, 187).

i.

General Structure

The NPC is one of the largest single structures in the cell. While its overall structure

appears to be fairly well conserved, the Xenopus NPC at 125 MDa is considerably larger

-

than the yeast NPC at 60 MDa (326). The complex is typically 125 nm wide in
vertebrates, and -100 nm wide in yeast. Both types of NPCs contain a central pore which
is -50 n m deep and which c m v q in width Eiom approximately 9-25 nm. The pore was

originally thought to be composed of over 100 individual proteins in
multiple copies, to give a collection of over 1000 proteins making up the pore complex

(251). It is now estimated that the vertebrate pore complex is actually composed of only
-50 individual proteins, usually in 8 or 16 copies per pore (95). A recent report by Rout
et ai. purports to have identified al1 of the proteins comprising the yeast nuclear pore

complex, having identifiai 29 nucleoporins and 11 transport factors isolated fiom highly
purilied NPC preparations (290).

The W C is constmcted of three major assemblies: the core spoke cornplex, the
cytoplasmic ring and the nuclear ring. The core spoke complex is built up fiom eight
identical spoke structures that are symmetrically arranged around the central pore, giving
the pore complex core eight-fold rotational symmetry. Furthemore, the spokes are
vertically symmetrical, giving the complete core an 822 symmetry, with the asymmetric
unit having a mass of approximately 3.3 MDa, similar to that of a ribosome (252).

Equally spaced around the outer border of the core are eight peripheral channels of
approximately 9 nrn in diameter. It was originally thought that these channels might be
responsible for the diffusion of ions and small molecules through the pore. Advanced
three-dimensional electron microscopic techniques have shown, however, that the
peripheral channels are embedded deep within the outer region of the core spoke
complex, and accessible only fiom the perinuclear lumen (12, 115). Recent theories
suggest that the channels exist to permit buky cytoplasmic extensions of outer nuclear
membrane proteins to traverse the pore's periphery as the proteins migrate along the pore
membrane to become inner nuclear membrane proteins (1 16,352).
The cytoplasmic ring in vertebrate NPCs has a molecular mass of about 32 MDa, and

extends about 15 nrn above the outer nuclear membrane, while the nuclear ring is about

2 1 MDa (1 16,252). Together, the two rings may act as g r o m e t s to rivet the outer and
inner nuclear membrane bilayers, respectively, to the core spoke compIex. Nul1 mutation

of a protein believed to be a component of the nuclear ring leads to nuclei with unusual
invaginations of the imer nuclear envelope and membrane seals over the pore openings.

This suggests that the nuclear ring, at least, may stabilize the nuclear membrane and help
route the nuclear membranes around the pore (350). Two nucleoporins, gp2 10 and
Pom 12 1, may provide additional stabilization of the pore complex in the nuclear
envelope. The glycoprotein gp210 has a large dornain located in the nuclear envetope
lumen, a small transmembrane domain, and a short domain located in the NPC. Porn 12 1,
on the other hand, has a small domain embedded in the nuclear envelope lumen, a
transmembrane domain, and a large NPC embedded domain. Together, these two proteins
appear to solidly anchor the pore complex to the nuclear envelope (252,326). This does
not necessarily mean, however, that the pore is prevented tiom moving within the fluid
nuclear envelope, as relatively rapid movements of pore complexes across the nucleus

have been observed (49).
A rotationally syrnmetrical set of eight proteinaceous filaments extend outward into

the cytosol from the cytoplasmic ring (252). Similarly, a basket-like structure composed

of eight long (up to 100 nm)(286) filaments joined at a ring-like structure has been
observed extending f?om the nuclear ring into the nucleoplasm (252). initial controversy
over whether the nuclear baskets tnily existed or were artifacts of the fixing process in
preparing samples for electron microscopy has been resolved. It appears that the fiagile
basket assembly may have been lost during sarnple preparation in early reports that did
not observe this structure. Furthemore, it has been demonstrated that chelation of
divalent cations with EGTA causes disappearance of the basket, suggesting that the
basket may have open and closed States which may have contributed to the earlier
disparate results (252). Recent studies using atomic force microscopy support this idea,
showing that the basket structure does assume an open and closed conformation in

response to calcium levels (327). It has been hypothesized that the filaments and basket
may play roles in binding molecules pnor to transit through the pore (291). This theory is

supported by the localization of RanBP2/Nup358 to the distal ends of the cytoplasmic
filaments (252,354). RanBP2 is able to bind Ran, a critical component of the nuclear
import complex (see Section A.II.1.b.iv), and is therefore a likely candidate for the initial
cytoplasmic docking site for cargoes bound to the nucleus (354).
The W C appears to contain a translurnenal plug or barrel-like structure residing
inside the pore itself. The existence of this structure has also been a source of
controversy, with some labs observing it while others deny its existence (252). This
structure may play a role in gating of the nuclear pore (see Section A.I.2.b.iii).

..

11.

Nucleoporins

The vast majonty o f proteins that comprise the nuclear pore complex are collectively
referred to as nucleoporins. These proteins hlfill two major functions: they provide the
physical structure of the pore complex, and many of them contribute to transport
processes. To date, nearly 30 nucleoporins have been identified in yeast (290), with
another -20 identified in vertebrates (326). The exact definition of a nucleoporin has
been somewhat controversial. Including al1 nuclear pore associated proteins would

necessarily entail redefining many import/export factors as nucleoponns. Including only
proteins with stable attachrnents to the NPC would exclude proteins such as human
Nup 153 and Nup98, which are structurally related to other nucleoporins but which have
also been demonstrated to be mobile elements (243, 363). With regard to nomenclature,
nucleoponns have been divided into Nups, which are integral nucleoporins that are

associated with the nuclear membrane, and Poms, which are penpheral membrane
proteins not anchored to the nuclear membrane (252).
Nucleoporins Vary widely in size, with many being in the 40-1 00 kDa range but with
some as large as 358 kDa (290,296). Nucleoporin structure also varies widely, even
between genetic homologues from different species. The homology between vertebrate
and yeast nucleoporins is generally less than 30% identical (296). Furthemore, yeast and

vertebrate nucleoporins are generally unable to substitute for one another in
complementation studies, although there are several important exceptions (9, 169,328,
347).

Approximately half of al1 identified nucleoporins contain as many as 45 xFxFG,
GLFG or FG structure repeats (291,296). These repeats do not seem to be required for

targeting of nucleoporins to the NPC, and deletion of these FG-containing regions in
individual nucleoporins generally does not result in lethality or transport abnormalities
(99, 326). Due to the large number of nucleoporins containing these repeats, it has been

hypothesized that these repeats may fblfill a role in binding import or export factors
during transit through the pore (326). Indeed, many nucleoporins containing these repeats

bind a variety of importinkaryopherin transport factors, including importin a2, importin-

p 1 and Ran (23,66, 107,238,281,296). Two models of the nuclear transport process,
the older solid-state model (8) and the recent Brownian affinity gating model (see Section
A.I.2.b .iii) (290), depend on transient interactions between proteins of the pore cornplex
and the transported molecules. The Brownian model specifically implicates the FG

repeats as being instrumental in this process. The finding that a number of the repeats can
be deleted without affecting import suggests that there may be a large degree of overlap

in the fünction of the various nucleoporins in vivo (326). The nucleoponns lacking the
repeat sequences have been hypothesized to be strïctly structural and not contribute to
nucleocytoplasmic trafficking (95).
Mmy nucleoporins are post-transcriptionally modified by the addition of large sugarnch residues like O-linked N-acetylglucosamine (225,291). Wheat germ agglutinin or

mushroom lectin are able to inhibit import, likely due to interaction with these glycosyl
residues (4,359). In fact, in testing novel in vitro irnport assays, it is customary to prove

import through the pore by using wheat genn agglutinin to block import (4). It is unclear,
however, exactly what purpose these moieties serve in the intact W C , since removal or
modification of the glycosyl groups did not affect nuclear irnport or pore assembly (226).
The importance of individual nucleoporins has been assessed in a number of deletion
studies in yeast. For exarnple disruption of the genes coding for the nucleoporins
Nup84p, Nup85p or Nup l20p leads to defects in poly (A)+ RNA export, nuclear
envelope structure and nuclear pore complex organization (3 15). A variety of other
mutant or null-expressed nucleoporins exhibit numerous defects in NPC clustering,
nuclear envelope defects including seals over the NPCs, and nuclear or nucleolar

organization changes (95). Defects in nucleolar organization are not surpnsing, since a
nurnber of n u c l e o p o ~ scontain zinc-finger or leucine-zipper DNA binding motifs, and
thus may play a role in organization of chromatin (326).
Several nucleoporin genes have even been identified as proto-oncogenes. The CAN
gene codes for the human nucleoponn Nup214, the loss of which in embryonic mice
causes ce11 cycle arrest in Gz,as well as inhibition of nuclear protein import and mRNA
export (340). In humans, acute myeloid leukemia and myelodysplastic syndrome arises as

a result of a chromosomal translocation that fuses the DNA-binding protein DEK to the

COOH terminal two-thirds of CAN (39). This region of CAN contains a number of FG
repeats and interacîs with several other nucleoporins, including Nup84 (28), and hCRM 1,
a hurnan importin-P homologue (1 07). Overexpression of CANMup2 14 interferes with

nucleocytoplasmic transport, and also causes growth arrest in Go and apoptosis (39).
Another nucleoporin implicated in myeloid cancers is Nup98, a GLFG-containing
nucleoporin required in several RNA export pathways (268). Similar to the situation with
CAN, gene fusions of Nup98 with other genes is responsible for its oncogenicity (15 ,

168,279). Finafly, the human TPR gene has been implicated in human papillary thyroid
carcinomas via fusion of Tpr with the TRK gene product (124). Cloning and
charactenzation of Tpr have revealed that it, too, is a nucleoporin (25,57). The similar
genesis of these cancers, via fùsion of a nucleoporin with other genes, indicates the
importance of proper placement and fünctioning of nucleoporins in the normal
fûnctioning of the cell.

iii. Gating of the Pore
As mentioned earlier, the nuclear pore appears variously to contain a central,

translumenal plug or barrel-like structure with an apparent mass of -14 MDa (252). Some
groups have suggested that this structure may actually be proteins or RNAs caught in the
act of traveling through the pore, since it was seen only occasionally (252). More recent
analyses using powefil electron and atomic force microscope techniques provide strong
evidence, however, that this structure is real, and is an actual part of the import complex.

In these studies, the pore has a high incidence of lumenal occupancy, which can be

reproduced in multiple preparations (252).
One possibility is that the plug is part of a gating mechanism for the pore, allowing
the NPC to regulate the size of the pore lumen to accommodate varying sizes of trame, or
perhaps even open and close completely to regulate import and export rates (100).
Evidence to support these ideas cornes from reports that depletion of perinuclear calcium
results in appearance of the translumenal plug (259,346). At the same time, depletion of
perinuclear calcium also causes attenuation or blockade of nuclear protein import, or the
diffusion of small molecules into the nucleus (1 23,259, 324). The importance of
perinuclear calcium in the appearance of the lumenal plug may explain the earlier
confusion over its existence, since the various preparations used may have compromised
the nuclear envelope lumen or otherwise resulted in calcium loss.

Two recent studies, however, have reported that lurnenal calcium does not, in fact
pIay a role in regulating nuclear protein import (206,330). In both studies, the authors
suggested that earlier data showing an effect by lumenal calcium depletion might have
actually represented an ER depletion of calcium, leading to an unspecified ER stress
response that may have affected import. Another possibility advanced was that
differences in species, ce11 type or experimental conditions may explain the disparate
data, but ultimately the reasons for the disagreements are not currently known.
Two more recent reports may shed some light on these findings. Bustamante et al.
reported that the gating of the nuclear pore is actually regulated by both calcium and ATP
(56). This agrees with the other report, which shows that NPCs in cardiomyocytes also

exhibit gating dependent on both calcium and ATP/GTP (258). In this study, the authors

propose that the NPC has three confomations: an open state, in which small molecules
(-10 kDa) and large imported molecules (histone H l ) fieely pass through the pore; a

closed or non-selective block state in which the depletion of lumenal calcium closes the
pore, blocking transit of both types of molecules; and a selective block state, caused by
depletion of ATP/GTP, in which the pore diameter reduces at one end, but opens at the
other end due to relaxation of the NPC, allowing mal1 molecules to pass fieely thtough
but blocking passage of large molecutes. This model may explain the eartier
disagreements, since in those studies, calcium was regulated but ATP/GTP were not. On
a side note, it has also been demonstrated that opening and closing of the pore, with
concomitant changes in movement of molecuies through the pore, can be regulated by
aldosterone (1 05).
The model advanced by Perez-Terzic et al. for the cardiomyocyte NPC suggests that

the lurnenal transporter or plug structure actually consists of a double iris system, with
the NPC able to selectively open or close each iris (258). This suggestion agrees with
earlier rnodels that had also proposed a double iris system for the NPC (10, 11).
The elucidation of the complete yeast NPC composition and overall architecture led
Rout et al. to propose a novel mechanism for nuclear transport called the Brownian
affinity gating model (290). In this model, simple Brownian diffusion is used to explain
the transit of molecules through the pore complex. The pore is visualized as being quite
narrow, making it extremely difficult for most large molecules to pass through the lumen.
Molecules (i.e. transporters or importindexportins) that interact with nucleoponn FG
repeats, however, increase their mean residence time in the pore, and therefore increase
their likelihood of being further attracted to other FG nucleoporins deeper in the pore.

This effect, combineci with asymmetrical distribution of various nucleoporins through the
pore and asymmetrical distribution of transport factors to the cytoplasm and nucleus,
leads to vectorial, directed motion through the pore. Proteins that bind the FG
nucleoponns "see" a larger apparent difision channel than proteins that do not, since
they easily interact with the pore proteins and thus more easily enter the lumen. This

concept Ieads to the idea of a virtual gate, which discriminates between transported (Le.
nucleoporin-binding) and excluded (non-binding) molecules, but which requires no
moving parts. Furthemore, energy expenditure in the form of hydrolysis of nucleotide
triphosphates is not required for actual transport, except to maintain gradients of import
factors across the nuclear envelope by recycling of the Ran GTPase (see Sections
A.1I.l.b.i~and A.II.l.b.vii).
Although this model is an attractive one that appears to model many aspects of
nuclear transport, there are a number of caveats to keep in mind. First, this study
localized individual nucleoporins to discrete regions of the nuclear pore complex.
However, there is little information on how these various nucleoporins interact with one
another or what their precise location is. Further information, perhaps in the form of
high-resolution x-ray crystallographic studies, is required to understand how these many
proteins interact. Second, no explanation is given for the changes in appearance of the
NPC observed by atomic force and electron microscopy on ctosure of the pore, as no

information is provided on steric changes in the pore structure, and no explanation is
offered for the role of calcium in pore gating. Finally, this model does not seem able to
reconcile the observation of three gating States observed in the cardiomyocyte NPCs,
although this may be due to species-specific differences. Therefore the model may be an

excellent starting point for a clearer understanding of the import process, but m e r
clarification of interactions and movements of nucleoponns in the NPC is required.

c.

Nuclear Matrix
The nuclear matrix, or nucleoskeleton, c m be identified a s the large proteinaceous

network that remains afier the nucleus has been treated to remove nucleic acids and lipids
(143). The matrix itself can be subdivided into several constituent components: the

nuclear lamina, the core fihnents, the d i f i s e skeleton and the nucleoli.

i.

Nuclear Lamina

The nuclear lamina is a 20-50 nrn thick proteinaceous layer found imrnediately
interior to the inner nuclear membrane. It consists chiefly of intemediate filament-related
proteins called lamins, which in hurnans fa11 into three classes: lamins A, B 1 and B2. Up
to six distinct lamins may be found in the ce11 by differential splicing of the larnin genes,

including a fourth cornmon class, lamin C, which is a splicing product of lamin A (1 1 1 ,

356). Lamins A and B contain a CaaX box to allow isoprenylation and
carboxymethylation, which permits direct mchoring in the nuclear membrane. The
lamina rnay also be anchored to the inner nuclear membrane by binding to "lamin
receptors" which recognize Iamin B (1 1l), or via lamina-associated proteins found in the
imer nuc1ear envelope (289). Lamins also appear to be able to bind to chromatin (356).
Lamins typically contain a rod domain comecting a head and tail region. They also
possess a nuclear localization signal in the tail domain, and a nearby cdc2 and/or protein

kinase C phosphorylation site which, when phosphorylated, appears to block the NLS and
prevent nuclear entry of the lamin (1 11, 129, 135, 141).
The nuclear lamina stabilizes the inner nuclear envelope and appears to be critical for
proper nuclear structure and huiction. Conversely, lamin proteolysis facilitates apoptosis,
apparently by promoting nuclear envelope breakdown (278). Nuclear structure
abnormalities resulting fiom larnin defects appear to play a role in a number of
pathologies. For example, Drosophila with an insertional mutation of nuclear lamin D m
exhibit delayed development, reduced viability, an impairment of locomotion and are
sterile. On M e r examination, the flies were found to have incomplete nuclear
envelopes with clustering of nuclear pore complexes and an accumulation of annulate
larnellae (187). These findings suggest that the nuclear lamina may normally play a role
in orchestrating the clustenng of pore complexes, and are in agreement with evidence that
larnins play a critical role in the restnicturing of the nuclear envelope following mitosis
(1 11).

Larnins are able to bind to both DNA and histones (356). The interaction of
chromatin (specifically heterochromatin, i.e. repressed or silent chromatin) with the
lamina suggests a possible role for the lamina in regulating gene expression (8 1, 188).
Knockout mice for lamin A/C exhibit abnorrnal nuclei, with herniation o f the nuclear
envelope away fiom chromatin (356). These mice suffer fiom a severe form of muscular
dystrophy. In humans, an autosornal dominant form of Emery-Dreifuss muscular
dystrophy which is hallmarked by muscle wasting is caused by a mutation in the gene
that encodes lamin A/C (43). A second mutation in the lamin A/C gene results in
Dunnigan-type familial partial lipodystrophy, in which adipose tissue is lost (62). A

possible mechanism whereby larnin mutations can cause such widely divergent diseases
is that heterochromatin may not bind properly to the nuclear lamina, resulting in
inappropnate expression of unidentified genes. Both muscle and adipose tissue derive

from mesenchyrnal precursors, and a nuclear lamina defect in these precursors m a y lead
to the diseases described, and perhaps others (356). Another possible route for lamins to
influence gene expression is by binding transcription factors, as has been demonstrated
for the tumor-suppressor Rb, which is concentrated at the nuclear penphery and binds to

lamin A/C in vitro (202).
A major protein component associated with the nuclear lamina and the imer nuclear

membrane is a 46 kDa nuclear nucleoside triphosphatase, or NTPase (E.C. 3.6.1.15) (76)
The NTPase is a cleavage product of lamins A and C (79,335), and provides energy to
the nuclear pore complex for export of poIy (A)+ mRNA firom the nucleus through the
pore (5-8, 77, 78). NTPase activity is stimulated by poly (A)+ rnRNA (33,304), and

phosphorylation of the NTPase results in an increased affinity for mRNA and alterations
in NTPase activity and translocation of mRNA out of the nucleus (2 19, 305).

ii. Core Filaments
The core filaments are an assortment of 10 n m diameter protein filaments that
connect the nucleoli with the nuclear lamina, and that also interconnect with each other.
The exact composition of these filaments is unclear, although antibodies against

conserved sequences in intermediate filaments bind to the core filaments (143). Recent
work has identified the yeast myosin-like proteins Mlplp and Mlp2p, which form long
nuclear filaments comecting nuclear pore complexes with distal regions of the

nucleoplasm, as homologues of the vertebrate Tpr protein, whîch also foms 300 n m long
nuciear filaments as well as cytoplasmic filaments attached to the NPC (329). Other
studies have identified nuclear filaments constructed of lamins (144,298). Finally, a set
of intranuclear filaments which react with an antibody to the NPC nucleoponn Nup 153
has been observed, and which may correspond to the nuclear envelope lanice, a repeating
protein structure sometimes associated with the nuclear baskets of the NPC (84, 29 1).
Ultimately, however, it is unknown whether these various filaments truly correspond to
the "core filaments" or whether other types of filaments remain to be identified.

iii. Diffiise Skeleton
The "difise skeleton" refers to a diffûse material seem by electron microscopy to
attach or associate with the core filaments. Its identity and fine structure are unknown,
but it has been s h o w to react with antibodies against actin, the nuclear matrix protein

NuMa, or lamin A, or with antibodies against conserved sequences in intermediate
filaments (143). Recent reports provide evidence that the intranuclear lattice may be
composed of oligomers of NuMa (1 27, 131).

iv. Nucleoli
Nucleoli are the site of rRNA polymerization and ribosome synthesis for the cell.
They are composed of fibrillar centers embedded in a dense fibrillar component. The core
filaments (see Section A.I.2.c.ii) are present in the nucleoli in higher density than
elsewhere in the nucleoplasm, thus comprising the dense fibrillar component. The
fibrillar centers appear to be storage sites for proteins involved in transcription of DNA,
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such as polymerases and topoisomerases, and are located in nodes in the network of core
filaments (143).

II. Nucleocytoplasmic Traffickiog
Proper control of nuclear h c t i o n s requires the existence of control mechanisms to
regulate the movement of cargo (e-g. proteins, nucleic acids and ribonucleoproteins)
across the nuclear envelope via the nuclear pore. Recently, much progress has been made
in identifjmg and characterizhg the pathways controlling this trafficking.

2. Imporî to the Nucleus

As indicated earlier, gases and certain activated oxygen species, for example
hydrogen peroxide and NO, are able to cross the nuclear envelope simply by difising
through the phospholipid bilayers. Water may also cross the envelope when dynamic
movements of phospholipids ancilor cholesterol create transient aqueous pores, but a far
faster and likely more relevant method for water to enter or leave the nucleus is by
traveling through the NPC.

The central pore of the NPC is large enough to permit free difision of molecules
smaller than approximatety 40-60 kDa, but it is important to note two caveats. First,
while individual ions are small enough to be expected to transit Feely through the pore,
there is evidence of ion currents operating through the pore complex which affect ion
transfer. This is discussed in detail in Sections A.II.2 and A.III.2.a. Furthemore, a
number of proteins smatler than 40 D a , atthough small enough to fieely diffise through
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the pore, show compartmentaIization between the nucleus and the cytoplasm (1 7). The
second caveat is that as molecular mass increases, the time required for transit through
the pore increases. Molecules greater in size than 40-60 kDa enter the nucleus very
slowly by diffkion, taking up to 24 hours to equilibrate with the nucleus, and molecules
greater in size than -70 kDa do not diffuse into the nucleus at al1 (361). In order for large
molecules to enter the nucleus at physiologically usefùl rates, they must be actively
transported, Le. energy must be expended to facilitate the import of these molecules.
It is obviously not efficient to import molecules that are not required for nuclear
function, or to import molecules that are not yet needed but which may be needed later.
To solve this problem, a number of import systems have evolved to ensure that only
required molecules are imported to the nucleus. These systems not only maximize
efficiency, they also allow a great degree of control by the ce11 over which molecules

may enter the nucleus, as well as when they may enter. The most common mechanism
employed by the ce11 is the use of nuclear localization signal. (NLSs), which are
sequences of arnino acids usually found in the protein to be imported, and which confer
nuclear targeting on the protein. To date, two main import mechanisms have been
identified, each depending on different types of NLSs, as well as a number of specialized
systems for import of particular types of nuclear proteins or nucleic acids. The two major
mechanisms utilize either the importin-mediated pathway, or the transportin-mediated
pathway.

i.

Nuclear Localization Signals

Early studies revealed the existence of specific protein sequences that caused nuclear

localization of their parent molecules (92, 165, 166). Mutation of these sequences
interfered with import (165, 183). Based on this early work, artificial nuclear localization
signals based on the Simian Virus 40 large T antigen were created that were able to cause
the nuclear uptake of normally non-nuclear proteins such as human semm albumin (1 17,
184). Since tbat tirne, a relatively large number of NLSs have been identified, some of

which use non-classical import pathways (Table 1). Although there is no consensus
sequence for a classical NLS,the general construction is a peptide approximately 7-9
amino acids long, consisting primarily of basic amino acids (121). A variation on this
construction is the so-called bipartite class of NLS (160, 287). This NLS consists of two
stretches of basic amino acids separated by a spacer region. For example, the
nucleoplasmin bipartite NLS has two basic residues separated by ten residues fiom
another span of four basic residues (287). The identity of the spacer region is apparently
unimportant for import, but the length of the spacer does seem to modulate the efficiency
of import.
Despite the differences in structure of the two classes of NLS, they appear to share a
common mechanism for regulating import. It has been demonstrated that both the SV40

NLS and the biparti:e nucleoplasmin NLS use the sarne import receptor (12 1, 122). In
general, it appears that NLSs are readily swappable between proteins with only minor
effects on import rate. However, the context of the NLS with respect to the protein it
occurs in does appear to be important, possibly due to masking effects or steric hindrance
25

Table 1. Selection of identified nuclear localization signals

-

-

protein
Sequence (Length)
SV40 Large T Antigen PKKKRKV (7)
KRPAAIKKAGQAKKKK (16)
Nucleoplasmin
KKYIDRQKEKCGEERRRTRQ (20)
Human Interleukin-5
c-myc

c-jun, v-j un
Yeast SWIS
HRNPAl M9

HN-1Rev
U snRNA

Transporter
Importin-a 1
Importin-a 1
Importin-a1
PAAKRVKLD (9)
ririportin-a 1
ririport
in-a 1
R . ~ ~ . K( 5L)
KKYENVVIKRsPRKRGRPRK (20) h p o r t i n - a 1
NQSSNFGPMKGGNFGGRSSGPYG Importin-P1
GGGQYFAKPRNQGGY (38)
RQARRNRRRRWR (1 2)
m3G cap

References: (121, 160,162, 186,242, 333)

of the NLS by other regions of the protein (288). The reason for the diversity of NLSs itz
vivo is currently unknown, but one possibility is that the different NLSs may permit more

precise control of the import of individual substrates into the nucleus relative to one
another. This is supported by the finding that different domains of import receptors may
have differential amnity for different NLSs (see Section A I . 1.b.ii) (137, 307).
Most NLS-containing proteins have only one or two NLSs,but it has been

dernonstrated that artificially increasing the nwnber of NLSs per imported molecule
results in greater uptake of the molecule into the nucleus (97). This apparent dose
dependency of import suggested that an NLS receptor rnight exist. The demonstration
that the rate of import was saturable made this possibility a near certainty (1 17).

ii. Importin-a, the NLS "Receptor"
Initial efforts to identify the NLS receptor focused on the nuclear pore complex itself,
since it was assumed that such a large structure must surely contain the receptor (267).
No NPC components, however, were observed to directly bind NLS-containing proteins.
At the same time, cytosol tiactionation experiments revealed that nuclear protein import

required at least two soluble cytosolic factors (233). It was soon demonstrated that one of
these factors, a -60 kDa protein later dubbed importin-a, was the sought after NLS
"receptor" (1 22,272).
The role of importin-a is to recognize and bind to the classical (Le. SV40 T antigentype) NLS on cytoplasmic proteins bound for the nucleus, then bind to the pore-docking

protein (see Section A.II. 1.b.iii) (3). importin-a is therefore not so much a receptor as it
is an adaptor molecule, acting as a go-between for the nucleus-bound cargo and the pore27

docking protein. This step does not require the expenditure of energy and is temperatureindependent.
Gorlich originally cloned importin-a fiom Xenopus Iaevis oocytes, reporting six
closely related forms of a 528 amino acid protein (122). Examination o f the structure of
importin-a reveals several interesting features: the NH2 terminal contains a basic stretch
of 40 highly conserved amino acid residues comprising the importin-B binding (IBB)

domain, the central region contains eight (ten in yeast) degenerate amadillo repeats, and
the COOH terminal contains an acidic domain (1 19, 137, 349). The IBB domain is
required for binding of irnportin-a by the pore-docking protein, importin-g (1 19,236,
349). The armadih repeat region appears to contain two individual binding sites for

NLSs (82, 137). Cornpetition experiments with two different types of NLS have led to the
theory that individual importin-a molecules may preferentially recognize more Uian one

NLS, and that the degeneracy of the armadillo repeats across different importin-a
homologues may allow for the recognition of particular NLSs by particular homologues
(137). Evidence to support this theory was reported by Sekimoto et al., who demonstrated

that importin-a I-mediated import of Statl cannot be competed with the SV40 Iarge T
antigen NLS, which aIso binds to importin-al (307). The acidic region in the COOH
terminal contains a binding site for the protein CAS, a factor required for export of
importin-a out of the nucleus afier a round of import (see Section A.H. 1.b.vii) (1 37).
Other groups have identified both a nuclear locaiization signal in the NH2 terminal
(236) and a putative nuclear export signal in the central region (38). The role of the NLS
is unclear, since it is overlapped by the Ii3B domain, thus preventing autologous

importin-a binding during import when importin-P is bound to this domain (236). The

role of the nuclear export signal is also unclear, since it appears to be neither necessary
nor sufficient for export of importin-a £rom the nucleus (137), in contrast to earlier data
that first identified the nuclear export signal (38). It is possible that both these regions
may interact with as-yet-unidentified cofactors to fine-tune import and export of
importin-a.
Importin-a homologues have been independently identified in a wide variety of
organisms, and sornetimes independently in the same organism, leading to confusion over
nomenclature. In Saccharomyces cerevisiae, importin-a is also called karyophenn-a,
srp 1p and KAP60, and is coded by the gene SRPl(257). Three homologues in humans
have been denoted hSRP1, hSRP l a and hSRP ly (240), importin-a 1, a 2 and a4,
respectively (137), or karyopherin-a 1 and a 2 for hSRP 1 and hSRP 1a (257). Recently,
novel homologues have been identified in plants (146, 163), humans (1 74, 175) and mice
(1 67). There are currently well over a dozen homoIogues, and it is likely that many more

remain to be found.
One of the reasons that a standardized nomenclature has not yet been established is
the rapid Pace of discovery of novel forms of importin-a, many having been discovered
in just the last two years. Another reason is the degree of homology between homologues.

Based on sequence similarity, irnportin-a proteins can be grouped into three subfmilies,
in which intrafarnily sequence identity is about 80%, and in which interfamily sequence

identity is about 50% (1 75). The current theory for the large numbers of irnportin-a
homologues is that different forms rnay recognize different NLSs, or may exhibit
dicerential tissue and/or species expression. Recent data tends to support this theory, as

five mouse importin-a proteins classifieci into three subfamilies have been identified,
each with unique tissue expression patterns (167).

iii. Importin-f31
Soon after the discovery of hportin-a, a 97 kDa import factor dubbed importin-P or
karyopherin-B, was identified in bovine erythrocytes and Xenopus luevis oocytes (2, 70,
272). Irnportin-B was found to bind to both importin-a and to several xFxFG

nucIeoporins, revealing its role in docking the basic import complex (i-e. the NLSbearing protein and importin-a) to a docking site on the nuclear pore complex in an
energy- and temperature-independent process (70,272).
Importin-f3 has now been renamed imporhn-f31 or karyopherin-f31, since it has been
found to actually be the first member of a large superfamily of importin-P homologues,
with 14 members in yeast alone (3,257). The hallmarks of this superfàmily include an

NH2 terminal Ran binding region and a nucleoporin binding region (1 18). OnIy importin-

P 1 is involved in the "classicai" NLS-mediated nuclear import pathway, although one
importin-P homologue called CAS is involved in export of importin-a to the cytosol (see
Section A.II.1.b.vii) (1 8 1). Another member of the superfâmily, transportin or
karyopherin-P2, is discussed in fwther detail Iater in this thesis. The other importin-P
homologues act to import or export a variety of specific protein classes (3). The
importance of importin-P1 is shown by the fact that the nul1 mutation is lethal in yeast
(35 7).

As mentioned earlier, Vnportin-p 1 binds to three major types of proteins. The Ran
binding domain is found in the Mi2terminal region, but binding of RanGTP and
RanGDP (which only binds in the presence of a Ran binding protein, RanBP1) is
mediated by two separate regions (69). The nudeoporin binding region maps to the
COOH terminal 60% of the protein, but more specific information on exactly where the
nucleoporins bind has not yet been reported (72). The region of importin-P 1 diat binds
the IBB domain of importin-a consists of 19 tandemly repeated HEAT motifs, which

have a helix-turn-helix structure (73). The tight binding of importin-Pl to importin-a
resembles the binding of importin-a to an NLS (73). An interesting observation is that
the RanGTP binding site of irnportin-Pl overlaps the importin-a binding site. The
binding of RanGTP therefore destabilizes the formation of the irnport complex, since
RanGTP binds to importin-P 1 with greater affinity than importin-a does (237). This

effect becomes important for the proper cycling of Ran between the nucleus and
cytoplasm, which in turn regulates protein import (see Section A.II.1.b.iv). Importin-P1
aIso possesses a nuclear export signal (1 5 1).
Two recent observations suggest that the role of importin-P 1 may be even more
complex than previously thought. First, the protein Rev, the U small nuclear
nbonucleoproteins, and a number of ribosomal proteins have been reported to be
imported by importin-B 1 in the absence of importin-a (134, 157,249), suggesting that
importin-p 1 may be able to recognize NLSs on its own. Second, the import of histone Hl
is mediated by an importin-P/importin 7 heterodimer, which behaves as a nuclear irnport

receptor (156). Together, these data suggest that irnportin-Pl may be able to act as its
own NLS receptor. This would not be unexpected, since virtually al1 of the other

importin-P homologues do not use or require adaptor proteins (3). It has also been shown
that importin-pl appears to be able to enter the nucleus on its own (180).

iv. Ran and the RanGTP/RanGDP Cycle
Ran, or R a f l C 4 , has long been acknowledged to be a key player in nuclear protein

transport processes, but the understanding of Ran's role and mode of action has changed
dramatically over time. Ran was initially identified as a 25 kDa homologous relative of
the small GTPase Ras,a key component of various intracellular signaling pathways (96).

Moore and Blobel soon identified Ran as one of two required components for nuclear
protein import in a cytosol fiactionation study (230). It is an abundant protein,
comprising -0.4% of total cellular protein, and is predorninantly Iocalized to the nucleus
(280). Since nuclear import was energy-dependent, and since Ran was required for

import, early models of import suggested that the energy requirements of import may be
met by GTP hydrolysis by Ran (1 2 1). This appeared to be borne out by experirnents in
which nuclear protein import using a mutated Ran, which was only able to hydrolyze
xanthosine 5 '-triphosphate (XTP) instead of GTP, became dependent on XTP alone
(348). Import in the absence of XTP could not be rescued by GTP or ATP, suggesting

that nucleotide hydrolysis by Ran was the only energy source required for import. It soon
became apparent, however, that this mode1 of R a d s role was too simplistic, as R a d s
interactions with other proteins were discovered and analyzed.
Like many GTPases, the hydrolytic activity of Ran is normally very low (44). It
requires the action of a GTPase activating protein, which has been identified as the
cytoplasmic protein RanGAP 1. RanGAP 1 increases Ran's rate of GTP hydrolysis by

100 000-fold (30,34, 172). Ran also exchanges GDP for GTP very slowly, and so
requires a guanine nucleotide exchange factor (GEF).The RanGEF has been identified as
the chromatin-associated nuclear protein RCC 1, which increases the rate of GTP/GDP
exchange by 100 000-fold (172). Due to the localization of the Ran accessory proteins,
virtually al1 GTP hydrolysis by Ran must occur in the cytosol, and virtually al1 exchange
of GDP for GTP must occur in the nucleus. As a corollary to this, there must be a
gradient of high [RanGTP] in the nucleus and high PanGDP] (or low [RanGTP]) in the
cytosol.
At the time these phenornena were being described, a seerningly incongrnous effect

of RanGTP was reporteci by Schlenstedt et ai. (302). Using a yeast mutant of Ran that
stabilized the GTP-bound form, they showed that the yeast homologue of Ran blocked
nuclear protein import and poly (A)+ RNA export when bound to GTP. A subsequent
study showed that another Ran accessory protein, Ran binding protein 1 (RanBP1) which
further accelerates RanGAP 1-mediated GTP hydrolysis by an order of magnitude ( 3 9 ,
stabilized the binding of RanGDP, but not RanGTP,to importin-pl bound to NLSbearing proteins (7 1). At the same time, RanGTP dissociates the importin-a 1hmportin-

Pl compiex (237), as described in the last section. Together, these data show that in order
for import to occur, RanGDP must be present in the cytoplasm, but RanGTP in the
cytoplasm interferes with import.
It has now been shown that the export of importins from the nucleus, a process that
also requires Ran, is inhibited by RanGDP in the cytosol due to destabilization of the
export cornplex, but stabilized by RanGTP in the nucleus (21 1, 235). It appears, then, that
the asymmetrical distribution of RCCl and RanGAPl leads to the establishment of a

RanGTP gradient that supports import complex formation in the cytosol (low [RanGTP])
and disassociation in the nucleus @gh @anGTP]). In effect, the gradient establishes

vectorial movement of imported molecules. Conversely, when importins are recycled
back to the cytoplasm, the formation of the export complex is stabilized in the nucleus
and destabilized in the cytoplasm, again resulting in vectorial movement (1 7). An
exarnple of importin recycling is the export of importin-al by its export factor, CAS
(1 8 1). A schematic showing the Ran cycle is depicted in Figure 4.

Several recent experiments have provided some very interesting and somewhat
surprising data. In models of export and import, GTP hydrolysis of Ran was apparently

not necessary for transport to occur (98, 282,306). This could be explained, however, by
the fact that this held true only for single transport events, i-e. only one round of
transport. To continue transport processes, GTP had to be added. These findings
demonstrate that the hydrolysis does not appear to be required for the transport process
itself, but is instead required only to reset irnport and export factors to their correct
locations for subsequent transport events (3).
The Ran gradient is clearly cntical for nucleocytoplasmic trafficking to occur.
Experimental collapse of the gradient inhibits nuclear import, as well as a nurnber of
export pathways (153). Furthemore, it is possible to reverse the direction of nuclear
transport by artificially reversing the RanGTP gradient (241). Since there is a strong
outward gradient of Ran f?om the nucleus, and since Ran is small enough to dimise freely
through the pore, Ran may equilibrate over time with the cytosol. To prevent this from

happening, a factor called NTF2 is employai by the cell.
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Figure 4. Scbematic diagram of nuclear protein import and Ran cycling

RanGDP in the cytosol, in conjunction with NTF2, causes cycling of NLS-bearing
proteins bound to an irnportin-diportin+ complex (for clariîy, irnportin-B and RanBP 1
have been omitted). In the nucleus, RanGDP is converted to RanGTP by RCC 1. The high
[RanGTP] in the nucleus destabilizes the Unport complex. Importin-a is recycled back to
the cytosol by formation of an export complex with CAS, which is stabilized by high
[RanGTP]. In the cytosol, Ran hydrolyzes GTP to GDP with the aid of RanGAPl and
RanBP1. The low [RanGTP) in the cytosol destabilizes the export complex, fieeing
importin-a for another round of import. CAS and NTF2 are recycled back to their
compartments (not pictured).

Nuclear transport factor 2, or NTF2, was initially discovered by two independent
groups working with Xenopus laevis oocytes and HeLa cells as a protein that supported
nuclear protein import (23 1,256). It was found to be homologous to human placental
protein 15 (pp 1 9 , a previously identified protein of unknown function (41). The structure
of NTF2 is highly conserved in nature and is coded for by the NTF2 gene in
Saccharomyces cerevisiae (83). The resulting protein has a mass of -14 kDa,but is

norrnally found as a homodimer of -30 kDa (23 1,256). NTF2 has a conical shape with a
hydrophobie cavity to which Ran binds (50).

The function of NTF2 was unclear when it was h t discovered, but it was obsewed

that import failed when NTF2 was removed fiom cytosol in import assays by binding to
the nucleoporin p62 (256). It was also found that NTF2 bound to the import factor Ran
(23 1), but only when Ran was in a GDF-bound state (255,325). Moore and Blobel

suggested that the role of NTF2 might be to act as a Ran-GDPdissociation inhibitor
(RanGDI), similar to RabGDI, which is involved in targeting GDP-Rab to vesicular
membranes (23 1). This was a very astute hypothesis, as it has now been confirmed that
NTF2 is, indeed, a Ran-GDP dissociation inhibitor (358). NTF2 inhibits the dissociation

of GDP fiom Ran when bound to RanGDP. It also inhibits the binding of GTP to Ran. In
this way, Ran can be kept in a GDP-bound form in the cytosol, allowing formation of
import complexes that are otherwise destabilized by RanGTP (see Section A.II.1.b.iv). In
support of this model, it has been demonstrated that nuclear protein import is inhibited by
NTFS mutants that do not bind RanGDP (74). NTF2 has also been reported to transport

Ran into the nucleus, thereby preventing the depletion of nuclear Ran levels due to

diffusion down its gradient into the cytosol(283,3 18).

NTF2 possesses a binding site for xFxFG regions of nucleoporins, in particular p62,
which is separate fiom its Ran binding site (75). Recent experiments in which the xFxFG

binding site is mutated to inhibit binding of NTF2 to nucleoporim, but in which the Ran
binding site is unaffected, have s h o w inhibition of the import of RanGDP (29).
Furthermore, antibodies against NTF2 block nuclear irnport of Ran, which in tum blocks
nuclear protein import (323). Together, these data suggest that NTF2 functions not only
as a RanGDI, but also as a Ran nuclear import factor, specifically regulating movement

of Ran into the nucleus by binding to both Ran and to nucleoporins in the pore complex.

vi. Other Soluble h p o r t Factors
An earIy study reported that hsp701hsc70, a heat shock protein or its cytosolic

cognate, were required for import in permeablized nuclear protein import assays (3 12).
The significance of this hding, however, is unclear, since nuclear protein import c m be
reconstituted in vitro using recombinant foms of importin-a, importin-P, Ran and NTF2
alone (339).
It is likely that many more import factors remain to be discovered - factors that, while

not required for import, would possibly fine-tune the rate or selectivity of import, for
example. Furthemore, there are likely to be many more tissue and species specific
isoforms and homologues of the currently identified import factors, as well as import
factors for import pathways that are yet to be identified (see Sections A.II.1.c and
A.II.1 .d).

vii. Puttïng It AI1 Together: A Mechanistic Mode1 of h p o r t through the Pore
From the preceding discussions of the Brownian a t y gating model and the Ran
GTWGDP cycle, it is possible to envision an overall model of classical NLS-mediated
import through the nuclear pore complex. The whole process starts with an NLS-bearing
protein binding to the armadillo repeats of irnportin-a 1. This complex then binds to the
HEAT motifs of importin-pl via the IBB domain of importin-al. RanGDP, likely

complexed to NTF2, also binds to importin-pl, although it is uncertain at exactly which
time NTF2 binds the import complex. This pentameric complex diffises to an open
nuclear pore complex (open due to the presence of perinuclear calcium and ATP), and
interacts with nucleoporins of the cytoplasmic filaments, most likely RanBP2 (91), via
the nucleoporin-binding domains of irnportin-Pl and NTF2, and the FG repeats of the

nucleoporin.
This interaction increases the residence tirne of the import complex at the pore,
prompting M e r interactions between the import complex and other nucleoporins
deeper in the pore complex. The concentration gradient of the import factors (which are
predominantly cytoplasmic), in conjunction with asymnetrical distribution of
nucleoporins through the pore which tend to "pull" the complex along, drives the import
process, resulting in entry of the import complex to the nucleus.
Inside the nucleus, RCCt exchanges GTP for the GDP bound to the Ran molecule,

causing destabilization and separation of the irnport complex component proteins, thus
delivering the NLS-bearing cargo. RanGTP binds to CAS (the importin-a 1 exporter),
which binds importin-a 1, and together this export complex travels back through the pore.
38

This process again likely exploits a CAS gradient out of the nucleus and asymmetrical
arrangement of nucleoporins (possibly different fiom those mediating import). Upon
entry into the cytoplasrn, RanGAP 1 and RanBP 1 facilitate the hydrolysis of GTP to GDP,
and the export complex destabilizes, releasing the cargo (importin-al) back into the

cytosol. Importin-pl is also recycled back to the cytosol, but appears to possess its own
nuclear export signal and thus does not requue a CAS homologue (15 1). RanGDP is now
available for another round of import, as are the importins. This mode1 of import is
presented schematically in Figure 4.
This scheme appears to be the best current fit to the available data. However, several
questions remain unanswered. It is unclear whether NTF2 actually enters the nucleus
with the import complex, and if so, how it re-enters the cytoplasm. It is also unclear
exactly how the import and export complexes move through the pore and if this tmly
does not require energy in the forrn of nucleotide triphosphate hydrolysis, or how CAS
recycles back to the nucleus. With the cwrent Pace of research in this area, it is likely that
these questions and more will be answered very soon.

viii.

Regulation of Import

The critical role of the nuclear protein import process in normal ce11 functioning

demands that the cell tightly control import. Indeed, as mentioned earlier, mutation of a
number of nucleoporin genes results in myeloid leukemias, while blockade of import
results in lethality, ce11 cycle blockade and apoptosis. It has been suggested that it may be
possible to develop pharmacoIogica1 methods of modulating import to treat diseases
characterized by transcription factor dysregulation (109). To date, several methods of

regulating import of proteins to the nucleus have been identified, of varying degrees of
complexity.
The simplest method of regulating import is by encoding an NLS in the primary
sequence of a given protein - proteins without NLSs are not directly imported, as
discussed above. A variation on this theme is the possibility of alternative splicing o f
mRNAs to include or exclude coding regions for NLSs. For example, the transcription
factor E2F c m be diflerentially spliced to include or exclude a bipartite NLS, thus
regulating the appearance of E2F in the nucleus (89). Similar exarnples of NLS splicing
include nuclear mitotic apparatus protein (NuMa) (334), CaM kinase (322) and
deoxynuçleotidyl transferase (32). Regulation of alternative splicing itself, however, is
ofien highly complex and the precise mechanism varies fkom protein to protein.
Another method of controlling import is by masking and unmasking of an
endogenous NLS. An example of this method, as described earlier, is NF-&, which in
non-stimulated cells is bound to its inhibitor, IKB. The binding of I d 3 to NF-KBcovers
the NLS of NFKB, preventing its entry into the nucleus. Phosphorylation o f IKB in
response to a variety of stimuli (e.g. TNFa)results in release of NF-KB,unmasking of its
NLS and efficient translocation to the nucleus (106). A similar mechanism is used by c-

fos and the P K A C-subunit (158). The binding factors that prevent nuclear localization
are sometimes referred to as cytoplasmic retention factors or anchors (16 1). A variation

of this theme occurs in PKC-a, which is nomally cytoplasmic. Phorbol ester binding to

PKC-aresults in a conformational change which unmasks an NLS and altows
localization to the nuclear envelope (158). In this way, PKC-a has a built-in anchoring
mechanism.

A novel import mechanimi called piggybacking is employai by the two subunits of

the mouse DNA primase (229). The 54 kDa subunit possesses an NLS which directs its

movement into the nucleus. The 46 kDa subunit, in contrast, Iacks an NLS, and when
expressed alone in COS-1 cells, remains in the cytoplasm. Transfection of these cells
with both subunits, however, results in translocation of both subunits to the nucleus: the
46 kDa subunit piggybacks into the nucleus with the 54 kDa subunit.

One of the most widely used rnethods of regulating import of individuai substrates,
however, is phosphorylation. Even before the identification of the SV40 NLS,
phosphorylation sites just upstream of the NLS were documented (300).It was later
shown that including this upstream sequence in import assays, as opposed to simply using
the minimal residues comprising the SV40 NLS, resulted in faster uptake of import
substrates to the nucleus (285). It was subsequently demonstrated that this upstream
region contained a casein kinase II (CKII) phosphorylation site at S'"/S''~.
Phosphorylation of either of these residues increased the rate of nuclear accumulation of
import substrate (284),apparently by enhancing recognition of the NLS by importin-a 1
(147). Soon aftenvard, it was also shown that the upstream region of the SV40 NLS

contained a p34cdcZ(cyclin-dependent kinase, or cdk) phosphorylation site at T'~',and
that phosphorylation of this residue resulted in a reduced maximal accumulation of
import substrate in the nucleus (159).The overall rate of import, however, was
unaffected. This combination of these two phosphorylation sites was designated a "CcN"
motif, which represents the CKII, cdk and NLS signals present (1 58). This single motif,
therefore, can both up-regdate and maximally limit nuclear protein import.

A number of proteins have now been demonstrated to possess partial or complete
CcN sites, including p53, c-myc, lamin A/C and B-myb (1 58). Phosphorylation sites for
other protein kinases have also been identified which regulate nuclear inport, including a
CAMP-dependent protein kinase site in the Drosophila transcription factor Dorsal (46).
The reverse of this scenario has also been demonstrated: dephosphorylation of s~~~in v-

Jun results in nuclear accumulation of vJun (333), while dephosphorylation of a serine
protein kinase iI results h its nuclear targeting
residue in ~a~+/calmodulin-dependent
(133). Phosphorylation c m be used by the ce11 to afford great control over temporal

events. The yeast transcription factor SWIS, for exarnple, is targeted to the nucleus at
only certain stages of the ce11 cycle, and this translocation is regulated by the
phosphorylation of sites within the NLS by the cyciin-dependent kinase CDC28 (162).
There are other methods of regulating both import and export that have been found. A
novel nuclear export factor for U snRNA called P M , for example, appears to be
regulated by phosphorylation (246). Formation of the export complex containing PHAX
requires phosphorylation of PHAX in the nucleus. In the cytoplasm, PHAX is
dephosphorylated, which causes disassembly of the export compiex and release of the
cargo. Phosphorylation of the NPC itself may be important for regulation of
nucleocytoplasmic trafficking. A number of pore complex nucleoporins are
phosphorylated in a ce11 cycle-dependent manner, but it is unclear what consequences this
has for transport or pore structure (196). Other modifications besides phosphorylation

also play a role in transport. The association of RanGAP1 with the nuclear pore complex
is dependent on the modification of RanGAPl with an ubiquitin-like protein which
increases the size of RanGAP 1 fiom 70 kDa to 90 kDa (2 13). RanGAP 1 lacking the

modification remains in the cytosol and does not interact with the NPC. These examples
demonstrate that the cell uses many mechanisrns to rnodulate nuclear transport. It is likely
that many more remain to be discovered.

As stated at the start of this section, two major import pathways have been highly
characterized to date. The first is the classical NLS importin pathway, and the second is
the transportin-rnediated pathway. There are a nurnber of parallels as well as differences
between these two pathways that have been discovered.
Just as the importin pathway uses a basic NLS to target proteins to the nucleus, the
transportin pathway uses a conserved, 38 residue sequence called M9 that bestows
nuclear uptake (3 16). Soon after the discovery that M9 targeted the heterogenous nuclear
ribonucleoprotein (hnEWP) A l to the nucleus, it was also found that M9 could act as an
export signal for the sarne hnRNP A l protein (222). M9 therefore acts as a
nucleocytoplasmic shuttling sequence, able to mediate movement of RNPs into or out of
the nucleus (221). It has not been possible with mutation analysis to separate the importmediating residues from the ones that mediate export (40,222). Another difference
between M9 and the SV40 NLS is that, while the SV40 NLS or similar sequence is found

in a wide range of proteins, M9 appears to be fairly specific for nbonucleoproteins (21 1).
Whereas the SV40 NLS binds to an adaptor protein (importin-al), and then to the
importer (importin-pl), M9 binds directly to its importer, transportin (also known as
importin-P2 or karyopherin-P2) (3,42). However, like Unportin-mediated import,
transportin requires GTP hydrolysis by Ran (42), although single rounds of transport can

occur without hydrolysis (98,282). Transportin also Uiteracts with nucleoporins in the

NPC, which can be competed out with classical importin/SV40 NLS components,
suggesting that importin-B1 and transportin bind to common elements in the pore (42).
While transportin is the irnport protein for M9 bearing ribonucleoproteins, it does not
mediate export of these proteins (221). RanGTP is able to disrupt transportin complexes

in the nucleus just as it disrupts importin-pl complexes, therefore it is unlikely that a
stable export complex containhg transportin could form in the nucleus (153). To date,
the transportin exporter has not been identified.
The transportin irnport pathway appears to be well-conserved in nature. Both
transportin itseIf and the M9 sequence have homologues in humans, Saccharomyces
cerevisiae, Drosophila melanogaster, Xenopus laevis, and Schizosaccharomyces pombe,
most of which c m be substituted for one another in import assays (3 17).

d. Other Impor~Modalities

The two import mechanisms discussed above are currently the most understood, but a
number of other nuclear transporters have been identified. For example, ribosomal
proteins are imported by karyopherins B3 and P4, while the yeast Hoglp MAP kinase is
imported by a novel importin coded for by the gene NMDS (3). A very unusual import
signal is that used by the U snRNPs, which consists of the 5'-2,2,7-terminal
trimethylguanosine cap structure of the U snRNA portion of the snRNP. Import of these
molecules is mediated by a novel import factor called snurportin (145). It has also been
demonstrated that ERK2 enters the nucleus using a non-classical import pathway (1 10,

359). Many other combinations of unique import signals and irnport factors have recently
been identifieci (242), and others are sure to follow.

2. Nuclear Ion Transport
Early characterization studies of the ce11 nucleus revealed the surprising tiading that

sodium and potassium ions partitioned between the nucleus and cytosol(63,361).
Indeed, the concentration of sodium in the nucleus was reported to be an order of
magnitude higher in the nucleus than in the cytosol. At the same time, microinjection
studies revealed that small molecule tracers fieely traveled between the nucleus and
cytosol (361). It was assumed that ions, being even smaller than the tracers, also fieely
traveled between the cytosol and nucleus, and the observed concentration differences
were due to preferential binding of ions to cytoplasmic or nuclear structures.
It had also been shown, however, that some cells exhibited an electrical potential

between the nucleus and cytoplasm (193). This would argue that at least some of the ions
must be unbound, and in turn the nuclear envelope must act to some degree as a barrier to
free diffusion of ions. Ten years ago, Mazzanti et al. (217) provided evidence by patch

' selective channels exist in the nuclear envelope,
clarnping of mouse pronuclei that K
which resulted in a hyperpolarization of the nucleus relative to the cytosol of
approxirnately -10 mV. It was suggested at the time that these ion movements may serve
to balance charge changes that occur with the movement of macromolecules through the

NPC, or to balance the very large negative charge of DNA due to its high phosphate
composition via the Donnan effect (55). The identity of the K' channels was suggested to
be the nuclear pore complex, since the number of nuclear pores appeared to correlate

with the nurnber of channels (218). This idea was supported by the finding that the

individual channels did not seem to bridge the cytosol with the perinuclear lumen, or the
perinuclear lumen with the cytoplasm. Instead, the channels crossed both lipid bilayers,
bridging the cytosol directly with the nucleus (150). To explain the ability of the NPC to
restrict ion flow, it was suggested that the lumenal plug in the pore might play a role,
effectively reducing the lumenal diameter and possibly reducing fiee diffision of ions.
These channels were charactenzed in patch clamping experiments, and are now called
large conductance nuclear ion channels (MCs) (54,55). The major species responsible
for current flow through these channels has been confimied as potassium. The sodium
channel blocker tetrodotoxin and the calcium channel blocker diltiazem had no effect on
the conductance of the NIC. The potassium channel blockers Cs' and TEA were also

without effect. This suggests that the NICs are a novel f o m of potassium channel(55).
An interesting hding, however, is that, while GTP had no effect on the conductance of

NICs, GTP-y-S blocked ion flow. This suggests that GTP hydrolysis may be required for

the proper fùnctioning of the channel(55).
It has also been fowid that the nuclear envelope may act as an effective barrier to

proton movements. Studies using intracellular pH sensitive fluorescent probes have
revealed a pH gradient across the nuclear envelope, resulting in a higher nuclear pH
relative to the cytoplasm by 0.3 to 0.5 pH units (308). The significance of nuclear
partitioning of protons and potassium ions has not yet been revealed. However,
partitioning of calcium between the nucleus and cytosol has been intensively
investigated, and roles for nuclear calcium are well established.

III. Nuclear Calcium
For many years, the role of cytosolic calcium in the ce11 has been under intense
investigation. Cytosolic calcium is a critical second messenger, transducing signals in a
large number of intracellular communications pathways. Arguably, it is the single mostcornmonly-used second messenger in the cell. Calcium also plays a key role in excitable
tissues, mediating both muscle contraction and nerve conduction (24). However, until

relatively recentiy, it was unclear what role nuclear calcium played in the cell, and
whether nuclear calcium could be considered an independent intracellular calcium pool.
AIthough controversy still exists, it appears that nuclear caicium is indeed regulated
independently of cytosotic or SRIER calcium. This unique calcium pool may play a
critical role in nuclear physiology.

1. Rule of Nuclear Calcium

Calcium in the nucleus has been implicated in regulating or modulating nearly eve.
major nuclear function exarnined. Calcium has been known to be a regulator of gene

expression since its first implication in the regulation of prolactin synthesis (351). Since
then, calcium responsive DNA binding elements such as CREB and SRF have been
identified. CREB is a binding protein for the CAMPresponse element (CRE) that binds to
the c-fos promoter. CREB is regulated by calcium entering cells by L-type voltage gated
calcium charnels, causing activation of CRE-containing genes (88, 309-3 11). Similarly,
the s e m response factor SRF is aiço responsive to calcium, which promotes binding of
SRF to the s e m response element SRE in the c-fos promoter and, again, activation of
the gene (21,227). c-fos is an irnmediate early gene product which, when coupled to c-

jun forms the AP-1 transcription factor, which binds to and activates a large number of

gene promoters. Through the use of other calcium-binding proteins such as cahodulin,
calcium is able to regulate other genes as well, such as that of proopiomelanocortin (192).
It has even been suggested that, by acting through CREB, nuclear calcium may impact
Iearning and memory (132).
Calcium has also been implicated in the regulation of ce11 cycling. Calcium spikes are
associated with changes in the stage of the ce11 cycle (265), and with ce11 cycle-specific
events such as nuclear envelope breakdown (3 14) and entry to mitosis, where cellular
calcium transients appear to arise from the nucleus (353). Related to these effects,
calcium also appears to be a trigger to induce differentiation (142) and is required for
effective replication and repair of DNA (1 9,67).
Calcium plays roles in other nuclear events such as modulation of the intranuclear
contractile system (20,270, 301). There is also evidence that there is feedback between
cytosolic and nuclear calcium and activity of the apoptosis suppressor bcl-2 (164,203,
27 1). Finally, it has been suggested that nuclear calcium may interact with cytoplasmic

calcium to positively or negatively affect excitation-contraction coupling in
cardiomyocytes (36). An important role specifically for perinuclear calcium, as opposed

to nucIeoplasmic calcium, is regulation of the perrneability of the nuclear pore complex
(see Section A.I.2.b.iii).
Obviously calcium is a major dcterminant of nuclear fiction, and precise regulation

of nuclear calcium is required by the cell. The molecular basis for this regulation is the
subject of the following section.

2. Regularion of Nuclear Calcium

a. Nuclear Calcium Pumps and Channefs
As discussed earlier, it was originally thought that small ions like calcium could
readily dimise across the nuclear envelope through the NPC. Nicotera et al., however,
demonstrated that an ATPase activity existed in isolated nuclei that perrnitted them to

take up and sequester 4 S ~ a Z(244),
'
and that this calcium could be released by stimulation
by inositol 1,4,5-trisphosphate (iP3) (201, 245). There may be two calcium ATPases, one

on the imer nuclear membrane and one on the outer membrane. The outer membrane
pump has been characterized and is identical to that of the endoplasmic reticulum (1 85),

while the inner membrane pump has not been characterized (197).
Many groups have demonstrated differential calcium levels in îhe nucleus and

cytoplasm, and nuclear calcium transients in a variety of ce11 types (14, 5 1, 103, 138, 139,
178, 195, 269). The direction and magnitude of the gradient, however, seems to Vary by

ce11 type. Although some reports have failed to show differential regulation of nuclear
and cytosolic calcium (13), this phenornenon is now widely accepted (22, 260).

The question that remains is how nucleocytoplasmic calcium gradients are

maintained. It does not seem credulous that no difision of calcium through the pore
occurs, even if the lumenal plug reduces trafficking. The current mode1 of nuclear

calcium regulation suggests that inositol phosphates are partially responsible (197). As
previously mentioned, IP3receptors exist in the nucleus, and calcium currents flowing
through these recepton have been characterized (200). It has now been shown that

inositol 1,3,4,5-tetrakisphosphate(IP4)also regulates nuclear calcium signaling via two
classes of nuclear IP4 receptors (152, 179). The IP3 receptors are localized to the inner

nuclear membrane, while high e t y IP4 receptors are localized to the outer nuclear
membrane (148) and low affinity P4receptors are localized to the inner membrane (152).

Together with the nuclear envelope calcium ATPase, these inositol phosphate-sensitive
calcium channels actually regulate two distinct pools of nuclear calcium: one in the
nucleoplasm, and one in the perinuclear space.
Binding of IP3 to the IP3receptor results in movement of calcium fiom the
perinuclear space into the nucleoplasrn. The activity of the iP3 receptor c m be acceierated
by phosphorylation by PKC (212), which is interesting in light of the fact that PKC-a

localizes to the nucleus afier stimulation (158). Binding of IP4 to the high aff'inity, outer
nuclear membrane I P q receptor results in movement of calcium fiom the cytoplasm into
the pennuclear space. This mode of nuclear uptake is favored when cytosolic [ca2']

exceeds 0.8 PM, indicating calcium-induced calcium uptake (197). Together, these two
receptors can drive calcium from the cytosol into the nucleoplasm via the perinuclear
space, which would tend to counteract any loss of calcium through the nuclear pore. The
role of the low afKnity IP., receptor is currently unknown, but it may fûnction to move
caIcium out of the nucleus and into the perinuclear space. The role of the outer nuclear
membrane calcium ATPase seems to be regulation of uptake of calcium by the nucleus
when cytosolic calcium is below 0.8 PM, and may play the role of a safety mechanism in
times of cellular distress (148, 197). It is reported that this ATPase directs calcium fÏom
the cytosol into the perinuclear space (1 12).

b. Nrrclear Calcium Binding Proteins
In order for calcium to carry out its fiinctions in the nucleus, it must interact with

calcium binding proteins (CaBPs). The wide variety of nuclear CaBPs are too numerous
to list here, but several important examples of nuclear CaBPs are discussed.

One of the most important CaBPs in the nucleus, and indeed the cell, is calmodulin.
Calmodulin can be envisioned as the effector for many of calcium's roles in the nucleus,
including gene expression (1921, ce11 cycling (64,65) and DNA replication (19).
Calrnodulin exerts its myriad effects by interacting with a variety of nuclear calmodulinbinding proteins, including myosin light chah kinase and cahodulin kinase II, which in
tum have multiple downstrearn targets ( 19). Nuclear protein kinase II (88,3 1 1) and the
phosphatase, calcineurin (270) are activated by calmodulin and in turn may activate or
deactivate other nuclear proteins, such as the CAMPresponse element binding protein
CREB (88,3 11).
Another important nuclear calcium binding protein is the calcium activated neutral
cysteine protease, calpain. As opposed to many other proteases which act to breakdown
unnecessary or potential dangerous proteins, calpain seems to cleave specifically between

active domains of proteins, often resulting in the generation of new, functional protein
products (1 13, 247). For example, nuclear nucleoside triphosphatase is generated by the
cleavage of lamins A/C by calpain (76, 335). Calpain is also responsible for mediating
breakdown of the transcription factors c-fos and c-jun (140), and may play a role in
nuclear envelope breakdown (1 13).
The protein calreticulin has also been described to have important nuclear effects.

Calreticulin was originally thought to be simply an endoplasmic reticulurn lumenal

calcium sink protein. It contains many calcium binding sites and is therefore able to bind
large amounts of calcium and sequester it (224). This pennits very high Ievels of calcium
to be kept within the endoplasmic reticulurn without precipitation of calcium compounds
like calcium phosphate. Recently, however, caireticulin has been shown to also Iocalize
to the nucleus and possess other functions. CaireticuIin is able to bind to sequences in the
genes of the supeifamily of nuclear hormone receptors (52, go), suggesting a role for
calreticulin in the modulation of expression of these genes. Calreticulin also modulates
glucocorticoid-sensitive gene expression, possibly thnough a similar mechanism (223).

But the most interesting finding has been that calreticulin gene expression is critical for
cardiac development (220). Knockout mice for calreticulin exhibit dramatic cardiac
abnormalities. Calreticulin is highly expressed throughout the developing heart, but is
only a minor cornponent of the mature hem.
These proteins represent only a small number of the currently identified nuclear
calcium binding proteins, however, they clearly have a dramatic effect on normal ce11
physiology. It is also highly likely that many more nuclear calcium binding proteins
remain to be found.

B. HYPOTHESIS
The present thesis tests three distinct hypotheses with regard to nuclear structure and
fùnction:
1. Unidentified calcium-binding proteins exist within the nucleus that may play roles in

regdation of nuclear calcium pools. The objectives of this study are:
a. To survey which calcium-binding proteins are present in both an excitable

(cardiomyocyte) and non-excitable (hepatocyte) tissue.
b. To positively identi@ one or more of these calcium-binding proteins.
2. Alterations in lipid metabolism will result in alteration of nuclear envelope

composition. In turn, alterations in the composition of the nuclear membrane lipid
bilayers will affect the activity of enzymes associated with the nuclear envelope, and
the structural integrity of the nucleus. The objectives of this study are:
a, To examine a genetic animal mode1 of hyperlipidemia and determine whether

nuclear envelope composition is altered.
b. To examine the effects of altered nuclear envelope composition on the activity

of an envelope-associated enzyme, the nuclear nucleoside triphosphatase.

c. To examine the effects of altered nuclear envelope composition on nuclear
integrity.
3. Hydrogen peroxide will inhibit nuclear protein irnport via a simple oxidative
mechanism, in a time- and dose-dependent manner. The objectives of this study are:
a. To examine and characterize the effect of H202
on nuclear protein import.
b. To detennine the mechanism by which H z 0 2 exerts its effects.

1. General Chernicals and Supplies

Product

Source

"P as orthophosphoric acid

NEN/Mandel (Guelph, ON)

%a2' as calcium chloride

NENMandel (Guelph, ON)

Acetone
Acrylamide

Mallinckmdt Inc. (St. Louis, MO)
Gibco/BRL (Burlington, ON)

Activated ERK2

Calbiochem-Novabiochem (La JolIa, CA)

Ammonium formate

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Ammonium molybdate

Mallinckrodt Inc. (St. Louis, MO)

Ammonium persulfate

Sigma-Aldrich Canada Ltd. (Oakville, ON)

ANS (1-amino 2-naphthal 4-sulfonic acid)

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Aprotinin

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Araldite 502

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Ascorbate

Mallinckrodt Inc. (St. Louis, MO)

ATP

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Benzarnidine

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Bis-acrylamide

BioRad Laboratories (Canada) Ltd.
(Mississauga, ON)

BODIPY FL-conjugated BSA

Molecular Probes Inc. (Eugene, OR)

Bovine S e m Albumin (BSA)

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Bromophenol Blue

BioRad Laboratories (Canada) Ltd.
(Mississauga, ON)

CataIase
Chlorofonn

Sigma-Aldrich Canada Ltd. (Oakville, ON)
Mallinclcrodt inc. (St. Louis, MO)

ChoIesterol esterase

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Cholesterol oxidase

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Cholesteryl oleate

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Coomassie Brilliant Blue R-250

LKB Bromma (Sweden)

Product

Source

Creatine phosphate

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Creatine phosphokinase

Sigma-Aldrich Canada Ltd. (Oakville, ON)

D- 19 Developer

Eastman Kodak (Rochester, NY)

Daidzein

Sigma-Aldrich Canada Ltd. (Oakville, ON)

O-Dianisidine

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Digitonin

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Dithiofhreitol (DTT)

Sigma-Aldrich Canada Ltd. (Oakville, ON)

DMEM

Gibco/BRL (Burlington, ON)

Dimethylsulfoxide

Sigma-Aldrich Canada Ltd. (Oakvi lie, ON)

DNase 1

Worthington Biochemicals (Freehold, NJ)

(2-Dodecen-1-yl)succinic anhydride

Sigma-Aldrich Canada Ltd. (Oakviile, ON)

ECL Immunoenzyme Detection Kit

Amersharn Canada Ltd. (Oakville, ON)

EDTA
Edwal Superflat

EGTA
Ektarnatic SC Print Paper
Electron Microscopy Copper Grids

Sigma-Aldrich Canada Ltd. (Oakville, ON)
Falcon Safety Products ( Somerville, NJ)
Sigma-Aldrich Canada Ltd. (Oakville, ON)
Eastman Kodak (Rochester, NY)
Electron Microscopy Sciences (Fort
Washington, PA)

Ethanol

Fisher Scientific (Nepean, ON)

Ethyl acetate

Fisher Scientific (Nepean, ON)

Excellulose Colurnns

Pierce (Rockford, IL)

FBS

Gibco/BRL (Burlington, ON)

Fixer

Eastman Kodak (Rochester, NY)

Forrnaldehyde
Fungizone

Sigma-Aldrich Canada Ltd. (Oakville, ON)
Gibco/BRL (Burlington, ON)

GDP

sigma-~ldrichG a d a Ltd. (Oakville, ON)

Genistein

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Glutaraldehyde

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Glycerol

Fisher Scientific (Nepean, ON)

Source

Product
Glycine

GibcdBRL (Burlington, ON)

GTP

Sigma-Aldrich Canada Ltd. (Oakville, ON)

lEPES

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Hoechst 33258

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Hydrochloric acid

Fisher Scientific (Nepean, ON)

Hydrogen peroxide

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Imidazole

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Insulin

Sigma-Aldrich Canada Ltd. (Oakville, ON)

p-Iodonitrotetrazolium violet (INT)

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Iron sulfate

Sigma-Aldrich Canada Ltd. (Oakville, ON)
-

- -

KCI

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Lead citrate

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Leupeptin

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Magnesiurn acetate

Sigma-Aldrich Canada Ltd. (Oakville, ON)
--

Magnesium chloride

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Mannose 6-phosphate

Sigma-Aldrich Canada Ltd. (Oakville, ON)

P-Mercaptoethanol

Sigma-Aldrich Canada Ltd. (Oakville, ON)

MES

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Methano1
MOPS
Nitrocellulose Membranes

Mallinclcrodt Inc. (St. Louis, MO)
Sigma-Aldrich Canada Ltd. (Oakville, ON)
Gibco/BRL (Burlington, ON)

p-Nitrophenol

Sigma-Aldrich Canada Ltd. (Oakville, ON)

p-Nitrophenolphosphate

Sigma-Aldrich Canada Ltd. ( ~ a k v i l l eON)
,

Non-activated ERK2

Calbiochem-Novabiochem (La Jolla, CA)

Osmium tetroxide

Electron Microscopy Sciences (Fort
Washington, PA)

Paraformaldehyde

PD98059
PEI-Cellulose TLC Plates

TAAB Labs. Equip. Ltd. (Reading, UK)
Calbiochem-Novabiochem (La Jolla, CA)
Scientific Adsorbents Inc. (Atlanta, GA)

Product
Pepstatin A
Perchloric acid
Peroxidase
Phosphate-fiee DMEM
Photo-Flo

Source
Sigma-Aldrich Canada Ltd. (Oakville, ON)
Anachernia Science (Winnipeg, MB)
Sigma-Aldrich Canada Ltd. (Oakville, ON)
GibcoBRL (Burlington, ON)

Eastman Kodak (Rochester, NY)

Potassium acetate

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Potassium chloride

Mallinckrodt Inc. (St. Louis, MO)

Potassium phosphate dibasic

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Potassium phosphate monobasic

sigma-Aldrich Canada Ltd. (Oakville, ON)

Propylene oxide

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Protein-A agarose

Calbiochem-Novabiochem (La Jolla, CA)

RNase A

Worthington Biochemicals (Freehold, NJ)

Senun Cholesterol Assay Kit

Sigma-Aldrich Canada Ltd. (Oakville, ON)

S e m Glucose Assay Kit

Sigma-Aldrich Canada Ltd. (Oakville, ON)

S e m Triglyceride Assay Kit

Stanbio Laboratory Inc. (San Antonio, TX)

Skim Milk Powder

CarnationNestle Foods (USA)

Sodium acetate

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Sodium azide

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Sodium bisulfite

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Sodium chloride

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Sodium choiate

G a - ~ l d r i c Canada
h
Ltd. (Oakville, ON)

Sodium dodecyl sulfate (SDS)

BioRad Laboratones (Canada) Ltd.
(Mississauga, ON)

Sodium hydroxide

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Sodium phosphate dibasic

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Sodium pymvate

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Sodium selenite

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Sodium succinate

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Sodium sulfite

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Source

Product
Soybean trypsin inhibitor

Sigma-Aldrich Canada Ltd. (Oakville, ON)

SpectraPor Dialysis Membranes

Spectnim (Laguna Hills, CA)

Stains-Al1

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Sucrose

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Sulfosuccinirnidyl4-[N-maleimidomethyl]

Pierce (Rockford, IL)

cyclohexane- 1-carboxylate
-

-

Sulfiiuic acid

Fisher Scientific (Nepean, ON)

Supersignal Western ~ l o t t i %t
n~

Pierce (RocMord, IL)
-

Sigma-Aldrich Canada Ltd. (Oakville, ON)

TEMED
--

Toluidine Blue

Sigma-Aldrich Canada Ltd. (Oakville, ON)
-

-

Transfemn, Holo-

Sigma-Aldrich Canada Ltd. (Oakville, ON)
-

Trichloroacetic acid

Sigma-Aldrich Canada Ltd. (Oakville, ON)

2,4,6-~ris[dimeth~1aminometh~l]~henolSigma-Aldrich Canada Ltd. (Oakville, ON)
Tris-(2-carboxyethyl) phosphine HCl

Calbiochem-Novabiochem (La Jolla, CA)

Tris-HC1

Sigma-Aldrich Canada Ltd- (Oakville, ON)

Tris-OH

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Triton X- 100
TrypsinEDTA
Tween-20
Uranyl acetate

Fisher Scientific (Nepean, ON)
Gibco/BRL (Burlington, ON)
Sigma-Aldrich Canada Ltd. (Oakville, ON)
Electron Microscopy Sciences (Fort
Washington, PA)

VectashieId

Vector Laboratones, Inc (Burlingame, CA)

Xanthine

Sigma-Aldrich Canada Ltd. (Oakville, ON)

Xanthine oxidase

Sigma-Aldrich Canada Ltd. (Oakville, Oh?

X-OMAT AR Film

Eastman Kodak (Rochester, NY)

II. An tibodies

Type

Host

Source

Active MAP kinase

Monoclonal

Rabbit

Promega (Madison, WI)

Cardiac calsequestrin

Monoclonal

Rabbit

SWant (Bellinzona, Switzerland)

DNA

Monoclonal

Mouse

Pierce (Rockford, IL)

Ran

Monoclonal

Mouse

Transduction Labs (Lexington, KY)

Secondary Antibody

TYPe

Host

Conjugate

source

Anti-mouse IgG

Monoclonal

Goat

HRP

Anti-mouse IgG

Monoclonal

Sheep

FITC

Anti-rabbit IgG

Monoclonal

Goat

Aex&ss

Anti-rabbit IgG

Monoclonal

Goat

HRP

BioRad Laboratories
(Canada) Ltd.
(Mississauga, ON)
Arnersham Canada Ltd.
(Oakville, ON)
Molecular Probes Inc.
(Eugene, OR)
BioRad Laboratories
(Canada) Ltd.
(Mississauga, ON)

Prirnary Antibody

Filter Set

Excitation Filter

Dichroic Mirror

Emissioa Filter

UBHS
VHS

None

488 + UV reflector

515

Nonet

510 LP

515

DJ2

None

440 LP

Em 1:405*3 5
En12460LP

WHS 488DF10 excitation filter removed
Abbreviations: LP - Longpass filter; Eml, Em2 - emission filters 1 and 2

1. Animal Protocols

1. Sprague-Dawiey Rats

Male Sprague-Dawley rats (250-350 g) were maintained in the St. Boniface General
Hospital Research Centre animal care unit with food and water ad libitum. Care and
treatment of the animals was in conformity with the Guidelines of the Canadian Council
on Animal Care, and subject to prior review by animal care cornmittees. These guidelines
were adhered to for al1 other animals used in the studies listed below. Animals were given
an intrapentoneai overdose of a cocktail of ketamine (60 mgkg) and xylazine (10 mgkg)

and then sacrificed by decapitation. Excised tissues (Le. livers and hearts) were used
immediately or quick frozen in liquid nitrogen and stored at -80°C as necessary.

2. JCR:LA-cp Rats

Male and fernale JCR:LA-cp rats were bred in the established breeding colony at the
University of Alberta using a standardized breeding protocol(295). The study included

corpulent cp/cp animals, as well as lean +/? animals, so designated because they consist
of both

+/+ and +/cp animals in the ratio of 1:2 as a result of crossing +/cp animals.

Access to water and standard rat chow was unrestricted. Male and female animals of

either genotype were sacrificed at 3,6 or 9 months of age as descnbed for Sprague-

Dawley rats. Body, heart and liver weight measurements were determined at time of
sacrifice.

3. Rabbits

Male albino New Zealand white rabbits were given fiee access to food and water in
the St. Boniface General Hospital Research Centre animal care unit- Anaesthesia was
induced by administration of 5% halothane in 2L/min oxygen, followed by 3% halothane

in 2 L/min oxygen by face mask. Sacrifice was performed by cardiac excision, at which
time the aorta was removed.

II. Tissue Isolation
1. Isolation of Rat ffepatic Nucfei

Normal ra! hepatic nuclei were isolated fiom male Sprague-Dawley rats (250-350 g)
according to Gilchrist et al. (113). Briefly, rats were sacnficed after ketamine/xylazine
overdose by decapitation and the livers excised into STM buffer (250 m . sucrose, 50

rnM Tris-OH, 5 mM MgC12,pH 7.4) containing protease inhibitors (1 mM dithiothreitol,
1mM phenylrnethylsulfonylfluoride,1 p M leupeptin). Al1 subsequent STM solutions also

contained these protease inhibitors. Usually fifteen or thirty livers were used at a time
(total m a s -200 or 400 g, respectively). The livers were scissor-minced, washed three
times and homogenized in five volumes of STM in a Potter-Elvehjem glass tube with a

loose fitting Teflon pestle (Wheaton Instruments, 10 strokes at setting three). The
homogenate was filtered through 4-ply gauze, then pelleted at 1400xg for 10 minutes.
The supernatants were discarded and the pellets rehomogenized in 5 volumes of STM.
The suspension was centrifùged again as above, the supernatant discarded and the pellet
resuspended in one volume of STM. This was diluted with 2 volumes of STM containing

2.3 M sucrose, and the final suspension layered onto 2.3 M sucrose STM cushions. The

nuclei were pelleteci through the cushions by ultracentrifirgation at 35000xg for 40
minutes (Bechan SW28 rotor), and the pellet collected in STM.n i e fmal protein
concentration of the nuclei was typically between 60-80 mg/ml. Nuclei were quickly
fiozen in liquid nitmgen and stored at -85°C. Al1 solutions were kept on ice throughout
the entire procedure.
Nuclei from male or female JCR:LA-cp corpulent (cp/cp) or lean (+/?) rat livers were
isolated using the same procedure.

2. Isolation of m g Cardiac Nucfei

Pig cardiac nuclei were isolated f?om fiesh pig hearts using a method based on that of
Jackowski and Liew (154). The atria were trirnmed away and only the ventricles used.
The mass of starting material was usually 150-160 g. The endo- and epicardia were
removed and the tissue scissor-minced in STM with several washings. The tissue was
then homogenized in five volumes of STM as per the liver tissue above. The homogenate
was filtered through 6-ply gauze and pelleted at 1400xg for 10 minutes. The supernatant
was discarded and the pellet rehomogenized in five volumes of STM. The suspension

was filtered through a 200 mesh steel filter and then centrifuged as above. The

supernatant was discarded and the pellet resuspended in a small volume of STM, then
quickiy frozen in liquid nitrogen. The fiozen slurry was slowly thawed back to 4°C and
diluted with five voIumes of STM. The suspension was centrifuged again as above, the
supernatant discarded and the pellet resuspended in 2.2 M sucrose STM. This suspension
was then layered onto discontinuous sucrose/STM gradients consisting of a bottom layer

of 2.7 M sucrose STM and an upper layer of 2.3 M sucrose STM. The gradients were

then ultracentrifuged in a Beckman SW28 rotor at 90000xg for 70 minutes. The cardiac
nuclei were concentrated and cotlected by pipette at the 2.3/2.7 interface. The nuclei were
diluted with ten volumes of STM and pelleted at 1400xg for 10 minutes to collect the
nuclei. The nuclear pellet was suspended in STM with a typical protein concentration of
4-6 mg/ml. Nuclei were frozen in liquid nitrogen and stored at -85°C. Al1 solutions were

kept on ice throughout the procedure.

3. Isolation of NucfearEnvelopes

The procedure for isolation of nuclear envelopes from both rat hepatic and pig cardiac
nuclei is the same, and is a modification of the procedure of Kauhann et al.(170).
Nuciei were diluted in STM to a concentration of 5 mg/ml and treated with 250 p g h l
DNase 1 and 250 pg/ml RNase A, then incubated on ice for 60 minutes with constant

stirring. The solution was then centrifuged at 12000xg for 10 minutes. The pellets were
diluted in half the original volume of STM and stirred; a half volume of 2 M NaCl in

STM was then slowly added, and the whole solution incubated on ice for 30 minutes with
constant stirring. The suspension was centrifiiged as above and the supernatant saved
("high salt fiaction"). This fiaction represented the nucleoplasmic contents. The pellet
was resuspended in STM buffer to a fuial concentration of 5- 1O mgml (cardiac samples)

or 10-15 mg/ml (hepatic sarnples). Any samples not used imrnediately were fkozen in
liquid nitrogen and stored at -8S°C.

4. Smooth Muscle Ceff Culîurefiom Rabbis Aorta

Vascular smooth muscle cells were obtained f?om aortic explants of New Zealand
white rabbits as described (299). The aorta was removed f?om the animal, washed clean
of red blood cells, and the adventitia removed. The aorta was cut into rings -3 mm in
length, and the rings placed into Dulbecco's Modified Eagle's Medium @MEM)

supplemented with 20% fetal bovine senun (FBS) plus 10% fungizone. The rings were
incubated at 37°C in an atmosphere of 95%:5% Or:C& for 10-12 days to allow
migration of fibroblasts and endothelial cells. M e r seven days the rings were removed
into fresh FBS/DMEM and incubated as above for another seven days to allow migration
of smooth muscle cells. The rings were removed and the cells grown to confluence in
10% FBSDMEM plus 1% fùngizone. The cells were then passaged with 0.05% trypsin,
0.53 rnM EDTA ont0 glass coverslips in fiesh medium. Cells were either maintained in
10% FBS/DMEM or Starvation Medium (STV) (DMEM plus 5 pg/ml holo-transfemn, 1

nM sodium selenite, 200 FM ascorbate, 10 nM insulin, 2.5 pM sodium pyruvate), plus
1% fungizone. Cells were fed with 10% FBSDMEM +- 1% fungizone 24 to 48 hours
pnor to use. Cells used were always of the first passage.

5. Isolation of Rat Liver Cyîosol

A male Sprague-Dawley rat (-250 g) was sacrificed as described in Section C.I. 1
above and the liver quickly removed into ice-cold STM buffer. The liver was scissorminced and washed several times with STM buffer, then homogenized. The homogenate
was centnfbged in a Beckman JA-20 rotor at 1400xg for 10 minutes at 4°C. The

supernatant was removed and centrifûged at 3300xg for 15 minutes at 4°C. This

supernatant was then centrifùged in a Beckrnan SW28 rotor at 100 OOûxg for one hour at
4°C. The final supernatant was removed as "cytosol." Cytosol was dialyzed overnight

through Spectrapor 1 dialysis tubing against multiple changes of Lmport Buffer (20 mM

HEPES, 110 rnM potassium acetate, 5 mM sodium acetate, 2 mM magnesium acetate, 0.5

rnM EGTA, pH 7.3) including 1 mM DTT and 1 yg/ml each of leupeptin, pepstatin A,
and aprotinin.

III. Characterization of Isolated Nuclei

Aliquots of rat hepatic and pig cardiac nuclei were treated with equivolume 0.05%
Toluidine Blue and air-dried on coverslips, then photographed at 40x magnification with
phase contrast. Aliquots of rat hepatic and pig cardiac nuclei were aiso incubated with the
DNA-specific stain Hoechst 33258 at a final concentration of 2 pg/ml for ten minutes and
visualized by UV confocal scanning laser microscopy using a Bio-Rad MRC600 system
equipped with a UV argon ion laser in normal scanning mode. The dye was excited with
the 35 1 nm laser line at 10% power, and the filter blocks used were the UBHS (ultravioletlblue, high selectivity) block with the OGS 15 filter removed in position # l , and the
IN2 block in position #2, with data collected fiom the first photomultiplier. The

microscope objectives used were a Nikon Fluor 100x/1.3 N.A. oil immersion lens for the
hepatic nuclei (with zoom factor 2.0) and a Nikon Fluor 40d1.3 N.A. oil immersion lens
for the cardiac nuclei (with zoom factor 5.0).

2. Subceffufar Marker Enqyme Assays

The presence of N~+/K+
A n a s e in sarcolemrna or plasmalemma allows the
determination of contamination of nuclear fiactions by these membranes by assaying for
this enzyme (264). Duplicate tubes were prepared containing 200 pl ATPase cocktail

(250 Ml Tris-OH, 600 mM NaCl, 17.5 mM MgC12, 5 mM EGTA, 25 mM NaN3,pH 7.0
at 37"C), 300 pl 48% sucrose, 250 pl

H20and 50 pl sample, plus either 100 pl 200 m .

KCl or H20. To each tube was added 100 pl ATP. Tubes were vortexed, then placed in a

water bath at 37°C for -12 minutes (time was recordai). Following incubation, the tubes
were placed into an ice bath for 30 seconds. To each tube was added 1.5 ml F+S Reagent
(3.5 mM ammonium molybdate, 0.9 N H2S04)and 100 pl A N S Reagent (4 mM 1-arnino

2-naphthal 4-sulfonic acid, 50 rnM NaHS03, 23 mM Na2S03).Tubes were mixed, dried
and warmed to room temperature. Absorbance was read at 690 nm. Blanks received

water instead of sample, and standards were prepared by adding 100 pl 1 m M KH2P04to
900 pl HzO, then treating as for the other samples. ATPase activity was then calculated
using previously denved equations (264). Purified sarcolemma samples were obtained
(264) and assayed for comparative purposes.

This enzyme is also found in sarcolemrna and plasmalemma (264), and therefore may
also serve as a marker for contamination of nuclear hctions. Duplicate tubes were
prepared containing 200 pl pNPPase cocktail (250 mM sucrose, 25 rnM MgC12, 5 mM

EGTA, pH 7.8 at 37OC), 550 pl HzOand 50 pl sample, plus either 100 pl 200 mM KCI or
HzO. To each tube was added 100 pl 50 mM p-nitrophenolphosphate. M e r vortexing,
the tubes were placed in a water bath at 37°C for -6 minutes (time was recorded). Tubes

were then placed in an ice bath for 30 seconds. Exactly two milliliters I .O N NaOH was
added to each tube to stop the reaction. Tubes were mixed, waxmed to room temperature,
dried and the absorbance read at 490 nm.Blanks contained H 2 0 instead of sample, and

standards contained 5 pl 10 mMp-nitrophenol plus 995 pl H20. pNPPase activity was
calculated using standard equations (264). As in the ~ a + / KATPase
c
assay, purified
sarcolemmal samples were assayed and used for cornparison.

Contamination of nuclear samples by sarco/endoplasmic reticulum fragments c m be
assessed by measuring levels of mannose-6-phosphatase (1 14). To plastic test tubes was
added 240 pl 50 mM MES (pH 6.5) plus 20 pl crude nuclei, or 250 pl 50 mM MES (pH
6.5) plus 10 pl sarco/endoplasmic reticulum or nuclear envelopes (blanks received 260 pl

50 rnM MES (pH 6.5) alone). Next were added 40 pl 100 mg/ml BSA in 50 m M MES

(pH 6.5) and 100 pl 10 m M mannose-6-phosphate. The tubes were incubated at 30°C for

30 minutes, then the reaction was quenched by the addition of 200 pl 10% SDS. This
assay generates inorganic phosphate as the final product. To correct for non-specific

phosphate production, identical tubes were prepared and treated as above, but the SDS
was added first to inactivate any phosphatases.

Inorganic phosphate produced was measwed using the method of Raess and Vincenzi
(273). To each of the above tubes was added 200 pl 0.9% ascorbate plus 200 pl 1.25%

ammonium molybdate in 6.5% HzS04, with a 30 second delay between tubes. Tubes

were incubated at room temperature for 30 minutes, centrifbged at low speed for 5
minutes to remove particulates, and the absorbance read at 660 nm,with each tube being
read 30 seconds apart in the order they were first given molybdate. Concentrations of
inorganic phosphate were calculated using a standard curve, with KH2POj as the standard
(1 14). Purified sarnples of isolated endoplasmic reticulum (1 14)were used for

cornparison to samples.

Succinic dehydrogenase is an enzyme highly enriched in rnitochondria, and is
therefore used as a marker assay for mitochondrial contamination (263). On ice, 0.5
mg/rnl p-iodonitrotetrazolium violet (INT) (-1 rnM) was dissolved in SDH cocktail (50
rnM K2HP04,50 rnM sodium succinate, 50 mM sucrose, pH 7.4). Exactly fi@

microliters of sample or water was added to test tubes, which were placed on ice and to
each of which was added 1 ml of the INTISDH cocktail. The rack of tubes was then
placed into a water bath at 37°C and a timer started. When suitable color had developed,
the rack was transferred back to the ice bath and the time recorded. M e r -1 minute, 0.3
ml 20% trichloroacetic acid was added, followed by 3.0 ml ethyl acetate. Tubes were
vortexed vigorously to extract color into the organic layer. Tubes were centrifuged at low
speed in the cold room for ten minutes, and then warmed to room temperature. The top
Iayer was read at 490 nrn and the activity of succinic dehydrogenase calculated according

5 (263).
~ 1 Succinic dehydrogenase activity in
to published equations using ~ i ~ 1 . 8o4
purified mitochondrial fractions (263)were used for comparative purposes.

e. r - E D T A Myosin ATPase

This assay measures contamination arising fiom myofibnls (208). To individual assay
tubes was added 0.7 ml ATPase mix (0.5 M KCl, 10 mM imidazole, pH 7.0) plus 0.1 ml
EDTA solution (100 mM EDTA buffered with KOH, pH 7.0). Immediately prior to

incubation 0.1 ml 50 mM Tris-ATP (pH 7.0) was added. The reaction was started by the
addition of O. 1 ml sample (-500 pg). The samptes, including a standard (100 p M
KH2P04) were incubated at 37°C for 15 min, and the reaction terminated with the

addition of 1 ml 10% trichloroacetic acid. To each tube was added 1.5 ml F+S Reagent
and 0.1 ml ANS Reagvnt, and then the tubes were incubated at room temperature for ten
minutes, followed by five minutes low speed centrihgation. Absorbance of the samples
was determined at 690 m, using a blank treated as above, except with the sample protein

being added &er the addition of trichloroacetic acid. The activity of samples was
calculated based on that of the standard (263). Myofibrils were isolated (263) and assayed
for K'-EDTA myosin ATPase activity for comparative purposes.

3. Nuclear Nucleoside TriphosphataseAssay

Assays were completed in plastic tubes in 350 pl Reaction Buffer (250 rnM sucrose,
20 mM MOPS, pH 7.4) containing EDTA (1 mM), MgC12 (1 rnM or as required), and

GTP or ATP (5 rnM or as required). The reaction was started by the addition of 50 pl

isolated nuclei (protein concentration -3-10 mg/ml) and camed out for 20 minutes (or as
required) at 3 7 T . The reaction was stopped by the addition of 200 p l 10% sodium
dodecyl sulfate (SDS). inorganic phosphate generated in the reaction was measured as
69

descnbed in the mannose-6-phosphatase assay above. Identical assays were nrn as
blanks, in which the SDS had been added pnor to the reaction. NTPase dependence on
time, [GTP], [ATP] and

wg2']was detennined for nuclei denved from lean and

corpulent JCR:LA-cp rats, and Hanes KM and V,,

values determined. Free

concentrations of ligands were determined fkom total concentrations using the
Maxchelator program (O C. Patton, 1994).

4. Nueleur Cholesterol and PhospholiIpd Content
Cholesterol and phospholipids were extracted Erom 100 pl isolated nuclei (0.3 - 1.O

mg total protein content) by first diluting with 600 pl water, then by adding 3 ml 2:l
chloroform:methanol and vortexing for 15 seconds. One milliliter water was added and
the tubes vortexed for 15 seconds; then, one milliliter chlorofonn was added and the
tubes again vortexed for 15 seconds. Samples were left to extract in the dark at 4°C
overnight. The samples were then centnfuged in a tabletop centrifuge for 10 minutes at
low speed (750xg). Following centrifugation, the upper, non-aqueous layer was removed
by pasteur pipette to a separate test tube and the solvent evaporated off under a stream of
nitrogen gas. The dry samples were resuspended in ethanol and assayed for cholesterol

(248) and phospholipid content (1 82).
For the cholesterol assay, resuspended samples in 200 pl ethanol were combined with
800 pl Reagent 2 (0.5% Triton X-100, 3 mM sodium cholate, 0.1 M Tris-HC1, 0.25 dm1
cholesterol oxidase, 0.1 mg/ml O-dianisidine, 0.01 mg/ml peroxidase, pH 6.6), then
incubated at 37°C for 20 minutes. Samples were read at this point at 450 nm to mesure
free cholesterol. To each tube was then added 1 ml of Reagent 3 (0.5% Triton X-100, 3

mM sodium cholate, 0.1 M Tns-HCl, 1 dm1 cholesterol esterase, pH 6.6), followed by
incubation at 37OC for 30 minutes. Samples were again read at 450 n m to measure total
cholesterol. Esterified cholesterol could be calculated by subtracting fiee cholesterol fiom
total cholesterol. A standard stock solution (0.5 mglm1 cholesterol and 0.5 mg/ml
cholesteryl oleate in 1:1 ethano1:acetone) was used to generate a standard curve.
To measure phospholipid content, each tube of dried sample fiom above was treated
with 0.7 ml perchioric acid and heated at 150°C in a dry block for 2 hours. Once tubes
had cooled, 4 ml H20was added to each tube, followed by 0.2 ml fiesh 5% ammonium
molybdate and 0.2 ml fiesh ANSA Solution (10 mM 1-amino 2-naphthal 4-sulfonic acid,
1.0 M NaHS03, 50 m M Na2S03). Tubes were placed in boiling water for 20 minutes,
then centrifùged at lOOOxg for 5 to 10 minutes. Supematants were decanted and
absorbance read at 660 nm. Final concentration of phospholipid was calculated using a
standard containing 25 p M KHLP04that was treated as the other samples had been.

IV. Identification and Localization of Nuclear Calcium-Binding Proteins
1. Sodium Dodecyf Sulfate-Poiyacrylumide Gel Electrophoresis (SDS-PAGE) of

Nuclear Proteins
Aliquots of rat hepatic and pig cardiac nuclei, high salt supematants and nuclear
envelopes were diluted to a concentration of 2 m g h l with STM buffer, then diluted
again with equivolume 2x SDS-PAGE Sarnple Buffer (375 rnM Tris-OH, 4% SDS, 20%
glycerol, 10% P-mercaptoethanol, 0.04% bromophenol blue, pH 8.8). Sarnples of 100 pl
each were then resolved by 3-13% linear gradient SDS-PAGE (Bio-Rad Protean II

system; 18 mA constant current overnight). Gels were subsequently stained with either

Coomassie Bnlliant Blue R-250 or with Stains-Ail (1 14), or else were irnmediately used
for western blotting.

2. Western BIotting and "cd+Overloys of Nuclear Proteins

Following electrophoresis, gels were incubated in Towbinfs Buffer (25 mM Tris-OH,
192 mM glycine, 20% methanol, pH 8.3) (338) for 30 minutes, then electroblotted ont0

0.45 p m nitrocellulose membranes using the Bio-Rad Transblot system and Towbin's

Buffer. Blotting was carried out at lO0C and 400 mA constant current for 60 minutes.
Following completion of transfer, blots were washed in three changes of Overlay Buffer
(60 mM KCI, 10 mM imidazole, 5 m M MgC12, pH 6.8) (209) for 20 minutes each, then
f 10 minutes. Blots were then
incubated in Overlay B f i e r containing 1 pCi/ml 4 S ~ a 2for

washed in two changes of double-distilled, deionized water for 5 minutes each, dried
between pieces of filter paper, and placed into autoradiograph cassettes with Kodak X-

OMAT AR film and intensifjring screens for 7 days at -8S°C.

3. hmunobIomttrng
of Nucleur Proteins wiîh Calsequestrin Antibodies

Eight percent acrylamide mini gels were prepared and aliquots of the pig cardiac high
salt nucleoplasmic fraction (3 mg/ml final concentration) and purified dog cardiac
calsequestrin (0.5 mg/ml final concentration) in SDS-PAGE sample buffer were run on
the gels (50 mA constant current for one hour). The gels were then electroblotted ont0

nitrocellulose using a mini-blot system similar to the larger system described above (250
mA constant current for one hour). Blots were then washed in Blotto A (5% skim milk in

TBST (1 0 mM Tris-OH, 0.05% Tween-20, 150 mM NaCl, pH 8.8)) for 30 minutes with

constant rocking. Blots were incubated with a 1:1000 dilution of rabbit anti-dog cardiac
calsequestrin antibodies in Blotto A for 45 minutes, then washed twice for 7 minutes each
with TBST.Following this step, blots were incubated with a 1:10 000 dilution of goat

anti-rabbit igG antibodies conjugated to horseradish peroxidase in 1:1 Blotto A:TBST for

60 minutes. Blots were given four 5 minute washes with TBST, then treated with an ECL
irnrnunoenzyme detection kit according to manufacturer's directions. The blots were
exposed to Kodak X-OMAT AR film for 60 seconds, and the film was developed.

V. Nuclear Membrane lntegrity Assay
This assay was carried out as descnbed previously (87). One milligrarn liver nuclei
fiom lean or corpulent rats was treated with STM buffer containing varying F a C l ] (fiom

O to 1000 rnM) for 30 minutes on ice, then centrifuged at 7500xg in a microfuge.
Supematants were removed and nuclear nucleotide release into the supernatant quantified
by absorbance readings in a spectrophotometer at 260 nm,with non-protein containing

salt solutions as blanks. Data were normalized to the maximal absorbance values
observed. The accuracy of the assay was connmied by sait-induced lysis of control rat
Iiver nuclei as described above. Lysates were then treated with 2 pg/ml Hoechst 33258

and fluorescence of both pellets and supernatants measured in a Spex Flurolog
spectrofluororneter (2+,=346 nm; &,=460nm)

to accurately quanti@ release of DNA

fiom lysed nuclei (87). Throughout the assay, al1 solutions contained 1 mM

phenylmethylsulfonylfluoride, 1 rnM dithiothreitol, and 1 pM leupeptin to prevent
proteolysis of nuclei which would confond the salt-induced lysis values.

VI. Nuclear Import Assay

The import substrate used was BODIPY-BSA conjugated to the SV40 large T antigen
nuclear localization signal (PKKKRKV- see Table 1).The NLS was custom synthesized

with an NHz terminal CGGG spacedconjugation point and a COOH terminal ED moiety
to protect the sequence during synthesis, to give a final sequence of

CGGGPKKKRKVED. To create the conjugate, 4 mg of BODIPY-BSA was suspended in
500 pl PBS (137mM NaCl, 2.7 mM KCI, 10 mM Na2HP04, 1.8 rnM KH2P04, pH 7.4) to
which was added 1 mg sulfosuccinimidyl4-[N-maleimidomethyl]cyclohexane-1 carboxylate, a cross-linking agent. The solution was incubated at 37°C for 30 minutes,
then desalted on a 5 ml Excellulose column that had been equilibrated with 5 column
volumes of PBS.Eight fiactions of 500 pl each were collected with PBS as the eluant.
The fractions of interest (3-5) were identified by their orange color due to the BODIPY

fluorophore. Two milligrams of NLS was suspended in 500 pl Coupling Buffer (50 mM
MES, 0.4 rnM tris-(2-carboxyethyl) phosphine HCI, pH 5.0) and incubated at 37°C for 30
minutes, after which the solution was combined with the previously isolated BODIPYBSA fractions. This mixture was placed in a dark-colored bottle and allowed to conjugate
ovemight at 4OC with constant stirring in the dark. The conjugates were passed through
another 5 ml Excellulose column that had been previously equilibrated with 10 rnM

HEPES (pH 7.3)plus 1 10 mM potassium acetate. Eight 500 pl fractions were collected
using 10 mM HEPES (pH 7.3)plus 110 rnM potassium acetate as eluant (Note: this
separation step was carried out hvice, once each on half of the total conjugation mixture,
to prevent overloading of the column). Fractions of interest (2-5) were identified by their

orange color and pooled together. An aliquot of the h a 1 conjugate solution was run on a
9% mini-SDS-PAGE gel at 30 mA for 45 minutes, next to an aliquot of the original

BODIPY-BSA. The gel was stained with Coomassie Brilliant Blue R-250 and the
number of NLSs conjugated per BODIPY-BSA molecule estimated fkom the gel shift of
the final conjugate, using a molecular mass of 1.5 kDa per NLS. in multiple preparations
of conjugate, approximately 10-15 NLS moieties were bound to each BODIPY-BSA
molecule. The final conjugate was aliquoted as required and stored at -85°C.

2. Import Assay Protocoi

Assays were carried out using the procedure of Adam et al. (4) with minor
modifications. Rabbit aortic vascular smooth muscle cells growing on glass coverslips
were rinsed three times with import Buffer, then permeablized by 5 minute treatment
with 40 pg/ml digitonin in Import Buffer. Cells were nnsed four times with h p o r t
Buffer, then the coverslips were inverted over 50 pl import Cocktail (Import Buffer plus

50% rat liver cytosol, 1 rnM ATP, 5 mM creatine phosphate, 20 unitdm1 creatine
phosphokinase, and 1 p g h l each of leupeptin, pepstatin A, and aprotinin) plus 5 pl
import substrate on parafilrn in a humidified plastic box. Import assays were typically
canied out for 30 minutes at 37°C.Cells were then lifted off the parafilrn by pipetting
small amounts of Import Buffer beneath the coverslips, and the coverslips removed and
washed once with Import Buffer. Cells were fixed in 3.7% formaldehyde in import
Buffer for 10 minutes. Coverslips were then placed into a Leiden dish for imaging.
Import assay results were measured on a BioRad MRC6OOUV confocal system comected
to a Nikon Diaphot 300 epifluorescence microscope and using a Nikon Fluor 40WN.A.

1.3 oil immersion objective lens. The 488 nm laser line was used at 10% power in
conjunction with a VHS (violet, hi& selectivity) filter block. Three images were
collected of each field of cells and Kalrnan filtered to reduce random noise in the
photomultiplier. Images were then analyzed using Moiecular Dynaniics ImageSpace
3.2.1 software. Some images were processed using Confocal Assistant 4.02 (O T.C.

Brelje, 1994-1996). Multiple fields of cells were visualized per experiment and averaged,
so that each data point represents results for approximately 60- 180 cells measured in 3-4
experiments.

3.

Verification of Nuclear Integriw Following Digitonin Treatment

Rabbit aortic vascular smooth muscle cells growing on coverslips were treated with
40, 80 or 800 &ml digitonin for five minutes as described for the import assay above.

Cells were washed four times with PBS, then the backs of the coverslips were dried and
each coverslip covered with 200 pl 1% BSA + 0.02% NaN3 in PBS and 4 pl of a 1 5 0
dilution of mouse anti-DNA antibodies. Coverslips were incubated with antibodies
overnight at 4"C, then washed ten tirnes with PBS,including several five minute
incubations. Each coverslip was then covered with 200 pl 1% BSA + 0.02% NaN3 in
PBS and 4 pl of a 150 dilution of fluorescein isothiocyanate-conjugated sheep anti-

mouse IgG antibodies. Coverslips were incubated at 4°C for 1.5 hours, then washed three
times with PBS. Cells were visualized by confocal microscopy as described for the
import assay above.

4. Treatment of Impott Cocktail or Permeabfized Cefis

For some experiments, import cocktail was treated with 0.1,0.5 or 1.O m .H20z for
30,60 or 120 minutes at 37OC, with or without 0.3 mg/ml catalase. Altemately, import
cocktail was treated with 2 mM xanthine plus 0.03 U/mlxanthine oxidase, or with 0.1

mM HzOz plus 0.1 mM FeSOd, or with 40 ng/ml activated ER=. Some aliquots of
import cocktail were also pretreated for 45 minutes prior to H202 treatment with 75 PM
genistein or daidzein, or 20 FM PD98059 at 37°C. Controls received import buffer alone.
The nuclear import assay or western blotting was then carried out. For treatment of
pemeablized cells, aortic vascular smooth muscle cells were pemeablized with 40 &ml
digitonin for 5 minutes, then treated with 1.0 mM H202 for 30 minutes, with 2 mM
xanthine plus 0.03 Ulm1 xanthine oxidase for 10 minutes or with 0.1 mM H202 plus O. 1
rnM FeS04 for 60 minutes. Cells were then rinsed briefly with import buffer and nuclear

import assays c&ed out.

VII.

Western Blotting of Nuclear Import Cocktail

Import cocktail was treated as described the last section, then dissolved in 2x SDSPAGE Sample Buffer and run on 10% acrylamide SDS-PAGE gels (10 rnA ovemight).

Gels were transferred ont0 nitrocellulose (400 mA for one hour), and the blots blocked
ovemight in 10% skim m i k in PBS, with constant shaking. Blots were briefly washed in
Blocking Buffer (1% skim milk plus 0.05% Tween-20 in PBS), then probed with antiACTIVE MAPK pnmary aniibodies (1 :10 000 dilution) in Blocking Buffer for one hour

at room temperature. Blots were washed twice for ten minutes each in Blocking Buffer,
then once for five minutes in PBS. Blots were then probed with horseradish peroxidase-

conjugated secondary antibodies (1 :10 000 dilution) in Blocking Buffer for one hour at

room temperature. Blots were washed twice for ten minutes each in Blocking Buffer,
then twice more for five minutes each in PBS.Immunoreactive bands were visualized

using a SuperSipal Kit and exposed to Kodak X-OMAT AR film. Films were scanned
on a Umax Powerlook II scanner and intensity measured using Un-Scan-It Gel software,
version 5.1 (Siik Scientific, Orem, UT).

VIII. Immunocytochemistry of Aortic Smooth Muscle Cells
Rabbit aortic smooth muscle cells grown on glass coverslips were treated with 1.O

rnM HzOzwith or without either 0.3 mg/ml catalase or 20 pM PD98059 as described
above. Cells were then washed five times with PBS and fixed in 1% paraformaldehyde in
PBS for 15 minutes at 4OC. Cells were washed again, then permeablized in 0.1 % Triton

X-100 in PBS for 15 minutes at 4°C. Cells were washed repeatedly in PBS and incubated
with anti-Ran antibodies (1:250 dilution) in PBS containhg 1% BSA and 0.02% sodium
azide ovemight at 4°C. Cells were washed 12 times with PBS,then incubated with
Ale~a~~-conjugated
secondary antibodies (1:1000 dilution) in PBS plus 1% BSA and
0.02% sodium azide for 90 minutes at 4°C.Afier washing 3 times, cells were mounted

ont0 glass slides with Vectashield as mountant and observed by confocal microscopy.
Cytoplasmic fluorescence was measured as described for nuclear fluorescence in section
C.VI.2.

IX Immunoptecipitation of Ran from Aortic Smooth Muscle CeUs

This protocol was adapted from an existing procedure (277). Three plates of rabbit
aortic vascular smooth muscle cells were grown to confluence in 100 mm plastic petri
dishes. The cells were washed briefly in PBS, then washed again in phosphate-fiee

DMEM. Cells were incubated in 10 ml per plate phosphate-fiee DMEM plus 500 pCi
32~-orthophosphatefor three hours fifieen minutes at 37°C. At this point, one plate was
treated with 100 pl 20 mM PD98059 in dimethylsulfoxide while the other two received

100 pl dimethylsulfoxide alone, with 45 minute incubation at 37°C. Plates then received
either 100 pl 100 mM Hz02
(treated plates) or 100 1 1 H20(control plate) and were
incubated at 37OC for one hour. Cells were washed twice with ice-cold TBS (137rnM
NaCI, 2.7 mM KCl, 25 rnM Tris-OH, pH 7.4), then lysed in one milliliter per plate Lysis
Buffer (50 mM HEPES, 1% Triton X-100,100 mM NaCl, 5 rnM MgC12,lO mM
benzamidine, 1 mg/ml BSA, 10 pg/ml aprotinin, 10 pg/ml leupeptin, 10 pg/ml soybean
trypsin inhibitor, pH 7.4) on ice for 20 minutes. Cells were then scraped down and

pipetted repeatedly to fiuther break them up. Lysates were cleared by centrifùgation in
eppendorf tubes at 12000xg at 4OC for 30 minutes. One milliliter lysate supernatant was
removed fiom each tube into fiesh tubes, and 2 pl anti-Ran antibody added to each.
Solutions were incubated on ice for 2 hours with occasional tumbling, then 7.5 pl protein
A-agarose was added to each tube and the tubes rotated at 4OC for one hou. Samples
were briefly centrifuged to pellet them and the pet lets washed with 1 ml Wash Buffer (50
rnM HEPES, 500 rnM NaCI, 5 mM MgC12, 0.1% Triton X-100,0.005% SDS, pH 7.4).

The pellets were washed a total of six times, then resuspended in 20 pl per tube Elution
Buffer (2 mM EDTA, 2 mM DTT,0.2% SDS, 0.5 mM GTP,0.5 rnM GDP)and

incubated at 68OC for 20 minutes. Solutions were briefly centritiiged and the supernatants
collected as "eluate." Eluates were spotted on to PEI-cellulose TLC plates one centimeter
fiom the bottom of the plate, then run in a TLC tank using TLC Buffer (1 -2 M

ammonium formate, 0.8 M HCl) as the running solvent for -90 minutes. Plates were airdried, then exposed to Kodak X-OMAT AR film for -24 hours. Radiolabeled spots on
the TLC plate corresponding to GTP and GDP were scraped off and counted in an
LS6500 liquid scintillation counter (E3echan). GTP-bound Ran was expressed as a
percentage of total Ran (GTP- plus GDP-bound) then normalized to controls.

X. Determination of Serum Cholesterol, Glucose and Triglycerides

Blood samples hm lean and corpulent JCR:LA-cp rats were centrifuged at low
speed (750xg) for ten minutes and semm levels of cholesterol, glucose and triglycerides
were

spectrophotometncally detemined

using

commercial

kits

according to

manufacturers' suggestions (see Materials section).

XI. Transmission Electron Microscopy of Liver Tissue Samples
1. Tissue Preparafion

A six month old corpulent female JCR:LA rat was sacrificed by an injection of

ketamine and xylazine as descnbed in Section C.I. 1, and the liver excised. Several small
pieces of liver tissue were diced up with a new razor blade, then fixed for three hours in a
large excess of 5% glutaraldehyde in O.1 M Sorensen's Buffer (0.08rnM NazHPO?, 0.02

mM KH2POs, pH 7.3). The tissue was then diced into -1 mm pieces and washed in 5%

sucrose in O. 1 M Sorensen's Buffer overnight. The tissue was post-fixed with 1% Os04 in
0.1 M Sorensen's Buffet for two hours.

Tissue was dehydrated by successive washes in 30 (10 min), 5 0 (10 min), 70 (10
min), 90 (10 min x2) and 100 (10 min x3) percent ethanol, followed by a 20 minute wash

in 100% methanol. The tissue was then treated with 100% methano1:propylene oxide
(1 :1) for 10 minutes, followed by treatrnent with 100% propylene oxide for 10 minutes.

For tissue embedding, araldite resin (88.2 g araldite 502,69 g (2-dodecen-1-y1)succinic

anhydride, 3 ml 2,4,6-tris[dimethylaminomethyl]phenol) was mixed and used. The tissue
was embedded with progressively higher ratios of araldite resin:propylene oxide

according to the following schedule: 75% propylene oxide:25% araldite (1 hour); 50%
propylene oxide:50% araldite (2 hours); 25% propylene oxide:75% araldite (2 hours). At
this point, the tissue pieces were placed individually into Beem capsules, covered with
100% araldite resin and incubated at room temperature for 2 hows. The plastic was then
allowed to harden at 60°C for 48 hours.

Araldite-embedded tissue blocks were removed flom the Beem capsules and trimmed
in a pyramitome (LKB) using glass knives, resulting in a flat trapezoidal block surface.

Thin sections (-50-70 nrn thickness, as determined by optical interference color) were

prepared on an ultramicrotome (LKB)and removed ont0 copper EM grids.
Sections were stained with uranyl acetate (5-7%) and commercial lead citrate (2
mg/ml, pH-12 with NaOH). Both solutions were centrifùged prior to use to remove any
undissolved material. Grids were placed section side down ont0 single drops of uranyl
acetate solution for 30 minutes, then rùised three times in distilled water and dried. Grids

were treated bnefly with 0.01 N NaOH, followed by treatment with lead citrate for four

minutes and three brief rimes with 0.0 1 N NaOH. Grids were then washed three times in
distilled water and dried.

2. Transmission Electron Microscopy and Photography

Sample grids were visualized on a Philips EM201 transmission electron microscope
at various rnagnifications as required. Photographs were taken at a power reading of

"80," with a one-half second exposure. Completed rolls of film were developed in Kodak
D- 19 developer for two minutes. The filni was quickly placed into stop bath for 10
seconds, then fixed in Kodak Fixer for two minutes, and h a l l y washed for -30 minutes
in Nnning water. Processing was finished by immersing the film in Kodak Photo-Flo for
20 seconds, and the film dried on an air dryer for -15 minutes.

For printing, Kodak 8x10 Ektamatic SC paper was used. The paper was exposed for
five seconds, using Kodak Polycontrast filter "3." The paper was developed with a Kodak

Ektamatic Processor using Activator (S2A) and Stabilizer (S30). Pnnts were allowed to
air-dry and pressed flat until fixed. The micrographs were fixed in used half-strength

Kodak fixer for ten minutes, then washed in running 20°C water for one hou. Prints were
then gloss-coated by immersing in Edwal Superfiat for four minutes, and dried in a
photographic print dryer at 250°C.

XII.

Protein Assay

Protein content was determined with the method of Lowry et al. (194), or with
Markwell's variation of

Lam's method

to prevent interference fiom membrane lipids

where significant lipid concentration was encountered (205).

XIII. Statistical Analysis
Values were calculated with standard errors of the mean (SEM). Variation between
means was detennined by two-tailed Student's t-test, or by one-way analysis of variance

with Student-Neuman-Keuls pst-hoc test. p<0.05 was considered statistically
significant. KM and ,V

values were calculated with the Hyper program (O J.S.

Easterby, 1992)' using Hanes plots. Nuclear and cytoplasmic fluorescence values, and

nuclear membrane integrity assay values, are reporteci as percentage of control values.

E. RESULTS
1. Identification

and Localization of Calcium-Binding Proteins in the Nucleus

in view of the important roles for calcium in the nucleus (see Review of Literature,

Section A.III. 1), it seems likely that a pool of nuclear calcium should exist that can be
precisely controlled by the cell. Fluorescence studies using calcium sensitive indicators
have revealed that calcium levels in the nucleus do, in fact, change independently of

cytoplasmic levels (136, 139, 269,355). Other studies have demonstrated that isolated
nuclei are capable of ATP dependent ca2' uptake (244) and 1,4,5-inositol triphosphate
inducible ca2+release (2 12,245). It is therefore possible that an independently controlled
nuclear calcium pool does exist.
The questions of how this nuclear calcium pool would be regulated and altered
Iargely remain to be answered, and it was to this end that this study was undertaken. It is
very possible that the nucleus may contain currently unidentified ca2+binding proteins

that may regulate intranuclear ca2' and alter nuclear h c t i o n . Our study was initiated,
therefore, to identify the presence of ca2' binding proteins in nuclei fkom the heart and
the liver. Cardiac and hepatic tissues were chosen because they are very different in terms
of excitability and nuclei isolation procedures have been well established for both tissues
(1 14, 154). The localization of these proteins within the nucleus was also deterrnined in
the hope that it may provide preliminary information on the function of these proteins.

2. Isolation of Purified Nuciei

For the purposes of this study, a supply of intact, purified nuclei was required. Rat
liver and pig heart provide abundant supplies of intact nuclei when processed using a

gradient ultracentrifiigation technique (see Methods). Purifiecl nuclei fiom rat hepatic
cells were of smooth, round shape and upon staining with the DNA-specific stain
Toluidine Blue showed several distinct nucleoli per nucleus (Figure SA). Subsequentiy
isolated nuclear envelopes retained their roirnd shape, but the nucleoli disappeared (not
shown). Purified nuclei &om pig cardiac cells were elongated in shape and also showed a
number of nucleoli upon staining with Toluidine Blue (Figure 5B).Nuclear envelopes
derived fiom these nuclei lost their nucleoli, but retained their elongated shape (not
shown). Figures 6A and 6 8 depict nuclei fkom rat hepatic and pig cardiac tissue,
respectively, stained with Hoechst 33258 and visualized by UV confocal laser scanning
microscopy, demonstrating the classic nuclear structure of each tissue type. These
observations agree with those reporteci previously for hepatic ( 1 14) and cardiac ( 154)
nuclei, although it is unknown why the structures of the two types of nuclei differ. Nuclei
of most ce11 types resemble those of hepatocytes, i.e. sphencal. The cardiac nuclei may be

elongated due to the dense packing of muscle fibres in the cardiomyocytes, which would
tend to stretch the nuclei in the direction of the long axis of the cell.

Gradient ultracentrifugation, however, does not exciude the possibility of
contamination of a fraction of interest with other cellular components. It is therefore
necessary to assay the purified nuclei for marker enzymes that would indicate the
presence of contarninating fractions. Several marker assays were used to ensure nuclear

purity : N ~ + K +ATPase and ~ + - p ntrophenolp
i
hosphatase for p lasmalernrna~sarcolernma
contamination; mannose-6-phosphatase for endo-/sarcoplasmic reticulum contamination;
succinic dehydrogenase for mitochondria contamination; and K+-EDTA myosin ATPase
for myofibril contamination (assayed in cardiac nuclei only). The results of these assays

Figure 5. Pbotomicrograpbs of hepatic and cardiac iucki
Isolated rat hepatic (A) and pig cardiac nuclei (B) were treated with 0.05% Toluidine
Blue, smeared on cover slips and air-âried. The nuclei were photographed under phase
contrast at 40x magnification.

Figure 6. ~isualizationof hepatic and eardiac nuclei by conf-1

microscopy

Rat hepatic (A) and pig cardiac nuclei ( B ) were treated with the DNA-specific stain
Hoechst 33258 and visualized by confocal scanning laser microscopy. A gray-scale was
used to reveal areas with relatively low staining with Hoechst 33258 (black) and areas
with relatively high staining (white). The scale bar is 10 Pm-

are shown in Table 2. The activities of these marker enzymes were very low, and in most

cases barely detectable. To insure that our assays were indeed working properiy and gain
perspective on enzyme activities in other purified fractions, the appropriate enzyme

act ivities were also detennined in puri fied sarcolemma, mitochondria, endoplasmic
ret iculum and myofibrils. The values obtained reveded that the assays were fùnctioning

appropriately, and the data reinforce the contention that both the hepatic and cardiac
nuclei preparations contained negligible contamination. The use of gradient
~Itracentrifugationtherefore serves as an excellent method for producing large arnounts
of highly purified, intact nuclei, although a large quantity of starting material is required
for these purposes.

2. Locali~tziionof

cd+Binding Proteins

SDS-PAGE of hepatic nuclear fractions followed by staining with the dye Stains-Al1
produced the electrophoretic profiles shown in Figure 7. Stains-Al1 is a cationic
carbocyanine dye which stains neutral and basic proteins red, while staining acidic
proteins blue (59). Since calcium binding proteins often have regions of acidic residues
which confer the ability to bind calcium, they often stain blue with Stains-All. A number

of calcium binding proteins have been found to stain blue with Stains-Al1 in the past (58,
59, 1 14,224). The prominent biue staining bands in Figure 7 have been denoted with
arrows- They include a 93 kDa band in the nuclear envelope fraction (lane 3), and 120
and 110 kDa bands in the nucleopIasmic fiaction (lane 2). Not shown in the figure is a 55
D a band which stains blue and is only visible with M e r purification or concentration,
but has been observed by this lab on several occasions in both the nucleoplasmic and

Table 2. Activities of selected subcellular marker enzymes

Siunple

Kt - p ~ ~ P a s e

N ~ + - K +ATPase

(nmoVmglminl)

O. 161tO.03
0.33k0.08

K+-EDTA M yosin
ATPase
(pmol Pilmpjhr)
ma.
0.232*0.083

n.a.
27.10

ma.
n.a,

n.a,
na.

Mannose-6phosphatase
(nmollmgtmin)

(pmollmghr)

(pmollmghr)

Liver Nuctei
Cardiac Nuclei

40.61k6.62
3.1 1k1.93

O. 13k0.03
0.28kO.17

~ndo$&mic
Reticulum
Sarcolemma

253.78
n.a.

n.a.
32.93

n=3 or 4 for liver and cardiac nuclei, respectively; n=l for other samples
ma. = not assayed
Values represent rnea1istSEM

Succinic
Dehydrogenase
0.024W0.0082
0.0747*0.0355

Figure 7. Stains-AI1 staining of hepatic nuclear proteins
Samples of proteins (1 mg/ml) from rat hepatic nuclear fractions were prepared as in the
Methods section, digested in SDS-PAGE buffer, and run on a 3 4 3 % gradient slab
electrophoresis gel at 18 rnA ovemight. The gel was then incubated in 25% isopropanol
with several changes of solvent for 24 hrs. This was followed by incubation of the gel in
Stains-All. Lune 1 represents purified whole nuclei. Lune 2 represents the high salt
supernatant (nucleoplasmic) fiaction. Lane 3 represents the nuclear envelope fraction.
Anowheads indicate major blue staining proteins. The asterices indicate blue staining
bands that were later found to bind 4S~a2'.The numbers to the right of the figure indicate
standard molecular mass markers.

nuclear envelope fhctions. Most of these bands are not visible in whole nuclear hctions

(lane 1) due to relatively small amounts of these proteins, and oniy the enrichment which
occurs with processing to nuclear envelopes allows these bands to be visualized.
Similar profiles for the cardiac nuclear fractions are shown in Figure 8. As in the
hepatic nuclear fractions, the prominent blue stainuig bands are denoted with arrows.
These bands include 120, 110, 93 and 35 kDa bands in the nuclear envelope h c t i o n
(lane 3), and a 55 kDa band in the high salt fraction (lane 2). With the exception of the
35 kDa protein, al1 of these bands are visible in the whole nuclear fraction, unlike the

hepatic nuclear fiaction.

The Stains-All survey of liver and cardiac nuclear fractions identified several
'
were performed to
potential calcium-binding proteins, therefore 4 S ~ a 2overlays

positively identie which bands corresponded to true calcium-binding proteins. The
overlays obtained Erom hepatic and cardiac nuclear fractions are pictured in Figures 9 and
10, respectively. The hepatic fiactions show prominent calcium binding proteins, denoted

by large arrows, at 93 kDa in the nuclear envelope fraction (lane 3), and at 120 and 110

kDa in the nucleoplasmic fiaction (lane 2). It is interesting to note that the major "caz+
binding bands on the overlays correspond to the blue staining bands on the Stains-Al1 gel
(Figure 7), indicating that the use of Stains-Al1 to quickly identiQ calcium binding
proteins is justified. There are also minor calcium-binding proteins (small arrows) at 28
and 47 kDa in the nucleoplasmic fiaction, and at 1IO kDa in the nuclear envelope

fraction.
The cardiac fractions reveal major calcium binding proteins at 110,93 and 35 kDa in
the nuclear envelope fiaction (lane 3), and another major band at 55 kDa in the

Figure 8. Stains-All sîaioiag of cardiac nuclear proteins

Samples of proteins (1 mg/ml) fkom pig cardiac nuclear hctions were prepared as in the
Methods section, digested in SDS-PAGE buffer, and run on a 3-13% gradient slab
electrophoresis gel at 18 mA overnight. The gel was then incubated in 25% isopropanol
with several changes of solvent for 24 hrç. This was followed by incubation of the gel in
Stains-All. Lane 1 represents purified whole nuctei. Lane 2 represents the high salt
supernatant (nucleoplasmic) hction. Lune 3 represents the nuclear envelope hction.
Arrowheads indicate major blue staining proteins. The asterices indicate blue staining
bands that were later found to bind 45~a2'.The nurnbers to the right of the figure indicate
standard molecular mass markers.

Figure 9. *'ca2' overlays of hepatic nuclear pmteins

An identical SDS-PAGE gel was nui as in Figure 7. After electrophoresis, the gel was
electroblotted ont0 0.45 Fm nitrocellulose membranes, then incubated with 1 pCi/ml
4 5 ~ a " ,and exposed to Kodak X-OMAT AR film at -85OC for 7 days. Lane I represents
purified whole nuclei. Lone 2 represents the hi@ sali supernatant (nucleoplasrnic)
fraction. Lune 3 represents the nuclear envelope fraction. Lar e arrowheads indicate
major 4 5 ~ a "bindin proteins. Srnall arrowheads indicate rninor 'Cat+ binding proteins.
Astences indicate 'Ca2+ binding bands that a h stained blue with Stains-All. The
numbers to the nght of the figure indicate standard molecular mass marken.

Figure 10. 4 5 ~ a 2overîays
*
of cardiac nuclear proteias
An identical SDS-PAGE gel was run as in Figure 8. After electrophoresis, the gel was
electroblotted ont0 0.45 pm nitrocellulose membranes, then incubated with 1 pCi/ml
4SCa2+
, and then exposed to Kodak X-OMAT AR film at -85°C for 7 days. Lane /
represents purified whole nucfei. Lane 2 represents the high salt supernatant
(nucleoplasmic) fraction. Lane 3 represents the nuclear envelope fraction. Large
arrowheads indicate major 4 5 ~ a Zbinding
'
roteins. Small arrowheads indicate minor
%?' binding proteins. Asterices indicate 'Ca2' binding bands that a h stained blue
with Stains-All. The numbers to the right of the figure indicate standard molecular mass
markers.

nucleoplasmic fraction (lane 2). Note that although there was a major blue staining band
at 120 kDa in the cardiac nuclear envelope fiaction, there was only a weak corresponding
calcium binding band. This band may represent a high abundance but low aflïnity
calcium binding protein. Minor calcium binding bands are also seen at approximately 60
and 3 1 kDa, plus a doublet at 28 kDa in the nuclear envelope hction.

3. Positive identifrcaîion of a Major Catdiàc IVirclear Cdcium B i n d i ~ g
Protein

The single 55 kDa calcium binding band in the cardiac nucleoplasmic fraction was
targeted for full identification. A major cellular calcium binding protein with a molecular

mass of 55 kDa is calsequestrin, previously localized to the lumen of the ER/SR (58-60).

To examine the possibility that calsequestrin also localizes to the cardiac nucleoplasm,
imunoblots of the purified cardiac high salt h c t i o n were performed.
The results of irnmunoblotting the pig cardiac nucleoplasmic 55 kDa protein and
purified rabbit cardiac calsequestrin are shown in Figure I l . The cardiac calsequestrin

antibody bound specifically to the 55 kDa protein fiom the pig cardiac high salt fiaction
(lane A). Lane B shows purified rabbit cardiac calsequestrin as a positive control. The
antibody was specific for the cardiac isofoxm and did not bind to rabbit skeletal
calsequestrin (results not shown). These results strongly implicate calsequestrin as the
identity of the 55 kDa protein.

Figure 11. Immunoblot of cardiac 55 kDa protein with calsequestrin aatibodies

The pig cardiac high salt supernatant fiaction (3 mg/mI) was run on an 8% SDS-PAGE
mini-gel alongside purified rabbit cardiac calsequestrin (0.5 mg/ml), a positive control
(lanes A and B, respectively). Gels were electroblotted after electrophoresis ont0 a
nitrocellulose membrane, labeled with anti-cardiac calsequestrin antibodies and detected
by imrnunofluorescence as desctibed in Methods. Film exposure t h e was 60 seconds.

II. Altered Function of the Nuclear Nucleoside Triphosphatase in a Genetically
Obese Animal Model
2.

The JCR:LA-cp Rat Model

In this study, we were interested in the potential for changes in nuclear envelope

composition to afféct the h c t i o n of envelope-associated enzymes. The nuclear
nucleoside triphosphatase was of particular interest, since it is both a critical nuclear
enzyme and is associated with the inner nuclear membrane (see Review of Literature,
Section A.I.2.c.i). An added benefit is the existence of an assay for the rapid
determination of NTPase activity (see Methods). The JCR:LA-cp corpulent rat offers a
valuable model to examine the potential for membrane lipid content in nuclei to change
in vivo in response to high circulating lipid levels, and to test whether altered nuclear

membrane lipid content will alter NTPase activity.

The JCR:LA-cp rat is a relatively novel animal model which carries the autosomal
recessive cp (corpulent) gene first isolated by Koletsky (1 76, 177). Rats that are

homozygous for the cp gene (cpkp)are obese, hyperlipidemic (94) and insulin resistant
(292,294). However, the nature of the hyperlipidemia and the degree of insulin resistance

exhibits sexual dimorphism. Due to hepatic hypersecretion of VLDL,both sexes are
hypercholesterolemic, but females show a more severe hypertriglyceridemia than males
(295). Besides showing sexual dimorphism, the senun lipid profiles of the JCR:LA-cp

corpulent rats have also been reported to change with age (93). For example, senun
cholesterol levels in corpulent female animals are elevated versus lean animals at al1 ages,
and increase with age. in comparison, s e m cholesterol levels in corpulent male animals

have been reported to be elevated versus lean males at al1 ages, but stay fairly constant

between the ages of 3 and 9 months (295). Animals that are homozygous normal (+/+) or
heterozygous (+/cp) are lean, with normal insulin and lipid metabolism. These animals
therefore serve as an excellent mode1 for our studies, and have the added benefit of a
natural "negative controi" in the form of the lean animals.
The animals used were divided into groups based on age (3, 6 and 9 months old at time of
sacrifice), sex and genotype (lean or corpulent). Body and Iiver weights recorded at the
time of sacrifice of the animais are listed in Table 3. Both the body weight and the liver
weight of the corpulent animais were significantly elevated compareci to lean controls.
For the most part, liver weight to body weight ratios were uncbanged in corpulent
animals compared to the leans, with the exception of the 3 month old animals of both
sexes, in which this ratio was increased. In the 6 month old females, the liver to body
weight ratio was decreased in the corpulent animals compared to the leans.
S e m levels of glucose, cholesterol and triglycerides were significantly elevated in

the corpulent animals versus the lean animals of both sexes and in al1 age groups, with
the exception of the semm glucose levels of the 9 month old males, in which there was no
significant difference between the lean animals and the corpulent ones (Table 4). Of
particular note is the more severe hypertriglyceridernia observed in the corpulent female
animals. These results fiom non-fasted rats are consistent with values reported previously
for fasted animals (93).

Since the liver is the main site of mammalian lipid metabolism, hepatic nuclei were
isolated £iom animals in each group under study. Visual examination of hepatic nuclei
fiom al1 groups revealed no observable morphological differences between sarnples.

Table 3. Body and liver weights of lean and corpulent rats

Body Mass (g) Liver Mass (g)

Age

Sex

Genotype

(mon)
3

Femaie

+/?

205+3

6.3k0.1

30.6i0.5

C./CP

37&6$

12.7*0.2$

33.8*0.6$

+/?

271+16

8. 1h0.3

30.4*0.7

CP/CP

50=8$

14.@0.4$

28.&0.7*

6

Female

Liver:Body

9

Femaie

+/?

234*4

7. M0.2

30.3* 1 .O

3

Male

+/?

33e3

1 O. 1 *0.2

30.1*0.4

CP/~P

5 18*9$

18.20.6$

3 4 . w 1 .O$

+/?

388*3

1 0.6*0.2

27.20.7

CP&P

694*16$

20.1 *0.8$

29.M1.2

+/?

43%6

1 1.3*0.3

25.8+0.7

6

9

Male

Male

Values represent meansSEM. n=10-22
*p<0.05 vs. lean animals
$p<0.01 vs. lean anirnals

Body and organ weights were recorded at tirne of sacrifice.

Table 4. Serum levels of glucose, cholesterol and triglycerïdes of non-fasted rats

Age (mon)

Sex

Genotype

(Glucose]

[Cholesteroljâ,

[Triglyceridesj

1
m dl
2

3

Female

+/?

I5%4

8.93t2.7

4!&3

6

Female

+/?

131k16

30.24.3

43*6

CP/~P

326a18$

48.3*6.5*

495142:

155*7

50.7*1.5

77*4

CP/CP

29%29$

126.1*12.4$

53%69$

+/?

163*8

18.6*1.5

58*5

CP/CP

22%27*

36.7*5.0$

32-43:

+/?

243*43

14.3*5.4

425

CP/CP

378*34*

60.3I2.3:

247132:

+/?

1526

39.4*3.5

61*2

CP/CP

224*3 1

9

3

6

9

Female

Male

Male

Male

+/?

95 .%=7.0$

181*12$

Values represent meaneSEM. n=48
*p<O.OS vs. lean anirnals
Spc0.01 vs. lean animals
Blood sarnples were collected ftom non-fasted JCR:LA-cp rats at time of sacrifice and
centrifuged briefly to allow collection of senim. S e m samples were assayed for
glucose, cholesterol and triglyceride content as described in Methods.

Isolated nuclei were round, with punctate nucleoli and little or no observable
contamination, virtually identical to the nuclei pictured in Figure 5A.

2. Aiîetation of =se

Activiw in Nucleifiom Corpulent Animais

NTPase activity was examined as a function of reaction time (Figures 12 and 13).
NTPase activity was Iinear for 20-30 minutes in al1 assays. NTPase activity was
significantly increased in nuclei fiom corpulent females at al1 ages versus age-matched
lean females (Figure 12). In males, however, NTPase activity was significantly increased
in only the 6 month old corpulent animals compared to 6 month old lean animals (Figure
13).

NTPase activity is dependent on the presence of nucleoside triphosphates, usually

GTP or ATP, therefore NTPase activity was assayed as a function of GTP concentration.
Maximal activity in corpulent female nuclei was again significantly increased at dl ages
compared to lean females of the same age (Figure 14). In maie rats, there was a

significant increase in maximal NTPase activity in only the six month corpulent animals
versus the six month leans (Figure 15). Al1 nuclei exarnined in both sexes showed classic

saturation kinetics as exemplified by sigmoid curves.
NTPase activity was also studied as a function of ATP concentration. The corpulent
females showed significantly higher maximal NTPase activity than age-matched lean
females at al1 ages examined (Figure 16). This contrasted sharply with the situation in the
males, in which there were no significant differences between corpulent and age-matched
lean animals at any age (Figure 17). Once again, al1 nuclei showed classic saturation
kinetics for both sexes.
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Figure 12. NTPase activity in Iean and corpulent 3,6 and 9 month old female
JCR:LA-cp rat liver nuclei as a function of reaction time

wg2']f,=

NTPase activity was assayed as described in Methods, with [GTP]=S mM,
1
mM and [EDTA]=l rnM at 37°C. Error bars represent SEM for 3-5 assays. *pcO.05 vs.
lean animals.
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Figure 13. NTPase activity in lean and corpulent 3 , 6 and 9 month old male
JCR:LA-cp rat liver nuclei as a function of reaction time
NTPase activity was assayed as described in Methods, with [GTP]=5 mM, ~ ~ ' ' ] ~ , = l
rnM and [EDTA]=1 mM at 37°C.Error bars represent SEM for 3-5 assays. *pcO.OS vs.
lean animals.
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Figure 14. NTPase activity in leaa and corpulent 3,6 and 9 month old fernale
JCR:LA-cp rat liver nuclei as a function of [GTP]
NTPase activity was assayed as described in Methods, with wg2+]he=l
mM, [EDTA]=l
mM and 20 minutes incubation at 37°C. Error bars represent SEM for 3-5 assays.
*p<O.OS vs. lean animals.

Figure 15. NTPase activity in lean and corpulent 3,6 and 9 month old male
JCR:LA-cp rat liver nuclei as a function of [GTPl

NTPase activity was assayed as described in Methods, with ~ g 2 ' ] ~ , = l rnM, [EDTA]=l
rnM and 20 minutes incubation at 37OC. Error bars represent SEM for 3-5 assays.
*p<0.05 vs. lean animals.
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Figure 16. NTPase activity in lean and corpulent 3,6 and 9 month old female
JCR:LA-cp rat liver nuclei as a function of [ATP]

NTPase activity was assayed as descnbed in Methods, with ~ ~ ~ ' ] ~mM,
, = [EDTA]=l
l
rnM and 20 minutes incubation at 37°C. Error ban represent SEM for 3-5 assays.
*p<O.OS vs. lean animals.
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Figure 17. NTPase activity in lean and corpulent 3,6 and 9 rnonth old male
JCR:LA-cp rat liver nuclei as a function of [ATP]
NTPase activity was assayed as described in Methods, with wg2+]f,=l
mM, [EDTA]=I
mM and 20 minutes incubation at 37OC. Error bars represent SEM for 3-5 assays.
*p<O.OS vs. lean animals.

The kinetic parameters,
,V

and KM were detennined for al1 assays as a h c t i o n of

both [GTP] and [ATP] (Table 5).,,V

values for NTPase activity of ail corpulent females

were significantly increased compared to age-matched lean females, regardless of
whether GTP or ATP was the substrate. The affinity constant KM was also increased in
the corpulent females at al1 ages with ATP as the substrate, and in al1 but the 6 month

corpulent females with GTP as the substrate. in contrast, there was no change in either
the,V

or Khi values in the corpulent males compared with age-matched lean males,

with the sole exception of 6 month old corpulent males using GTP as the substrate, in

which both values were significantly increased compared to 6 month leans.
NTPase activity was assayed as a lùnction of the required cofactor, fiee magnesium.
NTPase activity was increased in 3 and 9 month old corpulent female nuclei compared to
age-matched leans, but only at the 100 (iM M ~ data
~ ' point in 6 month old corpulent
females (Figure 18). In the male animais, NTPase activity was increased in only the 9
rnonth old corpulent animals compared to 9 month old Ieans (Figure 29).

3. Alterations in NucfeurStructuruf Characteristics in Corpulent Animais
a. Changes in Nuclear Envelope Composition

To examine whether changes in nuclear envelope composition were responsible for
the observed changes in NTPase activity, nuclear content of phospholipids and

cholesterol was detennined for isolated nuclei fiom al1 groups (Table 6). Phospholipid
content was significantly increased by approximately 50% in al1 corpulent female

Table 5. Kinetic parameters of the nuclear NTPase

Values represent meansSEM. n=3-6
*p<0.05 vs. lean animals
,+p<0.01 vs. lean animals
Hanes Vh(=and KM values were detemined from individual NTPase assays with varying
[ATP] and [GTP] as described in Methods. The computer program Hyper v1.01 was
used for these calculations.
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Figure 18. NTPase activity in iean and corpulent 3,6 and 9 month old female
JCR:LA-cp n t liver nudei as a function of [ ~ b f C l ~
NTPase activity was assayed as descnbed in Methods, with [GTP]=S mM, [EDTA]= 1
mM and 20 minutes incubation at 37°C. Error bars represent SEM for 3-5 assays.
*p<O.O5 vs. lean animals.

Figure 19. NTPase activity in lean and corpulent 3 , 6 and 9 month old male
JCR:LA-cp rat liver nuclei as a function of [
~
~
~

7

NTPase activity was assayed as described in Methods, with [GTP]=5 mM, [EDTA]=l
rnM and 20 minutes incubation at 37°C. Emor bars represent SEM for 3-5 assays.
*pc0.05vs. lean animals.
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Table 6. Nuclear content of phospholipids and cholesterol

[Cholesterol]
(nmoVmg
protein)1.96*0.20

lean
suimals

1.2W0.49

--

153

3.1 3*0.32*

243

31.7hI.9

--

1.54*0.69

--

CP/CP

48.W3. 1$

151

5.64*1.15*

366

+/?

19.9k0.9

--

3.12t0.17

--

cP/cP

20% 1.9

103

2.46*0.28

79

+/?

25.7*3.3

-

2.84*0.66

--

CP/~P

32.51t5.4

126

2.7w0.38

98

+/?

55.8k11.4

--

3.3W0.78

--

54.W9.9

98

3.53+0.35

107

Genotype

[PhospbolipidsJ % of
(nmoUmg
lean
protein)
animals
12.20.6
-

*ge
(mon)

Sex

3

Fernale

+/?

6

Fernale

+/?

13.6I2.4

--

CP/~P

20.8+1.8*

+/?

9

3

6

9

Female

Male

Male

Male

CP/CP

% of

--

Values represent meansSEM. n=3-7
*p<0.05 vs. lem animals
Spc0.0 1 vs. lean mimals
NucIear content of cholesterol and phospholipids was determined for isolated rat liver
nuclei from the groups indicated, as described in Methods.

samples compared to age-matched lem females. In contrast, there was no significant
change in phospholipid content of nuclei isolated from corpulent male animals versus
age-matched lean males. There was also no significant change in cholesterol content in
the corpulent male nuclei compared to nuclei Erom lean males. Nuclei isolated fiom the

corpulent females, however, showed a significant increase in cholesterol content versus
age-matched lean animals. Furthemore, the magnitude of this increase rose linearly with
age (r=0.999, p<0.05), fiom 140% of leans at three months to 366% at nine months.
These changes in nuclear envelope composition are particuIarIy interesting in light of the

findings that the corpulent females exhibited alterations in both NTPase activity and
membrane composition in virtually al1 groupdassay conditions, whereas males had
relatively few alterations in hlTPase activity, and no significant changes in membrane
composition.

b. Changes in Nuclear Envelope I nfegrity

i. The Nuclear Membrane Integrity Assay
The composition of a ce11 membrane is responsive to its environment. For example,
the Iipid composition of many membranes in the heart can be altered in various
pathologies like diabetes mellitus (26 1, 262), ischemia (266) and heart failure (250).
Membrane composition c m also be modified in vitro in order to obtain mechanistic

insight into membrane function. The incubation of cholesterol-enriched liposomes with
cardiac sarcolemma (182) or sarcoplasmic reticulum (199) results in the incorporation of
cholesterol into these membranes. This allows for the study of the effects of cholesterol

on the activities of specific membrane-embedded transport proteins (1 82, 199). Another
113

e ffect that cholesterol has upon membranes is on membrane ordering (190, 3 13).
Cholesterol can condense and rigidifj. the membrane in a general or local fashion (190,
3 13). A change in the cholesterol content of the membrane may also alter membrane

integrity. This is ofien measured as a change in osmotic hgility in cells like erythrocytes
(48,239).
The nuclear membrane may also be responsive to the lipid environment. In light of

the dramatic alterations in nuclear envelope lipids in the corpulent female JCR:LA-cp rat,
it is important to evaluate nuclear membrane integrity in these animals. Changes in
nuclear integrity may provide M e r evidence that the altered composition of the nuclear
envelope can contribute to the observed alterations in NTPase activity.
The nuclear membrane integrity assay is a simple, rapid technique that can provide

semi-quantitative data on the strength and integrity of the nuclear membrane in isolated
nuclei. Traditionally it has been necessary to perform technology-intensive or timeconsuming protocols (e-g. electron paramagnetic resonance of membrane probes) to
obtain such information. This assay, while unable but aIso unintended to replace such
techniques, is capable of inforrning the researcher if nuclear membrane integrity has been
disturbed by manipulations of membrane composition. High concentrations of sait are
used to extract proteins fiom the nuclear membrane. DNA and other nuclear matenal c m
then Ieak fiom the nucleus during this disruption of the membrane. DNA release may
then be quantitatively monitored via absorbante spectrophotometry (Figure 20). The
release of nucleotides from the nucleus, therefore, is employed as an effective end point
to measure nuclear integrity. This assay is unable to directly measure membrane fluidity,

but may serve as an indirect measure of this important characteristic.

Figure 20. Normalized absorbanceuo curve for superoatants from isolated rat liver
ouclei following nuclear membrane integrity assay
Isolated rat liver nuclei fiom Sprague-Dawley rats were subjected to nuclear membrane
integrity assay as descnbed in the Methods section. Error bars represent the SEM for 3 1
separate samples.

The integrïty assay is performed as described in Methods. Results for nuclei from normal
Sprague-Dawley rat liver typically show a sigmoidal release of nucleotides (Figure 20).
The measurement of absorbance at 260 nm, however, may not accurately reflect the
release of nucleotides, since significant interference fiom proteins or other molecules
may occur. To ensure that this is not the case, DNA released fkom lysed nuclei and DNA

remaining in the leaky nuclear "ghosts" were stained with the intercalating dye Hoechst
33258 and actual DNA concentrations measured by spectrofluorornetry (Figure 2 1). The

curve of DNA release closely parallels that of the absorbance curve, and when the curves

from Figures 20 and 21 are correlated, a very high coefficient of correlation is obtained
(r=0.97, p<0.001) (Figure 22). The simple nuclear integrity assay, therefore, is a reliable

measure of DNA release fkom isolated nuclei, and provides a relatively easy method to
gauge nuclear membrane integrity.

ii. Nuclear Envelope Integrity Alterations In Vivo and I n Vitro
Nuclear membrane integrity was found to be significantly decreased in nuclei fiom
corpulent female rats compared with nuclei fiom Lean females at al1 ages (Figure 23).
This is in contrast to corpulent male nuclei, in which membrane integrity was generally

sirnilar in the corpulent animals versus the age-matched lems (Figure 24). These data are
summarized in Table 7 with the measurement of RCso values, which is the concentration
of salt required to cause release of 50% of the nuclear nucleotide contents. This value

enables quick cornparison of relative integrity between samples and the determination of
statistical significance. The RCso values for corpulent fernale nuclei are significantly
decreased at al1 ages compared to the age-matched lean nuclei, showing that nuclear

Figure 21. DNA concentration in the supernatant and pellet fractions from the
nuclear membrane integriîy assay
Supernatant DNA was labeled with 2 pg/ml Hoechst 33258 and the concentration
detemined by spectrofluorornetry as outlined in Methods. DNA remainuig in the nuclear
pellets was released by treatment with 1 M NaCl and was quantified as per the
supernatant. Error bars represent SEM for 3 separate experirnents.

Figure 22. Normalized signals from fluorescencew and absorbanc~aof the
supernatants after nuclear membrane integrity assay
Curves are taken fkom Figures 20 and 21. Inset: Linear relationship between

fluorescence^ and absorbancezm signals (circles), and the correspondhg linear
regression (red line). The calculated correlation coeficient value was d . 9 7 @<0.00 1)
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Figure 23. Assay of membrane integrity in nuclei from 3,6 and 9 month old lean
and corpulent female JCR:LA-cp rats
Aliquots of nuclei isolated from lean or corpulent rat livers were assayed for nuclear
membrane integrity as descnbed in Methods. Error bars represent SEM for 4-5 assays.
*p<0.05 vs. lean animais.
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Figure 24. Assay of membrane integrity in nuclei from 3,6 and 9 month old lean
and corpulent male JCRLA-cp rats

Aliquots of nuclei isolated fiom lean or corpulent rat livers were assayed for nuclear
membrane integrity as described in Methods. Error bars represent SEM for 4-5 assays.
*p<O.OS vs. lean animals.

Table 7. RCsOof isolated hepatic nudei

Age (mon)

Sex

Genotype

RCSO(mM NaCI)

3

Fernale

+/?

153*5

CP/~P

133*2$

+/?

1 58*4

CP/~P

135*7*

-

6

9

3

6

Female

Female

Male

Male

+/?

19W4

CP/~P

137*2$

+/?

143*2

cP/cP

124*9

+/?

17-1 1

~P/CP
9

Male

-

147*6

+/?

1 54*4

CP/CP

146*4

Values represent meansSEM. n=4-6
*p<0.05 vs. lean anirnals
$p<0.0 1 vs. lean animals
RCso values represent the concentration (in mM) of NaCl required to cause release of
50% of nucleotide content via salt-induced lysis. The lysis technique is described in
Methods.

membrane integrity had been compromiseci in these animals. Less salt was required to
induce the same degree of lysis in the corpulent females than in the leans. Nuclei derived
f?om male animals, however, showed no significant differences in integrity between
corpulent and lean anirnals at any age. Once again, these findiags follow the sarne trend
as both the general NTPase assay results and the nuclear envelope composition data.
Since both the phospholipid and the cholesterol content of the corpulent fernale
animals is altered with respect to lean rats, it is unclear whether either one or both of
these factors may be responsible for the observed changes in nuclear membrane integrity.

To shed further light on this area, isolated nuclei fkorn Sprague-Dawley rat livers were
treated wi th cholesterol-enriched phosphatidylcholine vesicles, or with
phosphatidylcholine vesicles alone (275). The cholesterol-treated nuclei were found to
have 275% of the content of cholesterol found in either the control or
phosphatidylcholine treated nuclei. The phospholipid content was unchanged in any of
the sarnples. When these nuclei were assayed for membrane integrity, the RCso of the

nudei decreased significantly fkom 143 mM in the controls to 104 mM in the cholesteroltreated nuclei, with no significant change in the phosphatidylcholine treated nuclei (138
mM) (Figure 25).

c.

Changes in Nuclear Morphology
The striking differences between nuclei fiom lean and corpulent animals discussed in

the preceding sections begs the question: are there morphological differences in the

2y/;*/

-

- &Control
PC treated
1 -A- Choleçterol treated

Figure 25. Effect of nuclear membrane cbolesterol enricbment on nuckar integrity
Isolated Sprague-Dawley rat liver nuclei were treated with chotesterol-enriched
phosphatidylcholine (PC) vesicles, or witb PC vesicles alone, and subjected to nuclear
membrane integrity assay as described (275). Error bars represent SEM for three separate
experiments. *p<0.05 vs. controt.

nuclei derived Erom these animals, especially in light of the nuclear membrane integrity
data? As stated earlier, there were no obvious differences between nuclei fkom the

various groups when they were examined visually under the light microscope. To further
examine the nuclei, samples of 3 and 9 month lean and corpulent female JCR:LA-cp rat
liver nuclei were stained with Hoechst 33258 and examined by confocal rnicroscopy. As

shown in Figure 26, once again no obvious differences were noted between the various
samples of nuclei.
To get higher resolution structural data, samples of liver tissue fkom 6 month old
female JCR:LA-cp rats were prepared for electron microscopy as described in Methods.

The most striking feahue of these samples is the presence of many lipid-rich bodies
throughout the hepatocytes (Figure 27). (Note: the wavelet structure apparent in the lipid
bodies is an artifact of sample section cutting). Upon closer examination, however, it can
be seen that these lipid bodies are even found as inclusions in the hepatic nuclei (Figure
28). This pathology appears to be unique to these animals. We found no lipid deposition

in nuclei fiom control tissues. It is again interesting to note that these samples correspond
to animals that had major alterations in nuclear lipid composition.

III. Studies of Nuclear Protein Import in Vascular Smooth Muscle Cells
1. Characterization of the Permeablid-Cell Nrrclear Protein Import Assay
The import assay used in this study is based on an existing, well-charactenzed assay
(4). This assay, however, has never been carried out in smooth muscle cells. It was

therefore necessary to carefully detexmine optimal conditions for the rabbit aortic
vascular smooth muscle cells used in our experiments. We were interested in smooth

Figure 26. Visualizatioo of liver nuclei from lean and corpulent JCR:LA-cp rats

Liver nuclei isolated from lean (A,C) or corpulent (B,D) three month old ( A B ) or nine
month old ( C D ) female JCR:LA-cp rats were stained with Hoechst 33258 and examined
by confocal microscopy as described for rat liver and pig cardiac nuclei in Methods.

Lipid
Bodies

Figure 27. Electron micrographs of tipid bodies in JCR:LA-cp liver tissue
Liver tissue samples from a 6 month old corpulent female JCR:LA-cp rat were prepared
for electron microscopy as described in Methods. Numerous large lipid-laden bodies are
visible throughout the cells. Panel A, magnification -3300~-Panel B, magnification
-1 9000x.n, Nucleus; m, Mitochondria.

Lipid
Body

Lipid
Bodies

Figure 28. Electron micrographs of lipid body inclusions in the nuclei of JCR:LA-cp
liver tissue samples
Samples of liver tissue fiom a 6 month old corpulent female JCR:LA-cp rat were
prepared for electron microscopy as described in Methods. Panel A is a hepatocyte detail
revealing a large nuclear inclusion containing a lipid body (magnification -7700~).Panel
B details another hepatocyte exhibiting multiple lipid bodies in the nucleus
(magnification -18500~). e, Endoplasmic Reticulum; m, Mitochondria; n, Nucleus; g,
Glycogen Deposits.

muscle because these cells exhibit both a quiescent and a proliferating phenotype, and our
initial question was whether the phenotype switch in these cells influenced irnport. For
these experiments, smooth muscle cells were harvested fiom explanted aortic rings and
used during the fkst passage (see Methods). By placing the cells in either a Starvation
Medium or an FBS-supplemented medium, the cells could be kept in either a quiescent or
a proliferative phenotype, respectively. Unlike many existing culture lines of smooth

muscle cells, these cells rnaintained classic smooth muscle morphology and continued to
express smooth muscle ce11 markers such as a-actin, SM-myosin and caldesmon (299).
These cells also responded appropnately to agonists such as norepulephrine, ATP,
histamine, endothelin-1 ,vasopressin, BayK 8644, methoxarnine and ouabain (2 10).
The import assay used in our studies is surnrnarized in Figure 29. Briefly, smooth

muscle cells are first permeablized by brief exposure to digitonin. This step opens up the
sarcolemma and permits access to the nucleus and the nuclear pore cornplex. The
concentration of digitonin used must be selected so as to prevent permeablization of the
nucleus, since the assay depends on nuclear retention of a fluorescent signal molecule. To

ensure selective permeablization of the sarcolemma and not the nucleus, anti-DNA
antibodies can be employed. Permeablization of the nucleus would permit binding of the
antibodies to the now-exposed DNA and could be visualized by confocal microscopy
using fluorescent secondary antibodies. Using this approach, we found that treatment of
smooth muscle cells for five minutes with concentrations of 80 pglml digitonin or higher

resulted in permeablization of the nucleus, as shown by fluorescence of the nucleus
(Figure 30, panels B and C). Conversely, treatment with 40 pg/ml digitonin for five
minutes penneablized the sarcolernrna (as shown by successtùl import assays - see

Figure 29. Simplified diagram o f the perineablized-eell nuclear protein import assay

Abbreviations: BSA, bovine serum albumin; NLS, nuclear localization signal; M G ,
energy generation system ( 1 mM ATP, 1 rnM creatine phosphate, 20 uniWml creatine
phosphokinase); VSMC, vascular smooth muscle cell. For details of the assay, see
Methods.

Figure 30. Immunostainiag of digitonin-permeablized smooth muscle cells with antiDNA antibodies

Aortic smooth muscle ceils growing on glass coverslips were permeablized for five
minutes with 40 (A), 80 (B) or 800 (C) pg/ml digitonin, then immunostained with antiDNA antibodies as described in Methods. Sarnples were visualized by confocal
microscopy using the VHS filter block,

below), but did not compromise the nucleus (Figure 30, panel A).
Permeablization of the ce11 has the consequence that the ce11 cytosol (containing
critical soluble import factors - see Review of Literature, Section A.II.1 .b) is lost during
the assay. Exogenous cytosol must therefore be added. Previous studies of import in
many different ce11 systems have used rat liver cytosol, which is easily produced in

abundance fiom single organs and which contains al1 the necessary irnport factors (4).
Isolation of smooth muscle cytosol in large enough quantities for the present experiments
was not possible, due to the very large nurnber of cells necessary to isolate even a mal1

amount of cytosol. We therefore added in exogenous rat liver cytosol, which provides the
W e r benefit that we may now treat either the cytosol (i-e. import factors) or the
permeablized celis (Le. nucleus and nuclear pore cornplex) with agents or dmgs of
interest. It was also necessary to add in an energy-generating system to provide a source
of ATP to support the irnport process, so a combination of ATP, creatine phosphate and
creatine phosphokinase was added (see Methods).
Although the cytosol is derived fiom hepatocytes, the resulting data is still applicable
to smooth muscle cells. According to the original method for the import assay, a variety

of cytosols or ce11 lysates readily support import (4). Multiple homologues of import

factors (e.g. importin-a) have been identified in a varïety of tissues (167, 240), but it is
unknown whether these homologues exhibit different efficiencies at supporting irnport. It
is therefore unclear whether the use of smooth muscle cytosol in the present studies
would alter the results reported here, but there is currently no evidence to suggest that
different results would be obtained if the source of cytosol was changed.

A fluorescent and importable protein marker is also required, therefore we conjugated

the SV40 large T antigen nuclear localization signal to BODIPY FL-labeled bovine
senun alburnin. This gives a molecule of approximately 80 kDa, which is too large to
d i f i s e into the nucleus on its own, but which is targeted to the nucleus and must be
selectively imported. The accumulation of this marker in the nucleus can then be
followed by confocal microscopy with appropriate filters and laser lines to visualize the
BODlPY FL fluorophore. Figure 3 1 demonstrates the results of a typical nuclear import
assay canied out at 37°C for 30 minutes, in which the fluorescent reporter molecule was
either excluded (Panel A) or included (Panel B). The appearance of these cells after
import assay is similar to that reported by others (4, 120,232,332).

2. Effect of Smooth Muscle Ceii Phenotype on Nuciear Protein Import
Previous studies have suggested that the rate of nuclear protein import may be
detemined by the cell's current stage in the cell cycle (10 1, 102). To investigate whether
phenotypic modulation in smooth muscle may affect import, serum-starved (Le.
quiescent) or serum-fed (i.e. proliferating) aortic vascular smooth muscle ceIls were
subjected to import assay and the results quantified as a function of time (Figure 32). For
the most part, import in the proliferating cells was observed to be significantly higher
than in the quiescent cells, in agreement with studies in other tissue types (101, 102).
Import was also exarnined as a fiinction of assay temperature, since import is an
energy dependent process, in both smooth muscle ce11 phenotypes. At the physiological
temperature of 37OC, import was significantly inhibited in the quiescent cells (Figure 33).

igure 31. Typical m u l t s of nuclear protein import assay

uclear irnport assays were carried out in digitonin-penneablized vascular sml
iuscle cells as described in Methods, either without (A) or with ( B ) nuclear im
ibstrate (i.e. BODIPY FL-BSA conjugated to SV40 NLS).
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Figure 32. Time dependence of nuclear protein import in proliferating and
quiescent vascular smooth muscle cells
Nuclear import assays were carried out as described in Methods at 37°C for various time
points in both proliferating (FBS-fed) and quiescent (Starvation Medium-fed) aortic
vascular smooth muscle cells. Error bars represent SEM for 9 to 3 1 cells. *peO.05 vs.
quiescent cells.
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Figure 33. Temperature dependence of nuclear protein import in proliferating and
quiescent vascular smwth musde cells

Nuclear import assays were canied out as descnbed in Methods for 30 minutes at 4,22 or
37°C in both proliferating (FBS-fed) and quiescent (Starvation Medium-fed) aortic
vascular smooth muscle cells. Error bars represent SEM for 66 to 1 1 1 cells in three
separate expenments. fp<O.OS vs. proliferating cells (37OC); *p<O.OS vs. quiescent cells
(37OC); :p<0.05 vs. proliferating cells at same temp.

When the temperature was reduced to room temperature (22"C), import was inhibited in
both phenotypes, but again, there was a M e r significant inhibition of import in the

quiescent versus the proliferating cells. Upon M e r reduction of the temperature to 4"C,
at which most metabolic processes are drarnatically slowed, import was still M e r

inhibited in both cell phenotypes. In contrast to the results found at other temperatures,
however, there was no difference in impon levels between the two ce11 phenotypes. One
possibility for this is that at this temperature, a common rate-limiting step is dramatically
slowed in both ce11 phenotypes downstream of any potential physiologie inhibitor of
import found in quiescent cells at higher temperatures. A probable candidate for this ratelimiting step is the energy-dependent translocation of the import complex through the
nuclear pore. It is also interesting to note that although import is highly inhibited at this
temperature, it is not completely blocked.

3. Hyrirogen Peroxide Inhibition ufImport Mediated by ERK2
a. Hydrogen Peroxide In hibits Nuclear Protein Import

Hydrogen peroxide is generated by cells in both normal and pathological States. it is a
by-product of normal cell aerobic metabolism, and is generated by a variety of cells in
processes such as atherogenesis and ischemia (18,27,45,53, 171, 173,297,342). HzOz
has been implicated in both proliferation and apoptosis of smooth muscle ceils (1,6 1,

189, 360). In both situations, activation of the rnitogen-activated protein kinase ERK2
and stimulation of DNA synthesis has been reported as a result of Hz02exposure (6 1,

104, 189). In light of these paradoxical findings, it is of interest to determine how H z 0 2

may be exerting its effects on ce11 funftioning. One possibility that has not yet been
136

examined is the potential for HzOzto affect nuclear protein import, which would have the
effect of altering the nomai movements of cntical proteins such as transcription factors
and other DNA-binding proteins into the nucleus. We therefore examined the effect of

HzOzon nuclear protein import.
Typical results of the nuclear import assay are shown in Figure 34. The fluorescent
import substrate is markedly accumutated in the nucleus after import assay in control
cells (Figure 34A). When the nuclear import cocktail (rat liver cytosol plus import buffer,

an energy production system and protease inhibitors) is pretreated for 60 minutes at 37°C
with 1 rnM HzOt, however, this nuclear fluorescence is substantially reduced (Figure
3 4 0 . This effect could be attenuated by the inclusion of 0.3 mg/ml catalase, an enzyme

that scavenges HzOz,during the pretreatrnent of the cells with &O2 (Figure 340).
Treatment of import cocktail with catalase alone had no effkct on nuclear protein irnport
(Figure 34B.E).
The effect of varying concentrations of H20z
on nuclear import was examined. As shown
in Figure 34E,pretreatment of import cocktail with concentrations of &O2 as low as 100
p M caused a significant inhibition of nuclear protein import (-90% of control values),

and this effect was enhanced as B 2 O 2 ]was increased. inclusion of 0.3 mg/mt catalase

during pretreatrnent was able to completely block this effect with 100 and 500 pM H2Oz.

When [H202]was increased to 1 mM, import was reduced to -60% of control values.
Inclusion of 0.3 mg/mi catalase significantly improved recovery of import, but was
unable to completely reverse the effects of the H202.increasing the [catalase] to 1.4
mg/ml caused a further significant increase in import recovery, but was still unable to
restore import to control values.

Figure 34. Nuelear protein import is inhibited by t m t m e n t witb Hz02
Import cocktail was untreated (A), treated with 0.3 mg/ml catalase (B), or treated with 1
mM Hz02 without (C) or with 0.3 mg/ml catalase (D) for 60 minutes at 37°C pior to
import assay as descnbed in Methods. Fluorescence was nonnalized relative to controls
and plotted for various [HzOz] and [catalase] (0.
Error bars represent SEM for 61 to 132
cells in 3 or 4 separate assays. *p<0.05 vs. contml. z ~ 0 . 0 5vs. Hz02 treated.

Inhibition of import by H202 also exhibited time dependency, as shown in Figure 35.
Increasing the time of treatment of import cocktail with H202resulted in a steady decline
in import activity. This decline was steeper when 1.O m M H202 was used compaïed to
0.1 rnM. Experiments with very long-tenn exposures to H202 are difficult, since in

aqueous solutions, H202eventually breaks down spontaneously to water and oxygen
(26). HzOz
may also be scavenged by endogenous antioxidants. A blunting of the effect

of H202on import is eventually observed as a shallowing of the time-dependency curve
(Figure 3 9 , most likely due to these phenomena.
In Figure 36, the results of a 30 minute pretreatment regimen with 1 mM HzOz at
37OC are shown. Consistent with the results reported above, pretreatrnent of the import
cocktail significantly reduced the measured nuciear fluorescence in treated versus control

cells. However, when the pemeablized cells themselves, rather than the import cocktai1,
were identically pretreated with H20t, there was no effect, despite the higher B2O2]
used. Treatment of permeablized cells with I rnM &Oz for longer time periods than 30
minutes resulted in significant detachment fiom the coverçlips and loss of cells during the
import assay, making quantification extremely difficult. The few remaining cells,
however, appeared to accumulate import substrate in the nucleus at levels similar to
controls (results not shown).

b. Free Radical-Mediated Oxidation: Eficts on Nuclear Prorein Imporr
The use of fkee radical generating systems to pretreat either import cocktail or
permeablized cells resulted in different effects than those of Hz02 (Figure 36).
Superoxide radicals were generated by pretreatment of import cocktail with 2 rnM

Figure 35. Time-dependency of import inhibition by H202
Nuclear fluorescence was determined by confocal microscopy following import assay
with control or H202 pretreated import cocktail for various times as described in
Methods. Fluorescence was nomalized relative to controls. Error bars represent SEM for
6 1 to 98 cells in 3 separate assays. *p<0.05 vs. control.

Figure 36. Hydrogen peroxide acts on a cytosolic factor, unlike superoxide or
hydroxyl radicals
Import cocktail or permeablized smooth muscle cells were treated with 1 .O mM Hz02 for
30 minutes, 2 mM xanthine plus 0.03 U/ml xanthine oxidase for 10 minutes (=O), or
0.1 mM H202 plus 0.1 mM FeS04 for 60 minutes at 37OC pior to import assay. Error
b a n represent SEM for 55-1 72 cells h m three or four independent experiments. *p<0.05
vs. control.

xanthine plus 0.03 U/ml xanthine oxidase for 10 minutes at 37"C, but had no significant
effect on nuclear protein import. Identicai treatrnent of permeablized cells, however,

caused a significant inhibition of import (-66% of control). Increasing treatment tirne of
permeablized cells beyond 10 minutes caused significant detachment and loss of cells,
making quantification impossible. However, pretreatment of irnport cocktail with
xanthine pius xanthine oxidase for times up to one hour showed no significant differences

in import compared to controls fresults not shown).
Since ~ e "reacts with peroxide to generate hydroxyl radicals, import cocktail or
penneablized cells were treated with O. 1 mM FeS04 plus O. 1 mM &O2 for 60 minutes at

37°C.Similar results to those obtained with superoxide radicals were observed.
Pretreatrnent of ïmport cocktail caused no significant differences in import compared to
controls, but pretreatment of permeablized cells significantly reduced import to -36% of
control values (Figure 36).

c. ERKZ Activafion Accompanies Imporî Inhibition by Hydrogen Peroxide

Hydrogen peroxide has been shown to activate the ERK2 MAP kinase pathway in a
number of ce11 types including smooth muscle (277). We investigated the possibility that

Hz02used in our experiments was acting via activation of the ERKZ tyrosine kinase
signaling pathway.
The images in Figure 37 show the results of nuclear import assay in control cells

(Figure 37A) compared to results obtained when the import cocktail was treated for 60
minutes at 37°C with 1 rnM H202
plus 45 minute pretreatment with either 75 FM
genistein, a non-specific tyrosine kinase inhibitor (Figure 3 7 0 , or 75 FM daidzein, its
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Figure 37. Nuclear import is regulated by MAPK activity

lmport cocktail was untreated (A), treated with 75 p M genistein (B), treated with 1 m M
H 2 0 2 plus 75 )iM genistein (C) or with 1 mM HzOz plus 75 p M daidzein (D) for 60
minutes at 37OC pnor to import assay as described in Methods. Fluorescence was
nomalized relative to controls and plotted (E). Data representing treatment with H202or
H 2 0 2 plus catalase is fkom Figure 34. Error bars represent SEM for 78 to 112 cells in 3 or
4 separate assays. *p<O.05 vs. control. tp<0.05 vs. H202treated.

inactive analog (Figure 370). Inclusion of 75 ph4 genistein alone had no effect on import
(Figure 37B). import in the cells in which the import cocktail pretreatment had included
genistein resembled that in the controls, despite the presence of 1 mM H202.When the
import cocktail contained H202
plus daidzein instead of genistein, import was
significantly reduced to Mttually the same degree as H202alone.
These data are quantitatively represented in Figure 37E. The inclusion of 75 p M

genistein in the import cocktail during the pretreatment with Hz02caused a significant
recovery of nuclear protein import (-86% of control) compared to pretreatment with

&O2 alone. This recovery was even greater than that obsewed by including 0.3 mg/ml
catalase in the pretreatment protocol, and was quantitatively nearly identical to the
recovery obtained by including 1.4 rng/ml catalase (Figure 34E). Inclusion of 75 pM
daidzein failed to block the inhibition of import by 1 rnM HzOz.
Genistein or daidzein
aIone had no effect on import (Figure 37E).
Western blotting of control import cocktail was compared to pretreatrnent with 1 mM

HzOz* 0.3 mg/ml catalase or 75 p M genistein, and irnmunostained with an anti-phosphoERK2 antibody. Figure 38A presents a typical irnrnunoblot. The dark band in each lane
represents phosphorylated ERK2 @42), the activated form of ERK.2. The band intensity
is significantly increased when import cocktaiI is pretreated with 1 rnM H202 for 60
minutes at 37OC compared to control. Conversely, inclusion of either 0.3 mg/ml catalase
or 75 pM genistein during the pretreatment protocol is able to reverse this enhancement.

The densitometric band intensity results for three experiments were quantified and are
s h o w in Figure 38B.

Control

Control

Hz02
+ Catalase

H202

+ Genistein

Figure 38. Activation of MAP kinase ERKZ in H202
treated import cocktail
Import cocktail was treated with 1 m M HzOt for 60 minutes at 37°C. plus either 0.3
mglm1 catalase or 45 minute pretreatment with 75 FM genistein. Panel A shows

representative bands obtained by western blotting as descnbed in Methods. Panel B is the
densitometric data obtained fiom the bands in panel A, normalized to controls. Error bars
represent SEM for 3 separate experiments. *FO.OS vs. control.

To investigate whether ERK2 activation was coincidental with or causal for the
alterations in import observed, irnport cocktail was pretreated with 20 pM PD98059,a
specific inhibitor for the ERK2 activator MEK1, as described in Methods. The inhibition
was completely abolished by PD98059 (Figure
of nuclear protein import by 1 rnM HzOz

39). Treatment of irnport cocktail with PD98059 alone had no effect on import (Figure
39). Furthemore, treatment of import cocktail with 40 ng/ml activated ERK2 (Le.
phosphorylated ERK2) for 60 minutes at 37°C reduced nuclear import to -57% of control
(Figure 40), similar to levels obtained with 1 m .H202(Figure 34E). Idenhcal treatrnent
with 40 ng/m1 non-activated ERK2, or with 40 ng/ml activated ERKî that had been
inactivated by boiling for 20 minutes, had no effect on import (Figure 40).

d.

Aflects Ran Localkation and GTP Binding

The GTPase Ran is a required cofactor for nuclear protein import (see Review of

Literature, Section A.II. 1.b.iv). Interference with GTP hydrolysis by Ran, either by using
non-hydrolyzable GTP analogs or by removing the Ran GTPase activating protein
RanGAP1, inhibits import (16,302), although it has been shown that hydrolysis of GTP
by Ran is not strictly required for irnport to occur (306). Rather, Ran appears to be
important for proper cycling of import factors between the cytoplasm and nucleus. The
cycling of Ran between a GTP and GDP bound state therefore appears to play a
permissive role for import to occur. It was important, therefore, to examine the possibility
that Hz02 and ERK2 activation may affect nucleocytoplasmic cycling of Ran.
Localization of Ran in rabbit aortic smooth muscle cells was examined by staining
with anti-Ran antibodies. Control cells exhibited high nuclear staining with low Ievels in

Nuclear fluorescence (% of control)
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Figure 40. Exogenous activated ERK2 specifically mimics the effect of H202
Import cocktail was untreated (controls), or treated with 40 ng/ml activated ERK2 for 60
minutes at 37°C prior to imprt assay. Import cocktail was also treated for 60 minutes at
37°C with 40 ng/ml non-activated ERK2 or 40 ng/ml activated ERIU that had been
boiled for 20 minutes, then used in import assays. Error bars represent SEM for 60 to 109
cells in 3 or 4 separate assays. *p<0.05 vs. control.

the cytoplasm (Figure 41A-C). Upon treatment with 1 mM HzOzfor 60 minutes at 37"C,
however, a distinct increase in cytoplasmic fluorescence is observed (Figure 4 1D-F).

This rise in cytosolic Ran could be attenuated by either 0.3 mg/ml catalase (Figure 41 G-I)
or 20 pM PD98059 (Figure 41J-L). Quantification of fluorescence levels revealed that
HIOz treatment nearly doubled the Ran signal in the cytoplasm (Figure 42). While

catalase and PD98059 were unable to completeIy restore control levels of cytoplasmic
Ran, they did cause a significant decrease in cytoplasmic Ran compared to &Oz treated

cells.
The degree of GTP versus GDP binding to Ran was examined using an

imrnunoprecipitation technique as described in Methods. Treatrnent of rabbit aortic
smooth muscle cells with 1 mM HzOzfor 60 minutes caused a greater than five-fold
increase compared to control in the amount of GTP bound to Ran relative to the entire
poo 1 of Ran (Figure 43). This effect could be attenuated by pretreatment of import

cocktail with 20 FM PD98059 for 45 minutes.

Figure 41. &Ol causes Rai translocation to the cytosot
Rabbit aortic smooth musclca cells were treated with 1 mM H202with or without either
0.3 mg/ml catalase or 20 PM PD98059 as described in Methods, then visualized by antiRan irnrnunolabeling. Panels A-C represent control cells, D-F are H202treated cells, G-f
are treated with catalase and Hz02,and J-L are treated with PD98059 and Hz02.These
figures are representative of three separate experiments.
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Figure 42. Quantification of cytoplasmic Ran pooling in response to Hz02
Quantitative analysis of panels A-L in Figure 41. Error bars represent SEM for 3 separate
experiments. *p<O.05 vs. control, t p ~ 0 . 0 5vs. H202-treated.

Figure 43. Quantification of GTP binding to Ran in response to Hz02

32~-1abeled
Ran was immunoprecipitated fiom whole smooth muscle cells that had been
treated with H202with or without 20 pM PD98059 as descnbed in Methods. GTP and
GDP were eluted from the immunoprecipitate, separated by TLC and quantified by liquid
scintillation counting. Results were expressed as GTP-bound Ran as a percentage of total
Ran and nomalized to controls.

F. DISCUSSION
1. Identification and Localuation of Calcium-Binding Proteins in the Nucleus

This study putatively identified seven major calcim-binàîng proteins: three of
molecular masses 120, 110 and 93 kDa in rat hepatic nuclei, and four of molecular
masses 1 10,93,55 and 35 kDa in pig cardiac nuclei. Several minor calcium-binding
proteins were also seen. A number of these proteins are present in small proponion when
compared to overall protein content of the nucIei, and thus are not visible in preparations

of intact nuclei. It is only with k t i o n a t i o n and processing o f the nuclei that some of
these proteins become observable due to the relative enrichment of proteins in both
nuclear fiactions that occurs during the purification procedure (see Figures 7-1 0).
The present study employed the dye Stains-Al1to identim calcium-binding proteins.
This dye has been used by others for sirnilar pwposes (58, 59, 1 14,224). Stains-Al1 is not
a direct indicator of calcium binding, however blue-staining proteins contain acidic

moieties and therefore may contain potential calcium binding sites (59). in the present
study, al1 of the major calcium binding proteins that were observed stained blue except
the pig cardiac 93 kDa protein, which was observed to staîn variously blue or red. Several
minor calcium binding proteins stained red. This is not surpnsing since the color that a
calcium binding protein will stain seems to depend on the relative number of calcium
binding sites in the protein. Previous work has shown that troponin C and cahodulin,
which each have about one ca2+binding site per 40 amino acid residues, stain blue with
Stains-Al1 (59). in contrast, the (ca2'+ M ~ ~ + ) - A T P
has
~ Sonly
~ one ca2' binding site per

500 amino acid residues and stains red with Stains-Al1 (59). Also, not al1 blue-staining
bands bound calcium in our experiments. This is most likely because other acidic proteins

such as phosphoproteh and sidoproteins may stain blue (59). Thus, the use of Stains-

Al1 as a preliminary test for the presence of calcium binding proteins was a valuable aid
in the initial screening stages of uiis study, but was used with hl1 knowledge of its
limitations. The use of 4 s ~ a 2overlays
+
to identify calcium binding proteins has been
demonstrated previously (68, 114,209, 341), and in this study complemented the StainsAI1 work by positiveiy detennining the presence of calcium binding proteins.
A caveat to the use of 4 5 ~ a 2overlays
'
to identify calcium-binding proteins is that the

use of SDS to equalize charges on proteins during electrophoresis also denatures these
proteins to various degrees. Partial renaîuration may occur during electroblotting,
however, it is nonetheless possible that some calcium-binding motifs may be lost.
Therefore, it is likely that this technique under-reports the number of calcium-binding
proteins in a given sample. Furthemore, the description of calcium-binding proteins as
"major" or "minor" must be used with caution, since the true binding capacities of these

proteins in vivo may be altered by denaturation. True binding capacity should be
determined using binding assays on purified proteins. Despite this concern, however, the
original paper descnbing the use of %a2' overlays showed that many well-characterized
calcium-binding proteins retain the ability to bind calcium following electrophoresis and
electroblotting, and may even retain catalytic activity (209). This technique, therefore, is
still very useful for surveying calcium-binding proteins, but should be used with full
consideration of the potential drawbacks.
The actual identities of the calcium binding proteins reported here remain to be
determined. However, candidates do exist. The p93 protein in hepatic nuclei has been
previously identified as calnexin (1 14). It appears likeiy that the p93 protein in the

cardiac nuclear envelope fraction is also calnexin due to its identical molecular m a s ,
similar affinity for both S t a i n s 4 1 and calcium (see Figures 7-10; also see Gilchrist and
Pierce (1 l4)), and the observation that the protein iocalizes to the same nuclear h c t i o n
in both tissues. The p55 protein observed in the cardiac nucleoplasmic fraction appears to
be calsequestrin, since this protein has an apparent molecular m a s on electrophoresis

near 55 kDa (58,60), both have similar a n i t i e s to calcium (68,341), and both stain blue
with Stains-Al1 (58-60). More conclusively, however, antibodies to cardiac calsequestrin
were observed to bind specifically to a band of approximately 55 kDa in the cardiac high
sait supernatant fkaction on immunolabeled western blots (see Figure 11). The identities
of the other calcium binding proteins are not yet known, although the possibility that the
1 10 kDa protein is the ca2' ATPase seems unlikely, since the ATPase stains bnght red

with Stains-Al1 (59), but the 110 kDa protein clearly stained blue (Figure 8). The other
calcium-binding proteins identified in this study do not appear to correspond to
previously identified nuclear calcium-binding proteins, and may in fact be novel proteins
whose characteristics remain to be defined.
The roles of these calcium-binding proteins also remain unknown, however it is

possible to speculate on the physiological role of at least one of them. Calnexin was
previously identified in hepatic nuclei (1 14). The finding of calnexin in the nuclei of two
ce11 types is particularly interesting in light of its role as a molecular chaperone (1 55,
274). Calnexin could carry out a similar function for nuclear proteins. This is speculative

at this time and will require hture investigation. It is important to note that calnexin has a
putative nuclear localization sequence (345), reinforcing the concept that calnexin has a
role to play in the nucleus as well as the endoplasmic reticulum. Assigning fhctions at

this time for the other observeci calcium binding proteins is not yet possible. However, if
p55 is calsequestrin, it may fiinction as a calcium sink for the nucleus in a similar fashion
to its role in the sarcoplasmic reticulum, since it is a high-capacity, low-affinity calciurnbinding protein (198). In light of the evidence for calcium gradients in the nucleus (136,
139,269,359, this would be a logical hypothesis to build upon. The roles of the other
proteins (pl 10, pl20 and those in the 28-35 kDa range) remain to be elucidated. Whether
these proteins are involved in nuclear calcium homeostasis, or are regdatory proteins
themselves regulated by calcium (e-g. calmodulin) are questions that may be answered
afier further characterization experiments. Furthetmore, the precise spatial location of
these proteins within the nucleus remains to be detemiined, which may aiso shed light on
the roles of these proteins.

In summary, this is the hrst putative identification of the existence of calcium binding
proteins in cardiac nuclei. This is also the k t description of a full complement of
calcium binding proteins in hepatic nuclei. Our work has M e r characterized for the
first time that these calcium-binding proteins are partitioned into distinct nuclear
compartrnents. This is an important preliminary step towards clarifjmg the function of
this entire family of nuclear calcium binding proteins.

II. Altered Function of the Nuclear Nucleoside Triphosphatase in a Genetically
Obese Animal Model
The data presented in this study reveal that there are age- and sex-related changes in

nuclear NTPase activity in the JCR:LA-cp rat. W l e there are clearly differences in
NTPase activity as a fùnction of age in both males and females, lean and corpulent, there

does not appear to be a straightforward pattern to these changes. in contrast, there were
strï king sex-related differences between lean and corpulent NTPase acti vi ty. In general,

corpulent females exhibited significantly increased NTPase activity compared with leans
under nearly al1 assay conditions. In contrast, corpulent males showed only isolated
differences versus lean animals. These fïndings are mirmred in the,V

values obtained

(Table 5), which are significantly increased for al1 groups of corpulent females, while
there are no changes in the V,

values obtained for the corpulent males, with the

exception of 6 month males using GTP as substrate. Similarly, KM values were increased
for nearly al1 of the corpulent female groups, but KM was only increased for the 6 month
corpulent males with GTP as substrate. The overall increase in both V,,

and KM in

corpulent females suggests that while the turnover rate of the NTPase is increased, the
affinity of the enzyme for substrate is actually decreased.
ln order to gain insight into factors responsible for the changes observed in NTPase

activity, we examined the lipid stams of these animals. The greater VLDL hyperlipidemia
of the female reflects increased numbers of VLDL particles with additional cholesteryl

esters and phospholipids over the males (93). Since serum lipid levels were increased in
the corpulent animals compared to the lean animals, nuclear lipid content was examined
to determine if it had been altered. These data reveal a striking sexual dimorphism (Table
6). Both nuclear membrane phospholipids and cholesterol were significantly increased in

corpulent females compared to age-matched leans. In contrast, there were no differences
observed between lean and corpulent males for either lipid species. It is interesting to
note that nuclear phospholipid content in the corpulent females remained constantly

-

elevated at 150% of the lean values.

A potential candidate to have modulatory influence on NTPase activity, therefore, is

nuclear membrane phospholipid content. It is possible that changes in phospholipid
content may have a modutating influence on NTPase activity by altering membrane
fluidity, since altered membrane fluidity may affect the activities of embedded enzymes
(3 13). However, alterations in nuclear membrane phospholipid content are not likely to

be responsible for the overt changes in NTPase activity observed in the corpulent female
rat. It has been shown previously that removal of up to 80% of membrane phospholipids

couid be carried out without altenng NTPase activity (319). The present study did not,
however, examine whether changes occurred in the types of phospholipids present in the
nuclear membrane, or whether changes were associated with the imer versus the outer
nuclear membrane. Previous studies have suggested that changes in the specific

phospholipid composition of the nuclear membrane may result in alterations of NTPase
activity (343, 344).
Another candidate factor for modulating nuclear NTPase activity is the membrane
cholesterol content. The percent increase of nuclear membrane cholesterol content for
corpulent females over leans rose linearly with age fkom -140% at 3 months to -366% at
9 months. An increased nuclear membrane NTPase activity was observed in al1 of these

three groups. Conversely, there were only sporadic alterations in NTPase activity in the
various male groups, and nuclear cholesterol content was unchanged (Table 6). This

presents strong indirect evidence by association that cholesterol rnay be a causal factor in
the increased NTPase activity. When taken together with previous work using
cholesterol-enriched liposomes to modulate nuclear membrane cholesterol content and
stirnuïate NTPase activity (275), our data convincingly implicate cholesterol as an

important modulatory factor in NTPase activity, although other factors may have a
bearing on the alterations of NTPase activity observed in this study.
The primary difference observed in the present study between the corpulent and lem
rats is the sexual dirnorphism with respect to the NTPase activity. Thus, it is possible that
sex hormones may play a modulatory role in NTPase activity. A precedent does exist for
hormonal stimulation of the NTPase. Human chorionic gonadotropin and human
luteinizing hormone have both been shown to directly stimulate NTPase in human
ovarian nuclear membranes (336). If specific sex hormones are disrupted by the corpulent
condition in the female rats, this may explain some of the changes observed. Studies on
castrated male and female JCR:LA corpulent rats have revealed that sex hormones play
an important role in regulation of lipid metabolism in these animals. Castrated male rats
exhibited a doubling of serum triglycende levels, while castrated females showed
approximately halved triglycende levels (293). Interestingly, however, castration of
animals of either sex does not alter the nurnbers of ischemic lesions observed, suggesting
that sex hormones (i.e. testosterone and estrogen) are not determinants of disease in this
mode1 (293). in other studies, it has been shown that male and female JCR:LA-cp
corpulent rats metabolize fatty acids differently (295). Venkatraman and CO-workershave
demonstrated that altenng the intake of various fatty acids by dietary modification can
alter NTPase activity (343, 3 4 4 , therefore this is another possible modulatory influence
on NTPase activity.

Another consequence of the altered nuclear membrane lipid environment is a
decrease in integrity of the nuclei (Table 7). Only the nuclei fiom the corpulent female
animals show a decrease in membrane integrity, parallehg the changes o b s e ~ e din

nuclear membrane cholesterol content. This data, dong with the fmdings of decreased
membrane integrity in cholesterol-enriched nuclei (Figure 25), strongly implicate
choIestero1 as a major determinant of nuclear membrane integrity (275). This effect may
be due to a decrease in membrane fluidity and disorder resulting from increased
cholesterol content (313). Conversely, when cholesterol in the nuclear membrane is
oxidized by cholesterol oxidase, which would tend to increase membrane fiuidity and
disorder, the NTPase is inhibited (276).
When exarnined by transmission electron microscopy, the hepatocytes (including the
nucleus) of the 6 month old corpulent female JCR:LA-cp rats exhibited bizarre lipid body
inclusions (F-igues 27 and 28). This finding suggests that there may be pathological
morphological alterations in these animals, and together with the NTPase activity results
and nuclear integrity data, demonstrates that changes have occurred in the structure and

function of the nuclear membrane in the corpulent female animals.
In conclusion, this study has demonstrated the presence of age- and sex-related
differences in NTPase activity in the JCR:LA-cp corpulent rat model. Our data strongly
suggest that these changes arise from alterations in nuclear cholesterol composition,
which in tuni may arise tiom differential lipid metabolism and serum lipid profiles in the
male and female corpulent versus lean rats. These changes in nuclear cholesterol

composition may, in tum, alter nuclear integrity and the fùnctioning of the NTPase. It is
intriguing to speculate about the potential effects of modiQing nuclear NTPase activity

on nucleocytoplasmic trafficking of mRNA (5, 7, 8, 77, 78, 303,305, 343). Other factors,
however, rnay also play a role in the activity of the NTPase in this animal model. This

study has also broadened our current understanding of factors that influence the structure
and fiinction of the nuclear envelope.

III. Inhibition of Nuclear Protein Import by Hydrogen Peroxïde

This study is the frst characterization of nuclear protein import in aortic vascular
smooth muscle cells, and the first report that nuclear protein import is inhibited by
hydrogen peroxide in any ce11 type. Theoretically, H202may alter nucleocytoplasmic
transport through an effect on a cytoplasmic factor or an action on the nuclear pore
complex itself. To detemine whether H20z could exert its effects on import by attacking
the nuclear pore complex or nuclear membrane, permeablized smooth muscle cells were
pretreated with 1 mM Hz02pnor to import assay. No effect was observeci when the
permeablized cells were treated with H202 (Figure 36). However, the same concentration
of H202resulted in a large decrease in import when the import cocktail was treated

(Figure 34E). These data suggest that Hz02can affect cytosolic factors found in the
import cocktail, but not the pore complex itself.

One potential mechanism for the action of HzOton import is that it may cause
oxidation of cytosolic factors required for import (e-g. the NLS receptor or other
components of the import complex). To investigate this possibility, two fkee radical
generating systems were used to treat either irnport cocktail or permeablized cells used in
the import assay. Xanthine plus xanthine oxidase produces superoxide radicals, while
fiee iron reacts quickly with H202to produce hydroxyl radicals (53, 171, 173). In
contrast to the hdings with H202,pretreatmenf of the import cocktail with either fiee
radical generating system had no effect on import (Figure 36). Increasing the time of

pretreatment with xanthindxanthine oxidase to one hour still had no effect on import
(resuIts not shown). Conversely, when permeablized cells were pretreated with either fiee
radical generating system, import was significantly inhibited (Figure 36). Togeîher these
exerts its effect on import using a completely different mechanism
data reveal that H202
than superoxide or hydroxyl radicals, and suggest that oxidation is not involved. They
also demonstrate that oxidation of ce11 structural components including the nuclear pore
complex can significantly depress nuclear protein import.
Hydrogen peroxide has been shown to activate the MAP kinase ERK2 in vascular
smooth muscle (6 1, 128, 189,277) and cardiomyocytes (297). It can also activate other
signal transduction pathways, such as the JNK pathway (19 1). We investigated whether
H202-inducedERK.2 activation may play a role in the H202-induced inhibition of import.
When import cocktail was treated prior to H202exposure with genistein, an inhibitor of
tyrosine kinase-mediated phosphorylation, import was attenuated to levels similar to
those obtained with catalase treatment (Figure 37). Daidzein, the inactive analog of
genistein, exhibited no effect. Genistein or daidzein alone had no effect on import. H 2 0 2
activated ERK;! as shown by western blotting, an effect which couId be reversed by
catalase or genistein (Figure 38). Together, these data implicate ERK2 as a mediator of
nuclear protein import inhibition by &O2. These results aIso explain why treatment of
permeablized cells with H202did not affect import, since the Hz02would have been
washed away before the import cocktail was applied to complete the assay, and therefore
would be unavailable to affect ERIU.
To M e r investigate the roie of ERK2 in inhibition of import, import cocktail was
also pretreated with 20 p M PD98059 pnor to Hz02treatment. This compound blocks

MEKI, a protein kinase immediately upstream to ERK2 in the MAP kinase signal
cascade and a direct activator of ERK2. Like genistein, PD98059 was able to reverse the
effects of H202on import. However, unlike genistein, PD98059 completely normalized
import to control values (Figure 39). It therefore appears that, while ERK2 does mediate
the effect of H202in inhibiting import, H202exerts its pnmary effect M e r up the signal

cascade. If H202activated ERK.2 directly, PD98059 would not be expected to have an
effect on reversing H202-inducedinhibition of irnport. Rao has shown that Hz02

treatment of intact vascular smooth muscle cells induces SHC-Grb2-SOS complex
formation with EGF receptor tyrosine kinase (277). This process leads to activation of
Ras, which presumably would lead to activation of the entire MAP kinase cascade

leading to ERK2, which was also observed to be activated in Rao's study. It is likely that
in our experirnents, a similar process is occurring. However, since the import cocktail is
devoid of plasma membrane, the involvement of receptor tyrosine kinases is unlikely.

Hz02must be exerting its effect, therefore, on another stage of the MAP kinase signaling
cascade or on cytosolic tyrosine kinases, although the exact primary target remains
unidentified. Clerk et al. have suggested the possibility that H202may inactivate a
phosphatase higher up in the ERIC2 signaling pathway, resulting in activation of MAP
kinases (80).
Additional evidence to support the role of ERK2 is shown in Figure 40. Treating
import cocktail with an activated form of ERIC2 alone results in a significant inhibition of
nuclear protein import. This effect is similar in magnitude to the inhibition of import

observed by treatment with the highest concentrations of H202used in this study. Nonactivated ERK2, or activated ERIU that has been inactivated by boiling, do not inhibit

import (Figure 40). Combined with the results discussed above, it appears that the level
of activation of ERK2 determines inhibition of nuclear protein import.
The ultimate downstream target of ERK2 activation that affects nuclear protein
import is unclear. Phosphorylation of the import substrate is not responsible, since the
custom NLS used in uiis study lacks upstream phosphorylation sites. The nuclear pore
complex is also not responsible, since H2O2treatment of permeablized cells had no effect
on import (Figure 36). One possibility is suggested by the homology between the signaltransducing GTPase Ras and Ran, the Ras-related GTPase required for protein import
(96). Rao's study of the effect of HzOzon the MAPK cascade reported that after exposure

to Hz02, Ras shified to a predominantly GTP-bound conformation in response to
upstream signals (277). At the same time, it has been reported that extranuclear Ran rnay
exert inhibitory effects on nuclear protein import when its GTP-bound conformation is
favored, by disrupting the complex formed between NLS-containing proteins and the
importin complex (16,237, 302,306).
Since antibodies are not available that differentiate between GTP- and GDP-bound
Ran, we first examined total Ran localization by imrnunocytochemistry. H202treatment
caused an increase in cytosolic Ran, an effect Iargely reversible by catalase or PD98059
(Figures 41 and 42). The amount of GTP compared to GDP bound to Ran was then
deterrnined. In control cells, the vast majority of Ran is bound to GDP. A large increase
in GTP binding occurs when the cells are treated with H z 0 2 (Figure 43), an effect
reversible by PD98059. This increase in GTP-bound Ran, taken together with the
observed increase in cytosolic Ran, suggests that GTP-bound Ran in the cytosol is
stabilized after H202treatment. Alternatively, GTP-bound Ran may move out of the

nucieus in response to H202 treatment and be retained in the cytoplasm. A third
possibility is that H20z interferes with the action of RanGAPl, the cytosolic GTPase
activating protein that catalyzes GTP hydrolysis by Ran. A diagram of the potential
mechanism of interaction between the ERK2 signaling pathway and nuclear protein
import following this third scenario is pictured in Figure 44. Although GTP hydrolysis by
Ran appears to be unnecessary for irnport to occur (306), it does appea.to be critical for

proper cycling of import factors out of the nucleus. The increase we observed in cytosolic
Ran in response to H202 may be indicative of altered cycling. Ln any of these scenarios,

GTP-bound Ran would then disrupt the formation of the import cornplex and lead to
inhibition of import as described above. It is unlikely that RanGEF (RCCI) is the
evenîual target of H202 treatment or ERK2 activation since RanGEF is found
predominantly in the nucleus, while our experiments used isolated ce11 cytosol in the
import cocktail.
In both physiological and pathological situations, there may be constant, long-texm

generation of H202. Our results demonstrate that even low concentrations of HzOzacting
over longer periods of time can progressively inhibit import (Figure 35). This finding is

of particular importance in the atherogenic vascular intima, in which infiltrating
macrophages and monocytes may be a constant source of H20z production (254). Since
&Oz readily crosses ce11 membranes (130), it is fkee to rnove throughout the intima and

affect cells distal to the site of HtOz production. The half-life of HzOzin complex
aqueous solutions can be quite short (on the order of minutes (26, 149)) due to
spontaneous break-down and endogenous scavenging. Both are relevant under our
experimental conditions. We used higher doses of Hz02 (1 mM) over the course of one

ECM

Figure 44. Potenîial scbeme of interaction between the ERK2 pathway and import
Question marks denote possible site o f interaction between ERK2 pathway and nuclear
protein irnport rnechanism, at RanGAPl . Red inverse arrows indicate inhibitory
interactions. Green arrows indicate stimulatory interactions. Red " X denotes inhibition
of the effect of RanGAP 1 on RanGTP hydrolysis.

hour exposures for some of the experiments. This approach appears justified, since
exogenously added ERK2 closely mllnicked the highest concentration of H202used in
this study with regard to import inhibition (Figure 40). The LDso for H z 0 2 in PC 12 cells
is reported to be 350 PM, and at 750 p M H20z there is still significant ce11 survival(128).
These levels are similar to those used in our study. Moreover, since permeablized cells or
ce11 cytosol was used throughout the study, toxicity was not an issue.
Our results have important physiological and pathological significance.

Physiologically, it has been suggested that H202 is required for signal transduction in
response to PDGF or angiotensin II in vascular smooth muscle (33 1,360). To mimic the
effects of PDGF,O. 1 to 1.O mM exogenous H202was required, the same range as that
used in this study (33 1). It has also been suggested recently that Hz02 may itself be a
second messenger, similar to the role played by nitric oxide (126). This role would be
entirely consistent with the findings reported in the present study. The respiratory burst of
monocytes and macrophages during microbial killing releases significant arnounts of
activated oxygen species, including &O2 (18). Activated oxygen species are also
produced as the result of the nonnd leakage of electrons out of mitochondrial electron
transport chains (45).
PathoIogically, H202is generated in cells during ischemia (27, 53, 171, 173,342).
Hyslop et al. have reported striatal W2O2]well above 150 p M during global forebrain
ischemia in the rat (149). Activated oxygen species including H20zalso play a significant
role in atherogenesis by stimulating oxidation of lipoproteins and proliferation of smooth
muscle cells. These species are produced by macrophages and monocytes infiltrating the
vascular intima, as well as by endothelial and smooth muscle cells themselves (234,254).

The actual effects of H202
on s m w t h muscle are somewhat controversial. Hz02
has
been demonstrated to cause both srnooth muscle proliferation and apoptosis (1,6l, 189,
360), and in both situations is associated with DNA synthesis and ERK2 activation (61,

104, 189). Recent evidence supports the hypothesis that H202may be a key modulator of
smooth muscle ce11 survival and proliferation (47). The critical event which determines
whether the ce11 proliferates or dies afier H202exposure is unknown, but may depend on
whether exposure is acute or tonic, since DNA synthesis has been hypothesized to depend
on how long ERK2 remains activated (337). ERK2, on activation, translocates to the
nucleus via an NLS-independent pathway (1 10, 359). In the nucleus, ERK2 activates

mRNA transcription of a number of transcription factors, including c-fos, c-jun andfia-l
(128, 189, 362). Our data show that ERK2 inhibits NLS-dependent nuclear protein

import. This may explain how smooth muscle becomes apoptotic concomitant with
activation of ERK.2: critical growth signals may be prevented fiom entering the nucleus
due to import inhibition, while ERK2 is still able to gain entry to the nucleus via the

alternate pathway. This hypothesis is also consistent with previous findings that reduction
of nuclear import is associated with ce11 quiescence (101, lot), which are confirmed by
our data showing inhibition of import in quiescent versus proliferating smooth muscle
cells (Figures 32 and 33). Our data are not consistent with the pro-growth effects of
HzOz,although we cannot rule out the possibility that import inhibition prevents growth
repressors from entering the nucleus and inhibiting transcription of critical genes. Further
work in these areas is necessary.

In summary, this is the first demonstration that activated ERK2 is able to inhibit
NLS-dependent nuclear protein import, thus c o ~ e c t i n g
intracellular signaling pathways

wi th the process of nuclear protein import. H29inhibits nuclear protein import in a doseand time-dependent manner by activation of ERK2. Similar exposure of intact cells to

HzOz alters the distribution of Ran between the nucleus and cytosol. Superoxide and
hydroxyl radicals are able to inhibit nuclear import by interaction with nuclear structures,
but do not mimic the effects of HzOt. The data are particularly significant in situations
where Hz02
is produceâ at high levels or over long penods of t h e , such as during

ischemia or atherogenesis. It is unclear whether these findings apply only to SV40 NLSrnediated import, or to import in general. However, this study does demonstrate proof of
concept and indicates that M e r studies in this area are warranted. The finding that

ERK2 activation affects nuclear protein import has irnpIications for studies of ce11
proliferation, angiogenesis, hypertrophy, and diseases such as cancer and diabetes.
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