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ABSTRACT

Relatively little is known about the molecular mechanisms involved in the
import of proteins into the nucleus. This lack of knowledge extends to the mode of
nuclear entry of steroid-receptor complexes and modulation of steroid hormone
action during its passage across the nuclear envelope. The main goa! of this thesis
was to identify the molecular machinery that interacts with the nuclear localization
signals located in steroid hormone receptors. Synthetic peptides corresponding to
the glucocorticoid and thyroid hormone receptor nuclear localization signals were
radioiodinated and incubated with cytosol, high salt- and detergent-extracted rat
liver nuclei or nuclear envelopes in the presence of a crosslinking agent. Two
specifically labeled polypeptides of 60 and 76 kDa were identified with both synthetic
peptides in all fractions by autoradiography after SDS-PAGL. The two general
conclusions drawn from my data are: first, that these two specifically labeled
polypeptides may act as shuttling vectors in nuclear transport; and second, the
binding sites may be part of a general mechanism for nuclear entry of most nuclear
proteins. Nuclear import of proteins is comprised of two steps, the first step being
the binding of the protein to the outer nuclear envelope and nuclear pore complex,
and the second step being the translocation of the protein through the nuclear pore
complex into the nucleus. I established an in vitro system, which consists of isolated
rat liver nuclei, capable of the first step but not the second step, to study
glucocorticotd receptor nuclear binding. [ have also demonstrated that digitonin-
permeabilized cells can be used to study both steps (binding and import) of the
glucocorticoid receptor translocation into nuclei in an ATP-dependent manner
similar to other nuclear proteins. These in vitro models will allow us to further

define the mechanisms involved in the nuclear import of the glucocorticoid
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receptor, particularly the hormone-induced nuclear translocation of the recepuor,
and to establish the role of the 60- and 76-kDa polypeptides in nuclear import.

The ligand-induced nuclear translocation of the glucocorticoid receptlor is
dependent on the intracellular hormone concentration which is influenced by
membrane binding sites for the glucocorticoid ligand. With the affinity label,
dexamethasone 21-mesylate, | have identified a 45-kDa micresomal membrane site
that displays the characteristics of a low affinity glucocorticoid binder. This protein
may limit the amount of free hormone for the receptor and therefore blunt the

action of the steroid hormone in the nucleus.
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GENERAL INTRODUCTION
Preface to Parts I and I

The subject of this thesis is glucocorticoid hormone action, that is, the cellular
actions of glucocorticoids and the intracellular consequences of their action. Unlike
many hormones which bind to plasma membrane receptors, steroid hormones
including glucocorticoids must traverse the cellular plasma membrane to bind to
their intracellular feceptors. The glucocorticoid-receptor complex undergoes a
transformation process whereby it acquires the ability to translocate to the nucleus,
and bind DNA to regulate gene expression. The major focus of this thesis is nuclear
impori of the cytoplasmic glucocorticoid receptor which is described in Part I
However, nuclear translocation of the glucocorticoid receptor is dependent on ligand
binding [1]. Therefore, nuclear import of the glucocorticoid receptor is dependent
on the bioavailability (intracellular free .concentration) of hormone. The
bicavailability of intracellular ligand is dependent on the diffusion or transport of
the hormone across the plasma membrane, competition between the receptor and
other intracellular ligand-binding proteins, and the inactivation of the ligand by
metabolic enzymes. Hence, plasma membrane and microsomal ligand-binding sites
may regulate the intracellular ligand concentration and affect the nuclear
translocation of the glucocorticoid receptor. Thus, a second minor focus described in
Part II of this thesis describes the identification of microsomal dexamethasone-

binding sites.
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PART I: Nuclear Import of the Glucocorticoid Receptor

1. INTRODUCTION

1. Steroid Hormone Receptors and the Nuclear Receptor Superfamily

During the period that started with the discovery of testosterone in 1889 and
ended  with the purification of 1,25-dihydroxyvitamin D3 (vitamin
D3=cholecalciferol=calcitriol} in 1971, the classical steroid hormone molecules
(androéens, estrogens, progestins, mineralocorticoids and glucocorticoids) and the
secosteroids (vitamin D) were chemically characterized [2]. During this period, the
physiological actions of steroid hormones and their biosynthetic and metabolic
pathways became fairly well understood. In 1960, the observation that the insect
molting steroid hormone, ecdysone, induced puffing in Drosophila larval salivary
gland polytene chromosomes suggested that steroid hormones have an effect on gene
expression in the cell nucleus (see [3]). In 1962 using newly available radiolabeled
estradiol, an intracellular steroid receptor was discovered by Jensen and co-workers
[4]. This receptor was thought to mediate the effects of the hormone in the cell
nucleus. In 1963, Litwack observed the cytoplasmic to nuclear translocation of [14C]-
cortisol, a labeled glucocorticoid hormone [5].

A model based on the estrogen receptor, which was called the two-step model,
was proposed to account for the action of all steroid hormones [6, 7]. ‘The general
mechanism of action of steroid hormones remains largely unchanged today [8]. The
first step i:. this model is the binding of steroid after its entry into the cell to its
cytoplasmic receptor followed by the second step in which the receptor-steroid
complex translocates to the nucleus and binds to DNA. In the early days of steroid
hormone receptor research two of the most studied questions were the intracellular

localization of these receptors and the regulation of their intracellular
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concentration. These studies continue today and controversy still surrounds the
intracellular localization of unliganded receptors. Steroid receptors are
transcription factors which ultimately act in the cell nucleus. They bind in the
enhancer-promoter regions of hormone responsive genes to enhancer elements
calied hormone response elements (reviewed in [9-11]). Hormone response elements
are conserved nucleotide sequences that form perfect or imperfect palindromes,
inverted or direct repeats with specific spacings separating the repeats. Steroid
receptors bind to these elements as dimers, each receptor binding to a repeat or half-
site of six base pairs. Steroid receptors are thought to enhance or repress gene
transcription by direct protein-protein interactions with other transcription factors,
co-activators or adapters, which bridge the distance between the receptor and the
basal transcription apparatus [12-15]. It is also thought that the steroid receptors
alter chromatin structure thus modifying access to other transcription factors [11,
16-18).

Much progress in steroid receptor research was made with the development of
a covalent affinity label, dexamethasone 21-mesylate, [16] which facilitated
glucocorticoid receptor (GR) purification. This led to the generation of specific
antibodies against this receptor [17] which in turn led in 1984 to the cloning of the
first steroid receptor, the GR [18]. Subsequent to the cloning of the rat GR has come
an avalanche of information, confirming earlier protein studies on the modular
structure of GR [19-26]. These early studies identified in the receptor an N-terminal
domain to which antibody bound, a central DNA-binding region and a C-terminal
ligand-binding domain separated by a hinge region. The deduced ¢DNA amino acid
sequence revealed a two 'zinc-finger' DNA-binding region of the C4-type similar but
not identical to the C2H2-type 'zinc-fingers' of the Xenopus TFIIIA transcription
factor [27, 28]. The ligand-binding region was very hydrophobic which was expected

because of the hydrophobic nature of the steroidal ligands. Following the cloning of
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GR came the cloning of all other steroid receptors either by similarity of their DNA-
binding domains or by use of receptor-specific antibodies, A pattern of the modular
structure for all steroid receptors emerged. The N-terminal domain is the least
conserved and varies greatly in size [20]. The central DNA-binding domain is a
highly conserved, roughly sixty-six amino acid domain, with twenty invariant amine
acids including the eight zinc-coordinating cysteinyl residues. A lesser conserved
large ligand-binding domain is at the C-terminus. The twently invariant amino acids
in the DNA-binding region are characteristic of stercid/nuclear receptors and
differentiate these transcription factors from other 'zinc-finger' transcription
factors. Another nomenclature often used for steroid receptor domains is the
following; the N-terminal domain is called the A/B domain, the DNA-binding domain
is called C and the C-terminal ligand-binding domain is designated E/F. The C and [/I}
domains are separated by the D hinge region. This domain nomenclature was based
on sequence comparisons between the chick and human estrogen receptors which
revealed these phylogenetically conserved regions [29].

Using the highly conserved steroid receptor DNA-binding region as a probe,
two independent groups, to their surprise cloned the cellular counterpart to a viral
oncogene, v-erbA [30, 31]. Moreover, they discovered that the ligand for the c-erba
receptor was thyroid hormone. This important discovery linked a non-steroidal
ligand receptor with the family of steroid receptors. This extended family is now
called the nuclear receptor superfamily. Thyroid hormone and steroid hormone are
both small hydrophobic molecules and have similar modes of action because of the
similarity of their receptors. The discovery of c-erbA also linked a known oncogenc
(v-erbA) with this class of transcription factors, which allowed for the possibility
that other steroid receptors may have transforming activity. The expansion of the
nuclear receptor superfamily continued, as the receptor for the secosteroid vitamin

D3 [32] and the receptor for the teratogenic morphogen, retinoic acid, were also
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found to belong to this superfamily [33-36]. A similar protein to the retinoic acid

receptor was cloned and called the retinoid-X receptor [37]. It had been previously
cloned and called H-ZRIIBP {38] because it bound the H-2 region Il of a major
histocompatibility class 1 gene. Unlike the retinoic acid receptor, the retinoid-X
receptor did not bind all-trans-retinoic acid, the principal active metabolite of
retinol (vitamin A). The retinoid-X receptor was called an orphan receptor, as were
many other 'receptors’ or transcription factors cloned in this way which had no
known ligand [39, 40]. In 1992, a ligand, 9-cis-retinoic acid, was found for the
retinoid-X receptor [41, 42]. Nine-cis-retinoic acid is also a metabolite of retinol and
is the first new hormone to be discovered in many years [43]. Some of the orphan
receptors may function without ligands but are nonetheless important transcription
factors [39, 40].

A significant finding with the retinoid-X receptor was that it heterodimerized
with certain members of the nuclear receptor superfamily [44-47]. While the
classical steroid receptors bind their cognate hormone response elements as
homodimers [9], the retinoid-X receptor preferentially heterodimerizes with the
retinoic acid receptor, the thyroid hormone receptor, the vitamin D receptor, the
peroxisome proliferator-activated receptor and the orphan receptor, COUP-TF1 (also
known as ear3 [52, 53]) [48] . Some orphan receptors, such as NGFI-B (also known as
nur77) and FTZ-F1, bind DNA as monomers [49]. The Drosophila homologue to the
retinoid-X receptor, known as Ultraspiracle (usp), heterodimerizes with the ecdysone
receptor, and usp is required for ecdysone mediated gene transcription [50, 51].

Evolutionary studies show that nuclear receptors share a common ancestor,
and that the receptors can be divided into three subfamilies based on similarities of
their amino acid sequences [52] (see Table 1). This classification agrees well with a
previous classification based on nuclear receptor DNA-binding specificity which is

dependent on the P box [53], a conserved sequence at the base of the first 'zinc-



Table 1. Nuclear Receptor Classification

A. Classification based on phylogeny of DNA-binding domain sequences (Laudet
etal, 1992, [52])

Subfamily |Group Examples
| TR TRa, TRp
RAR RARa, RARS, RARy
earl earl (REV-erbA), E75, PPAR
11 Coup COUP-TF1 (ear3), ARP-1 (COUP-TF2), svp, ear2, TR2
RXR RXR, H-2RIIBP, usp, NGFI-B (nur77)
HNF-4/tll | HNF-4, tl}
111 ER ER, ERR1, ERR2
GR GR, PR, MR, AR
FTZ-F1 FTZ-F1
KNi/VDR KNi, Knrl, egon, VDR, EcR

B. Classification based on DNA-binding specificity (Forman and Samuels, 1990,

(53D

Class P box* Examples

| cGSckV AR, GR, MR, PR

I1 cEGckG E75, earl (REV-erbA), EcR, RXR, H-2RIIBP, usp, TR2, VDR,
NGFI-B (nur77), PPAR, RARa, RARB, RARy, TRa, TRB

I11 cEGckS ARP-1 (COUP-TF2), COUP-TF1 (ear3), ear2, egon, KNi, Knrl,
svp, v-erbA

1V cEGckA ER, ERR1, ERR?

*P box amino acid residues are shown; conserved residues are shown in lower casc.

Abbreviations: TR, thyroid hormone receptor; RAR, retinoic acid receptor; ear, erbA
related; E75, Drosophila orphan receptor from 75B ecdysone-induced chromosomal
puff; PPAR, peroxisome proliferator-activated receptor; COUP-TF, chicken
ovalbumin upstream promoter transcription factor; ARP, ApoAl regulatory protein:
svp, seven-up; TR2, orphan receptor from testis; RXR, retinoid-X receptor; H-2RIIBP,
H-2 region 1l binding protein; usp, ultraspiracie (=2C1-3=CF1=XR2C); NGFI-B, nerve
growth factor inducible factor B (=nur77=N10=TR3=TIS1=NAK1=ST-59); HNFP-4,
hepatocyte nuclear factor 4; tll, tailless; ER, estrogen receptor; ERR, estrogen
receptor-related; GR, glucocorticoid receptor; PR, progesterone receptor; MR,
mineralocorticoid receptor; AR, androgen receptor; FTZ-F1, fushi tarazu-factor
1=8F-1 (steroidogenic factor 1)=ELP (embryonal long terminal repeat binding
protein}; KNi, knirps; Knrl, knirps-related; egon, embryonic gonad gene product;
VDR, vitamin D receptor; EcR, ecdysone receptor.
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finger'. P box amino acids make nucleotide base specific contacts and discriminates

between the various hormone response elements by virtue of their binding affinity
[54-57]. This was demonstrated in experiments for which residues of GR were
changed for residucs of the estrogen receptor that changed the DNA recognition
from a GRE (glucocorticoid-response element) to an ERE (estrogen-response element)
[58]. The protein-DNA contacts have been solved for the GR DNA-binding domain by
X-ray diffraction studies of crystals [59, 60] and by solution nuclear magnetic
resonance studies [61-63]. Amero et al. [64] also constructed an evolutionary tree of
the nuclear receptor DNA-binding domain, this time based on parsimony analysis as
opposed to the Fitch method of least squares used by Laudet et al. [SZ]. The results are
very similar to those presented in Table 1 with the two following exceptions. The tI
gene product appears as a sole member of its group in subfamily I {not in subfamily
I1 as shown), and egon, KNi, and Knrl appear also as a group in subfamily I (not in
subfamily Iil as shown). No one classification is better than the other without

further information.

2. Steroid Receptor-associated Proteins and the Intracellular localization of

Steroid/Nuclear Receptors

Classical steroid receptors are known to exist in at least two different forms
identified by their sedimentation at different positions on sucrose or glycerol
gradients. This was first demonstrated for the estrogen receptor [65]. The larger and
heavier sedimenting estrogen binding complex (8-10 S) is called the untransformed
receptor s~ince it can bind hormone but not DNA. The smaller and lighter (4 S)
fraction is called the transformed receptor and results from the conversion of the
untransformed receptor to a DNA-binding form (reviewed in [66, 67]). In 1979 it was
found that molybdate, a transition metal oxyanion, stabilized the receptor in its

untransformed state [68]. Addition of molybdate aided greatly in receptor
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purification because it protected the receptor from degradation and inactivation. It
was not until 1984 that the non-hormone binding components started to be idemtified
(reviewed in [66, 69]). Now it is known that the 4 S form is a receptor monomer that
can bind to its cognate hormone response element as a homo- or heterodimer, while
the 8-10 S form is composed of one receptor molecule complexed with other proteins
that include a dimer of the 90-kDa heat shock protein, hsp90 (70, 71], along with onc¢
molecule of p56/59 [72, 73], p40 [74, 75] and p23 {76, 77], and in some cases with hsp70
[78, 79]. There may be still other unidentified factors, and it has been suggested that
the untransformed receptor is a core unit of a larger complex [80]. The p56/59 has
been shown to be heat inducible and is called hsp56; it is distinct from the well-
known hsp60 class [81]. Hsp56 is identical to FKBP-51/52/59 [72], an immunophilin
that binds the immunosuppressant drug FK506. The p40 component has recently
been shown also to be an immunophilin [74, 75], and p23 has recently been cloned
[76, 77]. Hsp90 interacts with steroid receptors by making several contacts with the
hydrophobic ligand-binding domain [82-89]. Hsp90 is an abundant cellular protein
(1-2 % of the total cellular protein), in vast excess over steroid receptors and binds
other proteins in the cell as well [90]. Although no clear function for hsp90 is
known, it is thought to be a molecular chaperone. Evidence for this comes from the
fact that hsp90 facilitates protein folding in vitro {91, 92} by preventing aggregation
of proteins and preserving their activity. The role of hsp90 in steroid hormone
action has been studied somewhat [66, 69, 93-97]. In the case of GR it maintains the
receptor in a high affinity ligand-binding state [98], and represses dimerization,
nuclear translocation (particular only to GR and the mineralocorticoid receptor),
DNA binding and transactivation [97,99]. Ligand binding relieves this repression for
GR [100-105] and other steroid receptors [106-108). Deletion of chicken hsp90
residues 221-290 destroyed hsp9Q’s ability to bind human GR, while deletions of

residues 530-581 or 392-419 still allowed hsp90 binding to GR but the receptor did not
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bind hormone, nor did it accumulate in the nucleus [109]. This demonstrates the

requirement for a wild-type hsp90 molecule to maintain the receptor in a hormone
binding state in vivo and the requirement for hormone binding so that nuclear
accumulation of the receptor can occur. Alternatively, distinct regions of hsp90 may
regulate different functions of GR. Interestingly, rat epididymal sperm appear to
lack hsp90 and contain GR that fails to bind hormone [110]. Not all nuciear receptors
exist in a complex with hsp90. The thyroid hormone and retinoic acid receptors do
not bind hsp90 and exist in the unliganded state in the nucleus tightly bound to
chromatin [1i1, 112] while the classical steroid receptors exist in a complex with
hsp90 and do not bind DNA in the unliganded state {113].

Pratt [113] (Table 2A)} and Picard et al. [114] (Table 2B) classified nuclear
receptors into three classes based on their association with hsp90 and intracellular
localization. Pratt added a fourth class for the dioxin receptor. However, I have
removed this class since I do not consider the dioxin receptor to be a nuclear receptor
superfamily member because it has a different DNA-binding motif [115]. Both
classifications subdivide the receptors into the same classes. Picard's class I and
Pratt's class Il are those receptors which exist in the cytoplasm in the unliganded
state. Picard's class II and Pratt's class Il receptors are in the nucleus when
unliganded but require ligand for DNA binding. Picard's class IlI and Pratt's class I
are those receptors which exist in the nucleus bound to DNA in the absence of ligand.
The GR, mineralocorticoid receptor and possibly the vitamin D receptor exist in the
cytoplasm in the unliganded state [116, 117] while the estrogen, androgen and
progesterone receptors exist in the nucleus in the unliganded state [113]. All these
receptors are complexed with hsp90 with the possible exception of the vitamin D

receptor [8]. However, the thyroid hormone and retinoic acid receptor are not
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Table 2. Nuclear Receptor Classification Based on Hsp90 Association and Receptor

Intracellular Localization

A. Classification based on hsp90 association (Pratt, 1990 [113])

Class Examples Description
I TR, RAR, -Receptors do not form a complex with hsp90.
(VDR?) -Unliganded receptors move directly to tight association
with the nucleus.
I1 GR, (MR?) |[-Receptors form a complex with hsp90.
-Hsp90 is required for a high affinity steroid binding
conformation.
-Unliganded receptor is retained in a cytoplasmic
docking complex that is recovered in the cytosolic
fraction after cell rupture.
-Steroid promotes temperature-dependent dissociation of
hsp90 from the receptor in intact cell and cytosol.
111 PR, ER, -Receptors form a complex with hsp90.
(ARD) -Hsp90 not required for high affinity ligand binding

conformation.

-Unliganded receptor is retained in a nuclear docking
complex that is recovered in the cytosolic fraction.
-Steroid promotes temperature-dependent dissociation of
hsp90 from the receptor in intact cell and cytosol.

B. Classification based on differential efficacies of inactivation function of ligand-
binding domain (Picard et al, 1990 [114])

Class

Prototvpe

Description

I

GR

A receptor of the first class, defined by apo-GR, is
cytoplasmic and requires hormone binding for virtually
all of its actions-nuclear translocation, specific DNA

binding and likely for transcriptional regulatory
activity,

11

ER, PR

A second class, typified by the estrogen and progesterone
receptors, is characterized by aporeceptors that are
competent for nuclear translocation, but whose binding
to cognate DNA sequences and subsequent transcriptional
effects remain strongly hormone dependent.

ITI

TR

The third class, exemplified by the unliganded thyroid
receptor (apo-TR), is localized to the nucleus, binds with
high affinities to specific DNA sequences and represses
transcription from a TRE-associated promoter; thus,
hormone binding serves only to relieve this repression

and perhaps to stimulate expression modestly from the
same promoter.
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associated with hsp90 and are tightly bound to DNA. The thyroid hormone and

retinoic acid receptors do not redistribute from the nucleus during cellular
fractionation as do the estrogen, progesterone and androgen receptors in the

absence of ligand.

3. Protein Targeting to the Nucleus of the Eukaryotic Cell

All proteins are synthesized in the cytoplasm and contain the information
necessary to be targeted to the appropriate location within a cell [118, 119], beittoa
specific organelle, a specific membrane or even to be secreted into the extracellular
space. This information is contained either in a targeting signal in the amino acid
sequence or in an amino acid site for post-translational modification. Within the cell
are binding proteins, translocation complexes and modifying enzymes that recognize
the signals and that ultimately direct the proteins into the right pathway for their
final destination. This series of events was formulated into the signal hypothesis and
was first proposed by Blobel and Dobberstein in 1975 [120, 121].

The nuclear envelope separates the nucleoplasm from the cytoplasm and is a
double membrane system, perforated by nuclear pore complexes where the two
membranes come together [122]. The nuclear envelope is lined on its inner face by
the nuclear lamina, a meshwork that provides structural integrity to the nucleus and
sites of attachment for the chromatin (reviewed in [123]). The nuclear envelope
barrier blocks some viruses from replicating, and also limits the cell to one round of
DNA replication per mitosis, as it now appears that a replication licensing factor can
only have access to the nucleus when the nuclear envelope breaks down [124-126].

For decades, targeting of proteins to the cell nucleus was the least studied of
targeting mechanisms. It was assumed that the nuclear pore complex allowed free
diffusion of molecules into and out of the nucleus [127, 128]. Electron microscopic

[129-132] and permeability studies [133-135] of the nuclear envelope showed that the
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nuclear pore complexes (see Fig. 1) are large protein complexes comprising a
grommet-like structure with 8-2-2 symmetry with an outer diameter of 100 nm and a
diffusior: pore of only 10 nm. Some electron microscopic studies reveal a central
plug or transporter in the nuclear pore complex (see Fig. 1}. Others have argued that
the plug is an artifact of preparation or consists of material in the process of
translocation. New evidence suggest that the plug may be a vault ribonucleoprotein
particle [136]. The 100 Angstrom nuclear pore did allow the free diffusion of small
molecules and proteins up to 40 kDa [135]. However, larger proteins up to 67 kDa arc
limited in their diffusion rates while even larger proteins are excluded [rom the
nucleus.

The remarkable 'elasticity’ of the nuclear pore complex in allowing passage of
large karyophiles (nuclear-loving or seeking molecules) has been shown by the
nuclear import of non-deformable gold particles up to 23 nm in diamecter coated with
karyophilic proteins [137, 138]. This suggests that the nore complex physically
expands to such a large diameter and allows passage of protein, RNA and DNA
complexes without the need for unfolding the protein or disruption of the complex.
This property of nuclear import distinguishes it from mitochondrial or endoplasmic
reticulum import in which the protein must be unfolded to pass through the small
translocation channel or pore [139-148]. Only extremely large complexes need to be
unfolded to pass through the auclear pore complex. Two examples of this are; first,
the nuclear export of Balbiani ring hnRNP particles or granules of the dipteran
Chironomus tentans [149, 150]. These ribonucleoprotein particles arise from giant
RNA transcripts of chromosomal puffs in salivary gland cells. Unfolding and partial
uncoating of the Balbiani ring granules changes their diameter from 50 to 25 nm.
Second, transfer of the Agrobacterium spp. T-DNA complex into plant nuclei is
mediated by the VirD2 and VirE2 proteins (reviewed in [151]). Transport of the T-DNA

complex is similar to the Balbiani ring granule because translocation through the
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Figure 1. A Three-dimensional Ribbon Representation of the Nuclear Pore
Complex

The figure was reproduced from Akey and Radermacher [130]. For
clarity, the dimensions of certain features have been altered; for example, the
inner spoke ring (ISR) is disproportionately short and thin. Abbreviations:
CR, cytoplasmic ring; NR, nucleoplasmic ring; LR, lumenal ring; S, spokes; LS,
lumenal spoke domain; RA, radial arm dimers; T, transporter; CP, cytoplasmic
particles; CF, cytoplasmic filaments; NC, nucleoplasmic cage; DR, distal ring;
NEL, nuclear envelope lattice; ONM, outer nuciear membrane; INM, inner
nuclear membrane; L, nuclear lamina; R, lamin receptor.
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nuclear pore complex occurs in a polar fashion as an unfolded and extended RNP

fiber.

The permeability and electron microscope findings led to the investigations of
how larger proteins get into the nucleus. Two proteins, nucleoplasmin and the SV40
large T-antigen have been extensively studied in this regard. Nucleoplasmin is an
abundant protein in Xenopus oocytes and is involved in the assembly of histones into
chromatin. Nucleoplasmin is a 165-kDa pentamer whose five 16-kDa tails can be
clipped with pepsin to leave an 85-kDa pentamer core [152]. When nucleoplasmin
was microinjected into the oocyte cytoplasm it accumulated in the nucleus while
microinjected nucleoplasmin cores could not [152]. However, if only one pepsin tail
was left on the core, nucleoplasmin entered the nucleus. This suggested that a
sequence in the tail was sufficient and necessary to target the core into the nucleus.
The possibility remained that the tail promoted nuclear retention and not nuclear
entry. This issue was addressed by direct microinjection of the nucleoplasmin core
into the nucleus of the oocyte [152]. The core contained all the information
necessary for its retention in the nucleus. Therefore the tail must provide additional
targeting information. Attempts to define a smaller signal sequence in this large 12-
to 16-kDa tail segment were originally unsuccessful (see next section).

The SV40 large T-antigen is a 92-kDa viral nuclear protein that is required for
viral replication. A mutant hybrid SV40-adenovirus produces SV40 large T-antigen
defective in replication. This mutant accumulates in the cytoplasm [153]. Analysis
revealed a point mutation in a basic stretch of amino acids [153]. This finding ailowed
the identification of the first nuclear localization signal (NLS) (see next section) [154,
155].

Since the studies of nucleoplasmin and SV40 large T-antigen, NLSs in many
nuclear proteins hﬁve been identified and characterized. The NLS is not

proteolytically removed after nuclear entry. It is assumed that continued presence
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of the NLS is required for nuclear reentry after the breakdown and reformation of

the nuclear envelope at mitosis. NLSs are not limited to large nuclear proteins; they
exist as well in small proteins like histone H1 [156]. A protein may contain more than
one NLS (see Discussion, Tables 13 and 14). It is not clear why a protein contains
more than one NLS, although from in vitro studies it is clear that multiple signals
increase the efficiency of nuclear import [157]. It had never been shown until
recently, that a physiologically relevant nuclear protein diffuses in to the nucleus.
This would suggest that most nuclear proteins enter the nucleus via an NIS-mediated
process. However, the C or catalytic subunit of protein kinase A is released from its
membrane-bound R or regulatory subunit in to the cytoplasm by cyclic AMP binding
and has been shown convincingly to enter the nucleus by diffusion [158].

Nuclear import of NLS-bearing proteins is a two-step process with a rapid,
energy independent binding to the outer nuclear pore that is followed by a slower,
energy dependent translocation through the pore {159-161]. Nuclear import appears
to be a facilitated import process and not an active process [162]. Active transport is
the movement against an electrochemical or chemical activity gradient
(concentration gradient for diffusible species). Nuclear accumulation of a protein
results from binding of protein to non-diffusible intranuclear components,
subsequent to facilitated transport through the nuclear pore complex. Many studies
have shown that nuclear import of proteins and nuclear export of RNA occurs
through the nuclear pore complex [163, 164]. Permeability studies show that a
particle 20-26 nm in diameter bearing an NLS can be transported across the nuclear
pore complex [137]. It was taken for granted that small ions readily diffused in and
out of the nucleus. However, the nucleus is not freely permeable 1o calcium
(reviewed in [165, 166]). There appear to be specific channels at the nuclear
envelope for the uptake of calcium as measured by patch-clamping [167, 168].

However, the exclusion of Ca+* from the nucleus is being challenged since a nuclear
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Ca++ reporter dye shows rapid equilibrium of Ca*+ between the cytoplasm and the
nucleus [169)]. Previous results may have been due to sequestration of the dye in the
cytoplasm and/or the hydrolysis of dyes in the nucleus (see [169]). Furthermore, a
recent report [170] demonstrates that small changes of cytosolic Cat* cause similarly
rapid changes in nuclear Ca**, consistent with the free diffusion of Cat+ through
nuclear pores. In contrast, large cytosolic Cat+ increases, above 300 nM, were
attenuated in the nucleus. Therefore, the nuclear envelope shapes but does not block
the passage of Catt from cytosol to nucleus [170].

Much less information is available on export of proteins from the nucleus but
export seems to be the default pathway for proteins that are not retained in the
nucleus by association with intranuciear components [171, 172]. Some proteins
shuttle in and out of the nucleus, or recycle, as is the case of nucleolin [173], hsp70
[174, 175], steroid receptors [176-178] and other proteins {179]. Maybe all nuclear
proteins shuttle continuously between the cytoplasm and the nucleus, with
intranuclear binding determining the rate of the export component. However, this
remains to be proven.

Chaperonins, or chaperone proteins, are proteins that help in protein folding
and translocation across membranes by a transient association with a protein during
folding or movement to a particular cellular location [180-183]. The role of hsp60 and
hsp70 in import of proteins into the mitochondria [184, 185] and endoplasmic
reticulum [186, 187] has been demonstrated clearly. A role for hsp70 has also been
demonstrated for nuclear import [188] as hsp70 complements the location and
functional defects of a cytoplasmic mutant SV40 large T-antigen. Antibodies to the
peptide DDDED which recognize hsp70's cytosolic cognate, hsc70, can inhibit
transport of nuclear proteins into the nucleus [189, 190]. Furthermore, hsc70 has
been identified as an NLS-binding protein (discussed later) [191], and hsc70

colocalizes with karyophilic proteins during their transport into the nucleus in vitro
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[192]. Shi and Thomas [193] demonstrated that the transport of proteins into the

nucleus of permeabilized cells depleted of 70-kDa hsps requires hsp70 or hsc70.

The mechanism of nuclear import appears highly conserved in fungal, plant
and metazoan eukaryotes. However, it is known to differ between two nuclei lying in
the same cytoplasm of the protozoan Tetrahymena thermophila [194) in which
differential nuclear uptake of proteins is observed. Tetrahymena and other ciliate
protozoans possess two structurally and functionally distinct nuclei that contain
different proteins. Therefore, certain proteins must be selectively accumulated in
one of the two nuclei. Nuclear protein import is conserved in all eukaryotic cells. A
yeast protein can be imported into the germinal vesicle of Xenopus oocyte [195] and a
mammalian protein can be imported into the nucleus of a yeast cell [196], insect cell
[197], or plant cell [198]. Perhaps this should be expected as nuclear import of
proteins is such a fundamental and essential process in any eukaryotic cell.

Nuclear import of proteins has gained considerable interest (reviewed in [199-
203]), as the regulation of distribution of transcription factors between the cytoplasm
and nucleus is a potentially powerful means of controlling gene transcription [204].
Indeed, it has been shown that the activity of some transcription factors is controlled
at least in part by their transport from the cytoplasm to the nucleus at a certain stage
of the cell cycle [205-207], in response to developmental cues [208-212], growth
factors [213-215] or heat shock [216-220).

4. Nuclear Localization Signal Seguence Classes

Two approaches have been taken to prove the functionality of an NLS. The
negative (or subtractive) approach is the deletion from the protein sequence of a
segment that is necessary for nuclear import. In the positive (or additive} approach,
a minimal sequence sufficient for nuclear import has been fused or conjugated to a

non-nuclear carrier and introduced by transfection of the mutated ¢DNA or by direct
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microinjection of the protein. The localization is usually visualized by

immunofluorescence. Both approaches are important as only one method is not
sufficient proof of NLS function. The additive approach is limited because a
sufficient import sequence may miss a second NLS in the protein, and a sequence that
can confer nuciear import on a heterologous protein may not actually function in
the host protein as the sequence may be masked by the structure of the protein. It
has been clearly demonstrated that the context of a protein affects the function of an
NLS, probably because of the protein conformation around the NLS [221, 222]. The
negative approach is limited since it does not map precisely the position of an NLS
because the deletion may disrupt upstream or downstream structures which will
affect the nearby NLS.

Consensus sequences for NLSs have been difficult to establish. Most NLSs
however share the property of being composed primarily of basic residues. Early
work identified a basic heptamer of SV40 large T-antigen as the typical NLS motif
[199-203, 223, 224]. lLater, a bipartite basic structure in nucleoplasmin was put
forward as the predominant NLS motif {225]. Although the majority of NLSs in
nuclear proteins fall into one of these two classes, many reported NLSs do not
conform to either of these types of signals. Dang and Lee [226] divided basic
sequence NLSs into two classes based on seyuence similarities of NLSs. Those with an
N-terminal helix-breaking amino acid are grouped in class A, others with a C-
terminal or internal prolyl residue are grouped in class B. I have sub-divided the
NLSs into eight classes based on published examples. My classification is different,
more extensive, and current. Recently, Boulikas has classified 107 transcription
factors with putative core NLS hexapeptides into 13 classes [227). This subdivision

applies only to basic sequence NLSs and would fall mostly into my first class of SV40-

like NLSs (see below).
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(A) SV40-like

The first NLS identified was that of the SV40 large T-antigen, PKKKRKV |154,
155). As similar sequences were found to function as NLSs in other proteins [199-203,
223,224], this signal was thought to be the archetype signal. The SV40-like NIS is a
small sequence of seven or eight amino acids containing a single cluster of basic
residues often flanked by a prolyl or acidic residue. Chelsky et al. [228] lurther
refined this sequence to a tetrameric consensus sequence, K(R/K)x(R/K), in which x
is limited to a few preferred amino acids, K, R, P, V, or A, but not N. Two extensive
reviews by Boulikas have presented a set of rules for what he calls a core NLS {227,
229]. First, a core NLS is proposed to consist of a hexapeptide with four R and K
residues. Second, D and E residues as well as bulky amino acids (F, Y, W) are not
frequently placed between K and R residues. Three, acidic residues and P or G
residues that break the a-helix are frequently in the flanking region of the
hexapeptide stretch. Four, hydrophobic residues ought not to be present in the core
NLS flanking so as to allow for the exposure of the NLS on the prov .a surface.
Boulikas {227] classifies core NLSs into three main categories which e lurither
subdivided. The catagories are "highly basic NLS" which contains five ir six (K/R)
residues in a hexapeptide stretch; "typical NLS" containing four (K/R) residues in a
stretch of six amino acids; and "non-typical NLS", containing two or three (K/R)
residues within a hexapeptide. The "typical NLS" motifs were further subdivided into
nine motifs: (K/R}4, (K/R)3X(K/R)3, (K/R)3X(K/R), (K/R)}2X(K/R)2,
(K/R)X(K/R)2X(K/R), (K/R)2X(K/R)X(K/R), (K/R)3X(K/R)2, (K/R)2XX(K/R)2, and
(K/R)3XX(K/R). The "non-typical NLS" motifs were subdivided into three motifs;
(R)3, (R/K)2X(R/K), and (K/R)2Xn{R/K)2. X represents any residue but is usually not
D,E E Y, or W. (K/R)4 is a stretch of four consecutive K or R residues and is the most
predominant motif with a frequency of 25 %. The asymmetrical motifs are not

dependent on the polarity of the polypeptide chain.



20
(B) Bipartite

It took many years to define the nucleoplasmin NLS because it was more
complex than that of SV40 large T-antigen [230, 231]. The nucleoplasmin NLS consists
of two basic clusters of amino acids separated by a spacer region of ten amino acids,
KRPAATKKAGQAKKKK. The carboxy-terminal basic sequence is similar to the NLS of
SV40 large T-antigen. However, in nucleoplasmin, both basic clusters are required
for efficient nuclear import [231, 232]. This bipartite NLS may be the true archetype
of an NLS as this consensus sequence (two adjacent basic residues separated by
approximately ten amino acids from a second domain that contains at least three out
of five basic amino acids) has been identified in sequence searches of the SWISS-
PROT protein database in 56 % of the nuclear proteins and in only 4 % of non-nuclear

proteins [225].

(C) Mata2-like

This type of NLS, found in the yeast mating-type switch factor, consists of a
short hydrophobic region that contains one or more basic amino acids [233, 234]. Two
signals actually exist in Mata2, NKIPIKD at amino acid residues 1 to 13 [233], and
VRILESWFAKNI at residues 141 to 159 [234]. Each of these two NLSs is a competent
nuclear targeting signal on its own. Similar sequences have been identified in a
number of other nuclear proteins [199] and at least one other protein with a proven

NLS similar to that of Mata2 is known, the maize R transcription factor [235].

(D) Cap Structure

The U snRNPs are uracil-rich small nuclear ribonucleoprotein particles that
play a role in spliceosome function. After export from the nucleus, the U snRNAs
are complexed with Sm proteins in the cytoplasm and the complex is then imported

into the nucleus. The import is dependent cn the trimethylguanosine cap structure
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of the pol II U snRNAs (U1-U5) and on protein constituents [236, 237}. 1t has been
proven by competition and interference experiments that the import pathways for
these 'cap structure NLSs' are distinct from the pathway for the basic sequence NISs
[238,239]. However, this cap structure 'NLS' is limited in its functionality, as the cap
is essential for Ul and U2 snRNP nuclear import in Xenopus oocytes but not in

somatic cells [240]. The differential cap dependence for nuclear import is mediated

by soluble cytosolic factors [240].

(E) Hydrophobic

There is only one demonstrated example of a hydrophobic NLS scquence,
FV(X)7.20 MXSLXYM(X),MF. This signal is noteworthy because of the lack of any
charged residues. It targets the adenovirus Ela protein to the Xenopus oocyte nucleus
in a developmentally regulated manner [211]. A similar but as yet unproven

sequence exists in GR in a region that does contain a nuclear localization function |1,

211], but which has vet to be further delimited.

(F) Methylated Arginy! Residues or Consecutive Arginyl Residues

The role of methylated arginyl residues in nuclear import has been suggested
from studies which show that the only difference between forms of basic fibroblast
growth factor (bFGF) that get into the nucleus from those which do not is that the
former have methylated arginyl residues [241, 242]. The different forms of bIGF
result from alternate splicing and the use of alternate initiation codons [243].
Burgess et al. note that a common feature of methylated arginyl-containing proteins,
such as histones, is their nuclear localization [241].

Although consecutive arginyl residues constitute a basic stretch of amino
acids, these differ from the usual NLSs in that most NLSs of a basic nature appear to

be a mix of arginyl and lysyl residues with a preference for lysyl residues. The maize
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transcription factor R contains three functional NLSs [235], one of the SV40-type,

another of the Matoa2-type, and a third unusual NLS, containing three consecutive

arginyl residues. Similar NLSs have been found in other viral proteins [235], such as

RRNRRRR in HIV Rev [244], or RLPV(R)sVP in the adenovirus preterminal protein

[245].

(G) Sugar-dependent

A sugar dependence has been demonstrated for the nuclear import of
glycoconjugates that show ATP-dependent nuclear import [246]. Glucose, fucose and
mannose can target human serum albumin-conjugates to the nucleus while other
sugars cannot. It is not known whether the sugar-dependent signal is
physiologically relevant or whether the nuclear localization is mediated by some

other protein, such as an NLS-bearing lectin.

{I1) Others

There are other examples of NLSs that show no similarity to the above classes,
such as the signal found at residues 2-59 of the HTLV-1 Tax transactivator [247],
residues 1-29 (MK(X)11CRLKKLKCSKEKPKCA) of the yeast Gal4 transactivator [222,
248] or AAFEDLRVLS of the influenza viral nucleoprotein [249]. This latter sequence
may not be an NLS, but rather a sequence that specifies nuclear accumulation
(retention) [249]. In addition, other signals show some similarity to one of the above
classes but display some unusual features. For example, a serum-regulated
pentapeptide NLS of adenovirus Ela, KRPRP, confers a serum-dependent nuclear
entry to non-nuclear nroteins [214], which suggests that in addition to this basic
sequence a serum factor is required.

It is not clear whether nuclear and nucleolar targeting sequences are

different. As proteins destined for either the nucleus or nucleclus must first cross
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the nuclear envelope, the subnuclear localization may be effccted by an additional

distinct nucleolar binding sequence. It appears that the nucleolar localization signal
of HTLV-1 Rex [250] is due to an overlapping RNA-binding function that results in its
accumulation in the nucleolus by binding RNA [251-254] or by binding the nuclcolar
protein B23 [255]. It has been clearly demonstrated that another nucleolar protein,
nucleolin, does not contain a linear nucleolar signal. Instead, it uses a bipartite NIS
to enter the nucleus and then accumulates within the nucleolus by virtue of its
binding to other nucleolar components (RNA) via distinct domains {172, 256]. The
same is true for the NLS-binding and RNA-binding protein, NSR1 [257], and for the
ribosomal transcription factor UBF that accumulates in the nucleolus by binding to
the RNA polymerase I promoter region of DNA [258].

On the basis of secondary structure prediction plots NLSs are thought to be
mainly o-helical and may be flanked by g-turns {259]. Modifications of the NLS
flanking sequences can dramatically affect the kinetics of nuclear import {260, 2061].
These modifications are typically kinase-mediated phosphoryiations of flanking
serinyl or threonyl residues near the basic NLS sequence. Increased rate of nuclear
import by phosphorylation of flanking NLS residues has been demonstrated
elegantly by laser microphotolysis in which nuclei of cells loaded with a fluorescent
nuclear substrate were individually photobleached and the kinetics of nuclear
substrate uptake measured [133, 260]. Confocal laser scanning microscopy also has
been used to measure nucleocytoplasmic fluorescence ratios by real time digital
image analysis [262].

The cotransport of a molecule not carrying an NLS can occur by binding to or
'piggybacking' on a protein that does contain an NLS. There are examples of this
mechanism occurring naturally in the celi [253], and in artificial situations in which
an NLS of a nuclear protein has been deleted [264]. The first situation is exemplified

by the arylhydrocarbon receptor, also known as the Ah, dioxin or TCDD receptor. The
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Ah receptor is a basic helix-loop-helix (bHLH) transcription factor [115] with

properties similar to steroid receptors [265-267]. It does not possess an NLS but
instead binds to another bHLH protein known as Arnt, the arylhydrocarbon receptor
nuclear translocator [263, 268], that does contain an NLS. The second situation is
exemplified by a mutant progesterone receptor whose N1Ss have been deleted. This
mutant receptor can enter the nucleus when wild-type receptor is preseni. This
suggests that dimerization with wild-type receptor is responsible for importing NLS-
defective receptors [264].

Finally, proteins bearing an N1S may not immediately enter the nucleus after
their synthesis in the cytoplasm. Their signal may be masked by the protein's
tertiary or quarternary structure. Alternatively, a nuclear protein may be anchored
to the cytoplasm by another protein [208, 269]. In both cases, signals are required so
that the protein can enter the nucleus. Entry most likely results either from an
allosteric change in conformation {unmasking) or by release from the cytoplasmic
anchor protein which has been shown to occur by phosphorylation or proteolysis of

an inhibitor or anchoring domain [208, 269].

5. Practical Applications and Future Perspectives

Steroid hormone agonists and antagonists are used routinely in the treatment
and cure of many disorders; for example, glucocorticoids are used as cytolytic agents
in treatment regimens for lymphomas and leukemias [270-272] and retinoids are used
as differentiating agents and possibly as chemopreventive agents in many forms of
cancer [273-276]. Of note is the use of steroid antagonists alone or in conjunction
with other chemotherapeutic agents in the treatment of steroid-dependent cancers
[277], primarily breast cancer and prostate cancer. Both cancers affect about 1 in 10
people and are major causes of death. The efficacy of the steroid treatments is

hampered in part by the complexity of steroid hormone action. Antagonists can
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block steroid hormone action at many steps; for example they can block DNA binding
of steroid receptors or allow binding to DNA but block transactivation of specific
hormone regulated genes {278]. It is becoming clear that for the treatment of breast
carcinoma, antagonist bound estrogen or progesterone receptors, when bound to
DNA, can still transactivate certain genes because of cross-coupling of signaling
pathways [279-281]. Therefore it may be desirable to find antagonists that block DNA
binding or, even better, that block a prior step, such as nuclear translocation of the
receptor in the case of GR, so that no nuclear events can take place.

A new aspect of NLS research is the use of NLSs to target drugs to the cell
nucleus to increase the efficacy of treatment for cancer and other discases (K.
Sheldon, D. Liu, J. Ferguson, and J. Gariépy, unpublished). Systems arc bcing
developed to deliver such drugs to cells. One possibility is that NLS conjugates could
target radionuclides, laser-activated chromophores and chemotherapeutic agents o
the cell nucleus, their primary site of action. This would increase their intranuclear
concentration and effectiveness. Perhaps, this nuclear targeting would reduce their
effluxx from the cell by the plasma membrane mdr P-glycoprotein and/or reduce
their metabolism by microsomal or lysosomal enzymes. Hence, this may reduce the
required dosage of these toxic compounds and their associated side-effects.

An NLS in the gag matrix protein of the human immunodeficiency virus (HIV)
has been shown to allow nuclear entry of the viral genome as a large preintegration
complex [282]. This allows the retrovirus to replicate in non-dividing cells, which
most retroviruses can not do since they require the breakdown of the nuclear
envelope, at mitosis, to enter the nucleus. Two new interesting possible applications
arise. First, the matrix protein NLS is now a target for drug and genc therapy 1o
prevent replication of HIV in non-dividing cells. Second, the use of NLS-bearing

proteins to efficiently target large pieces of DNA to the nucleus for transfection and
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integration purposes, such as in gene therapy, and for creation of stable

transfeclants or transgenic animals.

6. Steroid and Nuclear Receptor NISs

In the absence of ligand, cellular GR is predominantly cytoplasmic [1, 283-285].
Only upon binding of glucocorticoid does the receptor translocate to the nucleus [1,
286]). We have previously shown the association of GR with the rat liver nuclear
envelope using immunocytochemistry [287], binding studies [288], immunoblotting
and affinity labeling [289]. Significantly, the immunoblot analysis revealed
immunoreactive GR in extracts from nuclear envelope isolated from intact, but not
from adrenalectomized rats, even though GR is still present in the cytosol [290].
These data show that in the presence of glucocorticoid, part of the cellular GR is
localized to the nuclear envelope. It has been our hypothesis that these receptors
are in the process of translocation across the nuclear envelope. This hypothesis has
been strengthened by electron microscopic studies in which the nuclear envelope
GR has been localized to the nuclear pore complexes [291] and our identification of a
sequence in the hinge region of the receptor that was similar to the §V40 large T-
antigen NLS. We hypothesized that this sequence could target the receptor to the
nucleus by regulated passage across the nuclear envelope. In 1987, Picard and
Yamamoto [1] published their results identifying two NLS functions in GR that they
called NL1 and NL2. They performed immunofluorescence studies of transiently
transfected COS-7 or CV-1 cells expressing wild-type or deletion mutants of GR to
identify regions important for nuclear localization. These regions were then
confirmed to be true NLSs by their ability to target a non-nuclear protein, p-
galactosidase, to the transfected cell nucleus. NL1 is a twenty-seven amino acid
region (497-524 of rat GR) that overlaps the C-terminal end of the DNA-binding

region. This stretch also contains the region of similarity to the SV40 large T-
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antigen NLS (TKKKIKG, 512-518 of rat GR). It may be that NL1 is not an SV40-like NLS

but is in fact a bipartite NLS, as a sequence RK(X) 1QRKTKKKIKG within residues 497-
524 and overlapping the C-terminal end of the DNA-binding region exists [1]. This
bipartite NIS is suggested by experiments with the androgen receptor [292, 293] but
has not been confirmed in GR. NL2, on the other hand could not be mapped to such a
small sequence. It consisted of the whole ligand-binding domain (540-795 of rat GR)
and does not harbor any sequence similarities to the SV40 large T-antigen NLS.
Interestingly, this signal targets p-galactosidase to the nucleus in a hormone-
dependent manner, unlike NL1 which is a constitutive signal when taken out of
context of the full-length receptor.

Studies using the human GR [294], rabbit and chicken progesterone receptors
[264, 295], human estrogen receptor [114, 295], and human androgen receptor {292,
293, 296, 297] have identified an NLS function in the hinge region that is
approximately ten amino acids away from the last conserved cysteinyl residuc
{which is not coordinated with the zinc atom) in the DNA-binding region. However,
in the case of the estrogen receptor three clusters of basic residues in a forty amino
acid stretch are needed for the NLS function as each cluster on its own is insufficient
in targeting proteins to the nucleus [114,295]. Synthetic peptides corresponding to
the hinge NLS of GR, estrogen receptor, androgen receptor and retinoic acid receptor
can direct human serum albumin into the nucleus [298]. A point mutation in the
hinge NLS of the viral counterpart to thyroid hormone receptor, v-erbA, inhibited
nuclear localization and DNA binding [299] and insertion mutants in this region of v-
erbA demonstrated that NLS and DNA-binding regions overlap [300]. Mutational
analysis of the thyroid hormone receptor hinge region shows that the basic region
KRK is important in nuclear localization and transactivation [301], and the thyroid
hormone receptor hinge region NLS peptide, SKRVAKRKL, can target pyruvate

kinase to the nucleus [226].
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There may be a second NLS in the ligand-binding domain of the other steroid

receptors besides GR but this has yet to be proven convincingly. The observed
ligand-induced nuclear translocation of the mineralocorticoid receptor makes this
receptor a likely candidate to contain a second ligand-dependent NLS [94, 302, 303].
However, it is more likely that the ligand-binding domain represses the hinge region
NLS in all or some of the steroid receptors when the receptor is unliganded. The
progesterone receptor possesses a second NLS function which overlaps the second
'zinc-finger' of the DNA-binding domain. Both motifs are unmasked by hormone
binding [264]. The glucocorticoid, estrogen, and possibly the androgen receptors
contain apparently a hormone-dependent signal in their ligand-binding domain [1,
264, 294-296]. The results are convincing for the glucocorticoid receptor 1, 294).
However, the results are not as convincing for the estrogen receptor, as the ligand-
binding domain does not function as an NLS on its own but must cooperate with
another NLS [295]. An NLS function or more likely an inhibitory function in the
ligand-binding domain is hinted at based on the hormone-induced nuclear
translocation of the androgen receptor [296, 304] even when part of the hinge NLS is
deleted [292]. On the other hand there is no evidence for a ligand-dependent NLS in
the thyroid hormone receptor or retinoic acid receptor.

Chimeras of transcription factors and the ligand-binding domain of the
estrogen receptor or GR have been constructed which result in the sequestration of
the transcription factor in the cytoplasm of transfected cells and repression of DNA-
binding activity. Both activities are relieved by binding of estrogen or
glucocorticoid [305,306]. This fusion scheme allows for hormone-inducibility of a
transcription factor. The hormone-dependent nuclear translocation contrasts with
earlier studies which failed to define an NLS function in the ligand-binding domain
of the estrogen receptor [114]. However, the estrogen receptor ligand-binding

domain may simply be repressing an NLS function in the fusion partner. Such an
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NLS is known to exist in the Myc protein DNA-binding domain [228] or in the rel

homology domain of v-rel[307, 308]. The derepression of the NLS by estradiol would
explain the hormone-induced nuclear translocation of the chimeras. Why the
estrogen receptor ligand-binding domain works like this for other transcription
factors but not for itself is unclear.

An examaple of a 'matural’ chimera is the fusion of the retinoic acid receptor
(RAR) with another transcription factor, Myl/PML, identified in acute promyelocytic
leukemia and caused by a chromosomal translocation [309]. Both MyL/PML and RAR
are normally nuclear in the presence or absence of retinoic acid [310). Myl/PML. is
normally concentrated in discrete subnuclear domains [311] or nuclear bodies that
have been called PODs (PML oncogenic domains) by Dyck et al. {312]. The Myl/PML-
RAR fusion protein is mainly cytoplasmic in the absence of retinoic acid and appears
to be translocated to the nucleus in the presence of retinoic acid [310]. Furthermore,
when Myl/PML-RAR chimeras and the retinoid-X receptor (a nuclear auxiliary
factor required for efficient DNA binding of RAR) are overexpressed in COS cells, the
chimera can retain the retinoid-X receptor in the cytoplasm [313]. These findings
are unexpected since the RAR is not known to possess a ligand-dependent NLS, and is
not known to be associated with hsp90. It is unclear how retinoic acid induces
translocation of this chimera, but indicates some ligand-dependent process is
occurring. It has recently been suggested that retinoic acid allows the unmasking of
a dimerization surface on Myl/PML that allows it to dimerize with wild-type Myl/PMI.
[312]. Myl/PML, and not RAR, may be responsible for nuclear localization of the
chimera.

Another example of an unexpected translocation is that of the chicken
progesterone receptor which is cytoplasmic in transfected cells. The reason for this
cytoplasmic localization of a normally nuclear receptor is unclear. The progesterone

receptor is normally nuclear in the absence or presence of hormone. The
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overexpressed progesterone receptor can be induced to translocate to the nucleus by

progesterone, and unexpectedly by dopamine alone [314]. Dopamine is a
ncurotransmitter that acts through a plasma membrane receptor. The fact that
dopamine can activate the progesterone receptor is quite surprising. This cross-
coupling of signal transduction pathways has profound implications for hormonal
control of gene expression.

The hormone induced nuclear translocation of the vitamin D receptor has
been demonstrated by indirect immunofluorescence of microwave-fixed cells [116,
117], and more recently with the use of a fluorescent calcitriol ligand (vitamin D3

derivative) for receptor visualization (J. Barsony, unpublished).

7. Recycling of Steroid Receptors and Modulation of GR ILocalization

Munck and co-workers proposed in 1972 [315] that GR recycled from the
nucleus back in to the cytoplasm where the receptor was re-activated so that it could
again bind hormone and exert its effects once back in the nucleus. They showed that
depletion of ATP from cells leads to the accumulation of a non-ligand binding form of
GR in the nucleus, which they called the null receptor. However, it was the
heterokaryon studies of Milgrom's group [178, 316] and DeFranco's group {176, 177]
which demonstrated that the nuclear steroid receptor could end up in the nucleus of
a fusion partner cell when protein synthesis is stopped. The most plausible
explanation is that the receptor exits from the nucleus into the common cytoplasm
where it is taken up into the second nucleus. Similar results were obtained with
multinucleated myotubes [317], except that GR NL1 fusions which lack the ligand-
binding domain (NL2) were taken up more efficiently by neighbouring nuclei than
GR NL1-NL2 fusions which contained the ligand-binding domain and showed a more
distal or diffuse nuclear labeling. A possible explanation for this observation is that

the NL1 fusion which is constitutively active is readily taken up by the nearest
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nuclei while the NL1-NL2 fusion is inactive in the cytoplasm in the absence of ligand

and can diffuse before binding ligand which induces nuclear translocation. Other
nuclear proteins have also been shown to shuttle back and forth between the
cytoplasm and nucleus [173-175, 179].

Very little is known about protein export from the nucleus, and it is not known
if signals are needed for this process. A recent report suggests that there are no
export signals but rather that export of proteins from the nucleus is a default process
whereby any protein not bound to an intranuclear constituent is exported [171, 172].
These conclusions were drawn from deletional analyses of nucleolin (a nucleolar
protein with an NLS and RNA-binding motif) and lamin B [172] (a nuclear lamina
protein with an NLS and CaaX box that aids in its membrane association through post-
translational modifications)[318, 319], and studies of fusion of an NLS to a cytoplasmic
enzyme, pyruvate kinase [172]. When proteins lacking their binding domain for
nuclear compcnents but containing an NLS are injected into the cytoplasm or
nucleus, they are detected in the nucleus as the NLS provides an import signal.
However when a second deletion destroys the NLS, proteins injected directly into the
germinal vesicle (nucleus) of Xenopus laevis oocytes, they are exported to the
cytoplasm and are not reimported into the nucleus. Therefore, nuclear retention is
an important step in nuclear accumulation of proteins.

Apart from the well known effect of ligand binding to relieve hsp90
repression and allow nuclear import, several other conditions, treatments, and
factors are known to affect the nuclear localization of GR {see Table 3). Effects such
as v-mos transformation, phosphatase treatment, ATP depletion, okadaic acid
treatment, H-7 treatment, RU486 binding, and the cell cycle are thought to be
mediated by phosphorylation or dephosphorylation of the receptor or some accessory
factor through the action of as yet unspecified kinase(s) or phosphatase(s). ATP may

be required as an energy source or phosphate source. GR is a phosphoprotein whose
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‘Table 3. Modulation of GR Subcellular Localization

IFactor Effect on Nucleocytoplasmic Distribution of GR Reference
(Description)
V-mos V-mos transformed 6m2 cells result in the|Qjetal, 1989
generation of a novel desensitized GR that is | [320]
{(oncogene) apparently trapped in the cytoplasm and incapable
of being reutilized after nuclear entrv and export.
GR is not detectably phosphorvlated by v-mos.
protein Protein phosphatase types 1 {(PP-1) and/or 2A (PP- | DeFranco et
phosphatase | 2A) regulate nucleocytoplasmic shuttling of]| al., 1991 {321]
types 1/2A | glucocorticoid receptors. A direct role for PP-1
and/or PP-2A in GR shuttling is suggested by site-
specific hyper-phosphorylation of GRs in vivo
during okadaic acid inhibition of recycling. These
are the same sites that undergo in vitro site-
specific dephosphorylation by PP-1 and PP-2A.
heat shock |Unliganded GR of non-shocked L1929 and WCL2 cells | Sanchez, 1992
is localized primarily in the cytoplasmic fraction, | [322]
(43 °C) whereas unliganded GR of heat-shocked cells is
found almost exclusively in the nuclear fraction.
Similar results were obtained when cells were
subjected to chemical stress (sodium arsenite).
However, Sanchez now reports that heat shock and | Sanchez et al,
chemical stress do not result in increased nuclear | 1994 [323]
translocation or nuclear retention of
dexamethasone-bound GR in L929 cells stably
transfected with MMTV-CAT reporter plasmid.
over- Hormone-free mouse GR overexpressed in CHO cells | Sanchez et al,
expression are localized to the nucleus and are associated with | 1990 [324]
(transient both hsp70 and hsp90. Martins et al,,
transfection) 1991 [325]
ATP GRs lacking hormone-binding activity (null|Mendel et al,
depletion recepior) are tightly bound in nuclei of ATP-| 1986 [326]
depleted cells. Hu et al., 1994
(anaerobiosis) [327]
okadaic acid | Since okadaic acid does not affect the nuclear | Somers and
import of GR per se the transcriptional |DeFranco, 1992
(phosphatase }enhancement mediated by unliganded GR in|[328]
inhibitor) response to okadaic acid was most likely accounted | DeFranco et
for by the accumulation of some unliganded GRs| al., 1991 [321]
within nuclei of transfected CV-1 and COS-1 cells.
H-7 H-7 [1-(5-isoquinolinesulfonyl)-2-methyl|Kido et al.,
piperazine] is an inhibitor of PKC and PKA. It also| 1987 [329]
(kinase inhibits tyrosine amino transferase induction by
inhibitor) glucocorticoids because it blocks nuclear
translocation of GR complexes in hepatocytes.
N.BE. Cont'd on

next page.
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Factor Effect on Nucleocytoplasmic Distribution of GR Reference
(Description)
PHA PHA-induced translocation of GR from the|Papamichail
(phytohemag- |cytoplasm to the nucleus of peripheral|etal, 1981
glutinin) lymphocytes is observed in the absence of steroid | [330]
ligand. PHA stimulates lymphocytes by binding to
(lectin, cell surface carbohydrate groups on glycoproteins
lymphocyte and activating second messenger signaling
activator) pathways.
FK506 and Based on cell fractionation studies, it is postulated [ Ning and
rapamycin [that FK506 and rapamycin potentiation of GR-| Sanchez, 1993
mediated gene expression is the result of increased | [331]
{immunosup- | translocation of GR to the nucleus of L cells treated
pressants) with low concentrations of dexamethasone.
phenol red |Under standard growth conditions [DMEM medium | Picard and

(which includes 45 uM phenol red) supplemented | Yamamoto,
(pH indicator, | with 5 % FCS (which contains 2 nM cortisol)] GR is | 1987 [1]
estrogen predominantly nuclear in about 2/3 of
receptor fluorescence-positive cells. In serum-free medium
agonist) with 270 uM phenol red, GR was predominantly
nuclear in about 1/2 of the stained cells. This
effect is thought to be due to the weak binding
activity of phenol red to GR.
RU486, 1. RU486 binding produced a reduction in the| 1. Beck et al.,
(RU38486, amount of GR converted from 8S to 4S and| 1993[332]
mifepristone) |stabilized the cytoplasmic GR-hsp90 complex.
(GR 2. In contrast to the redistribution of agonist-|2. Hsu et al.,
antagonist) bound nuclear GR to the cytoplasm of v-mos| 1992 [333]
transformed cells, RU486-bound GRs arelQjetal, 1990
efficiently retained within nuclei. Interestingly,| [334]
withdrawal of RU486 does not lead to efficient
depletion of nuclear GR in either nontransformed
or v-mos transformed cells. GRs bound to RU486
were also efficiently retained within nuclei of G2
synchronized cells (see below) which suggests that
a nuclear event which is blocked by RU486 is
required for GR to exit.
cell cycle GRs that translocate to the nucleus of G2 |Hsuetal, 1992
synchronized L cells in response to dexamethasone | [333]
(G2 phase) treatment were not efficiently retained there and
redistributed to the cytoplasmic compartment.
molybdate Concentrations of 10-20 mM molybdate (MoO4~) are | Dahmer et al.,
o known to stabilize the interaction between GR and | 1984 (335]
(transition hsp90. This stabilization impedes the|Mendel etal,
metal transformation of GR into a form that can| 1986{101]
Oxyanion, translocate to the nucleus and bind DNA.
phosphatase
inhibitor)
N.B. Cont'd on

next page.
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Factor
{Description)

Effect on Nucleocytoplasmic Distribution of GR

Reference

nuclear The ATP-stimulated GR translocation promoter | Okamoto et al.,
translocator | (ASTP) increases the binding of GR to isolated| 1993 [336]
(ASTP) nuclei in the presence of ATP. ASTP is a histone
binding protein which increases GR binding to
(48-kDa nuclei or chromatin in the presence of ATP but
protein, does not affect GR binding to DNA-cellulose. This
93-kDa protein | factor may piggyvback with GR as its nuclear entry
dimer) is hormone dependent. Its effect on nuclear
occupancy may be due to increased nuclear
retention.
MTI-II1 A macromolecular-translocation inhibitor of)Liuetal, 1993
transformed GR binding to isolated nuclei from rat| [337]
(69-kDa liver. It is thought not to act through a nuclear
protein) acceptor site but to interact directly with GR. MTI-
Il can inhibit transformed GR binding to DNA-
cellulose and to histone-agarose,
modulators |Modulators are novel ether amino-|Bodinz and
phosphoglycerides that appear to be the|Litwack, 1990
(ether ‘endogenous molybdate factor’. First discovered as | (review, [338])
aminophos- inhibitors of GR complex transformation, these|Hsu =t al, 1991
phoglycerides, { acidic cytoplasmic biomolecules also stabilize the | [339]
PKC- ster~id-binding ability of the hormone-free

stimulator)

untransformed GR.
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phosphorylation state changes upon ligand activation [340-342]. Although changes

in GR phosphorylation do not correlate with changes in gene expression [343),
DeFranco et al. [321] have correlated changes in GR phosphorylation with changes in
its nucleocytoplasmic shuttling. Other effects are more easily explained such as the
effect of molybdate which stabilizes GR in a large cytoplasmic complex [105].
Receptor overexpression may saturate some cytoplasmic component of the docking
system and lead to artifactual localization in the nucleus [324]. Heat shock disrupts
the untransformed receptor complex and leads to nuclear accumulation [322). Phenol
red acts as a receptor ligand and induces receptor nuclear translocation but not genc
transactivation [1]. The stimulation of peripheral lymphocytes with
phytohemagglutinin (PHA) may activate GR by a second messenger signaling
pathway induced by the PHA-crosslinking of surface receptors. This is analogous 1o
the dopamine activation of the progesterone receptor [314]. The effect of FK506 on
increased nuclear translocation of GR may be explained alternatively by increased
affinity of GR for nuclear structures (F. Sackey, T. Reich, R. Haché and Y. Lefcbvre,
unpublished). The point at which RU486, a GR antagonist, acts is controversial.
RU486 may affect normal DNA-dependent phosphorylation of GR, similar to the DNA-
der-ndent phosphorylation event observed for the progesterone receptor [344].
Citier modulatory factors include a novel ether aminophosphoglyceride which is
thought to act in vivo like molybdate does in vitro, and some poorly characterized
proteins, nuclear translocator (ATSP) and MTI-1II, which await further
characterization to establish their in vivo role in GR action.

Other factors are known to block protein import into the nucleus but act in a
general manner on all nuclear proteins and not solely on GR. These include the
lectin, wheat germ agglutinin, that is thought to bind to O-linked glycoproteins of
the nuclear pore complex and inhibit facilitated uptake of protein but not binding to

the nuclear envelope [345]. Antibodies to nuclear pore complex proteins and
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glycoproteins [346, 347] or antibodies to hsp70 [189] have a similar effect to wheat

germ agglutinin, These antibodies and wheat germ agglutinin have been shown to
interfere with facilitated nuclear import but not to hinder diffusion of small
molecules through the nuclear pore. Chilling the cell to 4 °C or treating with
metabolic inhibitors blocks the energy-dependent nuclear translocation process of
proteins but not their nuclear envelope binding consistent with the energy
requirement for the translocation step but not the binding step {159-161]. Treatment
with N-ethylmaleimide, a sulfhydryl alkylating reagent, also inhibits specific
protein uptake into nuclei in in vitro experiments with egg extracts [348] and in
permeabilized cells [349, 350] probably by inactivating some protein component(s} of

the nuclear import pathway.

8. Project Goals

As regulators of gene expression such as steroid receptors must traverse the
nuclear envelope and enter the nucleus to effect their action, the elucidation of the
mechanism by which they are transported into the nucleus is critical to our
understanding of cellular processes. The two main research goals of this project that
form Part 1 of the thesis were: first, to identify NLS-binding proteins of the NL1 and
NL2Z signals of GR; and second, to establish an in vitro nuclear import assay to study
the nuclear import of GR, and eventually to prove the function of identified and
purified NLS-binding proteins in a reconstitution assay. During the course of the
research work I noted that NLSs were often close to DNA- or RNA-binding domains of
relevant nuclear proteins. | have included this data demonstrating the association of
the two functions (nuclear localization and nucleic acid binding) in nuclear proteins

and have presented some models for how and why this has occurred in the

Discussion.
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II. METHODS AND MATERIALS

1. Animals

Male Sprague-Dawley rats weighing 200-250 g were obtained from Charles River
Canada Inc. (Montreal, QC) and maintained on a diet of Purina LabChow and tap water
ad libitum. Animals were housed at the Loeb Medical Research Institute (12 h
light/dark cycle) and treated according to the guidelines of the Medical Research
Council of Canada. The rats were killed by decapitation and the livers were quickly
removed and placed in ice-cold homogenization buffer (0.32 M sucrose, 3 mM MgCly
and 1 mM dithiothreitol). The livers were rapidly stripped of connective tissue,
weighed and minced. Adrenalectomy was performed at Charles River Canada under
ether anesthesia and rats were subsequently maintained with 0.9 % saline drinking
solution. Adrenalectomized animals were used for experiments 3 or 9 days post-
surgery depending on the purpose, i.e. high or low concentrations of cytosolic GR

respectively.

2. Materials

Unlabeled steroids were purchased from Steraloids (Wilton, NH) or Sigma (St.
Louis, MO). TNTTM coupled transcription-translation kits with SP6 or T7 RNA
polymerase were purchased from Promega (Fisher Scientific, Ottawa, ON). RNasin, a
ribonuclease inhibitor, was purchased from Promega. Translation-grade |355]-
methionine (SA, 1142-1200 Ci/mmol) was from NEN-Dupont (Boston, MA) or
Amersham (Oakville, ON). [125[]-Nal (SA, 17 mCi/pg) was from NEN-Dupont, ICN
(Mississauga, ON), or Amersham (SA, 15 mCi/ug). NCS tissue solubiliser was obtained
from Amersham. Ready Protein as purchased from Beckman (Palo Alto, CA).
Deoxyribonuclease I (DNAase I, RNAase-free, and shipped on dry ice), ribonuclease A

(RNAase A), trypsin, protein A-sepharose, buffers, dithiothreitol (DTT), Coomassic
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Brilliant Blue R-250, B-mercaptoethanol, N,N,N',N'-tetramethylethylene-diamine

(TEMED), protease inhibitors, protein standards, and BSA were purchased from Sigma.
Digitonin and octyl-p-D-thioglucopyranoside were purchased from Calbiochem (La
Jolia, CA). ATP was from Pharmacia (Bromma, Sweden). Electrophoresis-grade
acrylamide, N,N'-methylene bisacrylamide, SDS, Tris, glycine were purchased from
Bio-Rad (Mississauga, ON). Prestained protein standards (Rainbow Markers) were
from Amersham. Crosslinker bis(sulfosuccinimidyl)suberate (BS3) was from Pierce
(Rockford, IL), other crosslinking reagents were either from Pierce or Sigma. The
BuGR antibody was purchased from Affinity BioReagents (Neshanic Station, NJ} and
horseradish peroxidase-labeled antibodies were from Bio-Rad. ECL Western detection
kits were purchased from Amersham. Durapore and HA filters were purchased from
Millipore (Bedford, MA). All other reagents were reagent grade or better and were

purchased from Sigma, Fisher Scientific, or BDH (Toronto, ON).

3. Cell Culture

$49.1 murine lymphomas (American Type Culture Collection, Rockville, MD; TIB
28) [351] and Sv40 transformed African Green monkey kidney cells, COS-7 (ATCC #CRL
1651) [352] were grown at 37 ©°C in Dulbecco's modified Fagle's medium (Gibco-
Bethesda Research Laboratories, Burlingion, ON) with 10 % heat-inactivated fetal calf
serum (Gibco-Bethesda Research Laboratories) in a humidified atmosphere

containing 5 % CO;. COS cells were removed from plastic flasks by trypsinization and

replated on 18 x 18 mm glass coverslips (grade appropriate for immunofluorescence)

24-48 h before in vitro import (see below).



4. Peptide Svnthesis

Nuclear localization signals and other synthetic peptides used in this study are
listed in Table 4. The GR NLS, SV40 large T-antigen NLS (SV40 NLS) and the GR NIS
harboring a single amino acid substitution (GR NIS-1) were commercially
synthesized by IAF BioChem International Inc. (Baie d'Urfé, QC). A long form GR N1S
peptide {(GR NLS-L) with an acetylated N-terminus and the thyroid hormone receptor
(TR) NLS peptide were synthesized by AminoTech (Nepcan, ON). The purity of the
peptides was judged by HPLC (all peptides were greater than 80 % pure) and
composition was confirmed by amino acid analysis. The other synthetic peptides used
in the competition assay were from Sigma except for the rat B-50 fragment which

was a gift from Dr. H. Zwiers, University of Calgary (Calgary, AB).

5. Radio-iodination of Svnthetic Peptides

The peptides were radiolabelied using I0DO-GENTM (Pierce Chemical Co., Rockford,
IL) [353]. Briefly, 30 ug of peptide was added to a glass tube coated with 3 ug of I0DO-
GEN that contained 150 uCi of Nal25] in NaOH which had been neutralized with an
equivalent amount of HCl and buffered at pH 7.4 in SO mM sodium phosphate. After 10
min at room temperature, the mixture was decanted to a clean tube to stop the
reaction. The mixture volume was brought up to 1 ml with crosslinking buffer
which contained unlabeled Nal (see below), and was divided between four Sephadex
columns. Unincorporated Nal25[ was removed by spin filtration at 1600 x g lor 4
min through a 1-ml column of Sephadex G-10 (Pharmacia) equilibrated in
crosslinking buffer. lodinations typically vielded specific activities of 1-2 x 10&
c.p.m./ng GR NLS peptide, 3.6 x 103 ¢c.p.m./ug TR NLS peptide, 7 x 105 to 1.3 x 106
¢.p.-m./pg GR NLS-L and 2.4 x 106 c.p.m./ug for SV40 NLS, assuming 100 % recovery of

the peptides. Counting efficiency of the 129] standard was 76-82 % in the 125]

window.



Table 4. Signal and Competitor Peptide Sequences

Synthetic peptides Peptide sequences My
Signals

GR NLS-L Ac--505GMNLEARK TKXKKIRGYGC~OHS 2067
GR NLS H-CGYGTKRKIKG>18-0gb 1182
TR NLS H-CGYGLAKRKLI187..ogb 1221
SV40 NLS H-CGYGPKKKRKV132-0HP 1264
GR NLS-T B-CGYGTRTRIRGS18-08P 1155
Competitors

CD4 FRAGMENT 37-53 H-37KILGNQGSFLTKGPSKL~0H 1788
RAT B-50 FRAGMENT H-38 IQASFRGHITRKKL-OH 1655
EGFR PKC-SUBSTRATE B-630yRRRTLRRL~OH 1198
CALMODULIN ANTAGONIST E-2%0L.KKFNARRKLKGAILTTMLA-OH 2274

aReceptor sequences are underlined, and signal sequence in italics.
bSignal sequences are underlined for rat GR, rat TR, and SV40 large T-antigen.
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6. Cell fractionation

A. Nuclei

The preparations of rat liver nuclei and nuclear envelopes have been described
previously [288] and are based on the methods of Widnell and Tata {354], and Kay et al.
[355], respectively, with slight modifications. All procedures were carried out at -4
OC. Tissue (70-80 g) in 250 ml of 0.32 M sucrose containing 3 mM MgCl and 1 mM DI'I'
was homogenized with a Polytron (Beckman Instruments, Rexdale, ON) at setting 3-4
with 30 sec bursts. The homogenate was then filtered twice through four layers of
cheesecloth. The filtrate was then dluted to 1 liter and centrifuged at 4000 x g for 20
min. The pellet was resuspended in 2.4 M sucrose containing 1 mM MgCly and 1 mM
DTT, adjusted to pH 7.4 with NaHCO3, and centrifuged at 50 000 x g for 60 min. For

nuclei import assays (see below), nuclei were frozen in import buffer with 50 %

(v/v) glycerol at -20 ©C.

B. Nuclear Envelope

Nuclear envelopes were then prepared from the purified nuclear pellet by
washing in freshly prepared 0.25 M sucrose containing 1 mM MgCly and 1 mM DTT,
adjusted to pH 7.4 with NaHCO3, and centrifuged at 750 x g for 5 min. The nuclei were
resuspended in digestion buffer (10 mM Tris, 0.30 M sucrose, 0.1 mM MgCly, 5 mM p-
mercaptoethanol, pH 8.5) at 4 9C to which a freshly made solution of DNAase | was
added to give a final concentration of 10 uwg/mi. The DNAase | digestion was
performed on the bench for 2-3 min and carefully monitored by phase contrast
microscopy. When digestion was judged complete, the crude nuclear cnvelope
suspension was immediately centrifuged at 12 000 x g for 6 min. The crude nuclear
envelopes were washed with 10 mM Tris containing 1 mM DTT, pH 7.4, spun at 33 000 x
g for 10 min and the pellets again resuspended in a minimum volume of 10 mM Tris

buffer containing 1 mM DTT, pH 7.4. This suspension was layered onto six
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disconlinuous.sucrose gradients consisting of 4.5 ml of 0.25 M sucrose and 9.5 mi each
of 1.5, 1.8, and 2.0 M sucrose (all sucrose soluticns made up in 10 mM Tris containing 1
mM DTT, pH 7.4). The major band of purified nuclear envelope was removed from the
1.5/1.8 M sucrose interface with a Pasteur pipette, although some material (fractured
nuclear envelope) was recovered from the 0.25/1.5 M interface. The nuclear
envelopes were then washed by resuspension in 25 mM TAPS containing 1 mM DTT,
pH 8.6 (brought to the required pH with ammonium hydroxide) or 10 mM Tris, pH 7.4,
containing 1 mM DTT and centrifuged at 33 000 x g for 10 min. Purified nuclear
envelopes were then resuspended in a small volume of 25 mM TAPS, pH 8.6,
containing 1 mM DTT or 10 mM Tris, pH 7.4, containing 1 mM DTT and immediately
frozen in liquid nitrogen.

Nuclei and nuclear envelopes used in crosslinking studies were resuspended in
crosslinking buffer (0.25 M sucrose, 10 mM HEPES-KOH pH 7.4, 25 mM KCI, 3 mM
MgClz, 5 mM Nal) and used fresh or stored at -80 °C after rapid freezing in liquid
nitrogen, with no difference in the crosslinking results (data not shown). Note that
buffers containing free amines such as Tris are not compatible with the crosslinking

agents used in this study.

C. Cytosol

S49 lymphoma cells from 1 liter of confluent culture (approximately 109 cells)
were washed in three changes of PBS (10 mM sodium phosphate buffer pH 7.4, 130
mM NaCl) and lysed in two cell pellet volumes of hypotonic buffer (10 mM HEPES-KOH
pH 7.4, 25 mM KCl, 3 mM MgCl; 5 mM Nal} by freeze-thaw. The lysate was cleared by
spinning for 15 min at 10 000 x g at 4 °C. The supernatant is referred to as the low

speed cytosol which was further centrifuged at 100 000 x gfor 1 h at 4 ©C to obtain a

high speed cytosol devoid of any particulate matter.



D. Mitochondria

Mitochondria from rat liver were prepared by differential centrifugation exactly

as described by Fleischer and Kervina [356].

7. Crosslinking

Crosslinking conditions were modifications of previously reported methods |358].
In preliminary experiments we confirmed the findings of Adam et al. {357] that
detergent- and high salt-extraction of nuclei and nuclear envelopes enhanced
crosslinking of the GR NLS to these subfractions, whereas extraction did not affect
crosslinking to cytosolic fractions (see Figure 2A). Therefore, in typical
experiments, nuclei or nuclear envelopes (530-100 ug protein} in as small a volume of
crosslinking buffer as possible were incubated with an equal volume of 2 % octyl-g-
D-thioglucopyranoside (Calbiochem, La Jolla, CA) and 600 mM KCl! for 1 h on ice. To
nuclear and nuclear envelope extracts diluted six-fold in crosslinking buffer, or to
cytosol (50-100 pg) in crosslinking buffer, was added approximately 1 x 100 c.p.m. of
125]-1abeled NLS peptide (approximately 1.0 pg protein) with or without a 10~ to 100-
fold excess of unlabeled competing peptide, and incubated for 30 min at room
temperature or 33 °C in the presence or absence of 2 mM CaCly, 3 mM NaHCO3 with or
without 1 mM ATP (Pharmacia). The samples were then cooled on ice for 5 min. In
most experiments, the crosslinker BS3, bis(sulfosuccinimidyl)suberate, (Pierce
Chemical Co.) was added to a final concentration of 0.50 mM. Experiments in which it
was necessary to reduce volumes, crosslinking at room temperature was terminated
after 15 min by incubation with 10 % trichloroacetic acid on ice for at least 5 min to
precipitate proteins. Recovery of precipitates did not appear to differ if samples
were on ice for 5 min or 120 min {data not shown). The precipitates were pelleted by
microcentrifugation for 3 min, then washed twice with 95 % acetone, dried before

resuspension in sample buffer and heat denatured for 3 min at 100 °C. Alternatively,
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the crosslinking reaction was stopped by quenching with SDS-PAGE sample buffer

which was either 2x Laemmli buffer (0.12 M Tris-HCl pH 6.8, 20 % glycerol, 4 % SDS,
10 % p-mercaptoethanol, 0.002 % bromophenol blue) [358] or 10x Phorcast TM sample
buffer (Amersham; 0.5 M ammediol-0.5 M glycine, pH 9.5, 10 % p-mercaptoethanol, 10
% SDS, 0.1 % bromophenol blue, 30 % glycerol) and then samples were heat-
denatured and applied to the gels. The two stopping procedures yielded identical
amounts of crosslinked products. Samples were run on 7.5 % SDS-PAGE [358] or on 11-
23 % gradient gels (Amersham) according to the manufacturer's instructions. Gels
were stained with Coomassie blue and dried before autoradiography with an
intensifying screen (Dupont Cronex, Lightning-PlusTM) at -80 °C using pre-flashed
film [359]. Autoradiographs were quantified by scanning with a laser densitometer

(LKB UltroScan XL, Pharmacia),

8. DNA Preparation

Plasmid DNA was prepared by a standard alkaline-lysis maxi-preparation protocol
[360, 361], by first transforming competent E.coli DHSa cells [362]. The DNA was
purified by twice banding on cesium chloride gradients [363]. This procedure yielded
DNA that was greater than 95 % supercoiled as judged by ethidium bromide staining

of an agarose gel electrophoresis of the DNA (data not shown}.

9. Coupled In Vitro Transcription-translation_of GR

GR protein was produced according to the manufacturer's specifications from a
commercial kit (TNT, Promega) for one-step coupled in vitro transcription and
translation programmed with plasmid DNA (kindly provided by Dr. Keith Yamamoto,
San Francisco, CA), coding for GR and its derivatives under the control of the SP6 or
T7 RNA polymerase promoter. The DNA substrate (1 ug, circular plasmid) was added to

a tube containing 25 ul of TNT rabbit reticulocyte lysate, 2 pl of 20x TNT reaction
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buffer, 1 ul of SP6 or T7 RNA polymerase, 1 ul of 1 mM amino acid mixture minus

methionine, 4 pl of [33S]-methionine (at 10 mCi/ml), 1 pl of RNasin (40 U/ul) in a final
volume of 50 upl. The mixture was incubated for 2 h at 30 °C, after which 5§ mM
unlabeled methionine, 8-10 % glycerol, and 2 mM DTT, were added with or without 20
mM Na2MoQy4 (final concentrations). The samples were centrifuged for 15-20 min at
354 000 x g (100 000 rev./min) in a TLA100 rotor on a tabletop ultracentrifuge
(Beckman) at 4 °C to remove ribosome-bound counts and the supernatant was stored
at -80 °C. Incorporation of label was assessed by either gel electrophoresis and
fluorography, or by trichloroacetic acid precipitation of the labeled products and
measurement of the radicactivity in a scintillation counter. The trichloroacetic acid
precipitation protocol followed was that outlined in the TNT coupled transcription-
translation kit, Incorporation of [33S]-methionine was typically 10-15 % as mecasured
by the trichloroacetic acid precipitation method. The full-length GR (amino acids 1-
795) has twenty-four methionyl residues, while NL2 (GR amino acids 547-793 plus
BuGR epitope 407-423 at C-terminus) has fifteen, and luciferase has fourteen.

Efficiency of 35S counting was 69-72 %.

10. Transformation of GR

Transformation of translated GR and its derivatives was by ligand binding with
heat treatment [104], or heat alone [364], or high salt [365] as {ollows. lor
transformation purpdses, translation products without added molybdate were used.
Translation product mixtures were either incubated with 100-1000 nM dexamethasone
for 2 hh at 4 °C, then heated to 25 ©C for 30 min (ligand transformation), or heated 10 25

oC for 30 min (heat transformation), or receptor was treated with 0.3 M NaCl (salt

transformation).
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11. Sucrose Density Gradient Measure of GR Sedimentation (Transformation

Sucrose density gradients were prepared by layering four concentrations of
sucrose solution in 5-ml tubes and allowing a linear gradient to form by diffusion
(sce [366, 367]). Stock solutions of sucrose (10, 15, 20, 25 % (w/v)} were prepared in
homogenization buffer (20 mM Tris-HCl pH 7.4, 1 mM EDTA, 1 mM DTT, 10 % glycerol)
with or without 20 mM sodium molybdate (NayMoQg4), and with or without 0.3 M NaCl.
When required, the molybdate was added to maintain the receptor in an
untransformed state, while the NaCl was added to transform the receptor. It is
important to use NaCl and not KCl for the specific assay used here because K+ causes
the SDS to precipitate during gel electrophoresis. To prepare the gradient, 1.1 ml of
each of the four different sucrose solutions were layered in a centrifuge tube.
Linearizaiion of the gradient occurred after 16-24 h at 4 °C. The protein sample (100
ul) was then layered on the top of the pradient and the gradients were centrifuged
for a minimum of 16 h at 4 °C at 55 000 rev./min in a SW355Ti rotor (Beckman). After
the centrifugation the tubes were fractionated by collecting two-drop fractions from
the bottom of the tube in a sealed chamber under positive pressure supplied by a
peristaltic pump pumping air. The linearity of the gradient was verified by
checking the refractive index of the sucrose in the fractions on a refractometer
(Fisher Scientific). External and internal sedimentation standards labeled by
reductive methylation [368], were also run in parallel. 355-1abeled GR derivatives (6
ul in 100 pl import buffer) were layered on to the gradient either in the presence or
absence of molybdate or in the presence or absence of high-salt concentration to
determine the state of the receptor and the effects of transformation. After
centrifugation and fractionation, the fractions were run on SDS-PAGE and the gels
Nuorographed by incorporation of PPO into the gel. The position (fraction number)
of the hemoglobin internal standard was observed by eye as it was the only

pigmented protein detectable.
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12. Gel Fluorography
The detection of some low-energy emitting radionuclides such as 338 is enhanced
by incorporation of fluor directly into the gel [369). The gel was soaked in glacial
acetic acid for 15 min, and then placed in 20 % {(w/v) PPO in glacial acectic acid for
another 15 min. The gel was then washed extensively with water 1o precipitate the
PPO in the gel and to remove the glacial acetic acid prior to drying the gel under

vacuum (no or low heat preferred). Exposures were done at -80 ©C.

13. Nuclear Binding Assay

The method was adapted from an assay for the uptake of 45Ca++ into rat liver
nuclei [166]. Lysate (3-25 pl) containing the translated receptor in transformed or
untransformed states was incubated for 30 min under various conditions (4 or 30 ©C,
with or without 4 mM ATP) with purified rat liver nuclei (50 pg) in import buffer
(0.25 M sucrose, 50 mM HEPES-KOH pH 7.4, 5 mM MgCl3, 3 mM CaCly, 25 mM KCl with 2
mM DTT freshly added), in a final volume of 50 ul. One ml of ice-cold buffer was added
to stop the reaction and unbound protein was separated from the bound fraction by
filtration through a 13-mm 0.45 um pore hydrophilic PVDF-membrane {Durapore,
from Millipore) in a 13-mm Swinnex disk filter holder. The filter with the retained
nuclei was then washed with another 4 ml of cold buffer. The nuclear-bound

radioactivity was quantified by scintillation counting of the filters.

14, Bacterial Expression of GR DNA-bindine Domain with NI.1

The method for overexpression of the GR sequence, encoding amino acids 407-5506,
with a linker at the C-terminus encoding 14 additional nonreceptor residues, under
the control of a T7 RNA polymerase promoter (plasmid T7X556) was as described by
Yamamoto and co-workers [370, 371} with minor modifications. Plasmid T7X556 was

used to transform BL21(DE3)/plLysS, an E. coli stain carrying a stable integrant of 17
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gene 1 (RNA polymerase) under the control of the lac UV5 promoter. T7 RNA
polymerase was induced at mid-logarithmic growth (Ap00=0.6) by addition of IPTG to
(.5 mM, resulting in expression of T7X556. Three hours after induction, cells were
collected by centrifugation. After freezing and thawing, cell pellets were
resuspended in three volumes of lysis buffer (50 mM Tris-HCI pH 7.5, 1 mM EDTA, 10%
glycerol, 5 mM DTT, 500 mM NaCl). Lysozyme was added to a concentration of 100
ug/m), then Triton X-100 was added to a final concentration of 0.1 % and incubated for
30 min on ice. The lysate was sonicated on ice with a microtip to shear the DNA, then
centrifuged at 12 000 x g for 20 min at 4 °C. Ammonium sulphate was added to the
supernatant to 15 % saturation, and the precipitate was removed by centrifugation at
12 000 x g for 10 min at 4 °C. The supernatant was brought to 30 % saturation with
ammonium sulphate and the precipitate collected by centrifugation, dissolved in
TEGDZ50 buffer (50 mM Tris-HCl pH 7.5, 0.5 mM EDTA, 10 % glycerol, 5 mM DTT, 50 uM
ZnClz, 50 mM NaCl), and dialysed against the same buffer. Extracted protein
concentrations were approx. 8-10 mg/ml, with the receptor derivative comprising

approx. 10 % of the total protein. The extract was stored at -80 °C.

15. Digitonin-permeabilized Cell Nuclear Import Assay

Digitonin permeabilization of COS cells on coverslips and in vitro import
reactions were carried out according to Adam et al. {372-374]. Rabbit reticulocyte
lysate (Promega) was extensively dialyzed against import buffer (20 mM HEPES pH
7.4, 110 mM potassium acetate, 2 mM magnesium acetate, 0.5 mM EGTA, 2 mM DTT, and 1
ug/ml each aprotinin, leupeptin, and pepstatin) and the diffusate was centrifuged at
100 000 x g prior to freezing for storage. COS cells on coverslips in six-well plastic
tissue culture dishes were rinsed in cold import buffer followed by immersion in
buffer containing 40 pg/ml digitonin (Calbiochem; diluted from a 20 mg/ml stock

solution in DMSO). The cells were allowed to permeabilize for 5 min at 4 °C after
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which the digitonin containing buffer was aspirated and replaced with cold import
buffer and the coverslip inverted onto a 50-ui drop of complete transport mixture
(import buffer, cytosol, ATP-regenerating system, and nuclear substrate) on a shecet
of parafilm in a humidified box, and incubated for 5-30 min at 30 °C. The complete
transport mixture contained 100 nM allophycocyanin-NLS conjugate (Kindly
provided by Dr. Stephen Adam, Chicago, [372]) or GR import substrate (6 ul crude £
coli extract preincubated for 30 min at room temperature with 1 pg of BuGR anti-GR
antibody) in 50 % dialyzed reticulocyte lysate diluted with import buffer in the
presence or absence of 0.5 mM ATP and an ATP-regenerating system (5 mM creatine
phosphate, 20 U/ml creatine phosphokinase). At the completion of the incubation,
the coverslips were rinsed in import buffer and fixed with 3 % formaldehyde in
import buffer for 10 min. Rinsing the samples before fixation removes debris that
may have accumulated during the incubation and does not affect the nuclear
fluorescence signal. Each coverslip was mounted on a glass microscope slide in a

small amount of 50 % glycerol in phosphate-buffered saline and the coverslip edges

sealed with nail polish.

16. Immunofluorescence Microscopy

Samples were observed at 400x magnification by phase contrast and
epifluorescence with a Zeiss IM-35 or Axiophot microscope equipped with a 40x
planapochromat objective. For photography, fields were chosen at random, and

photographed with Kodak T-Max film (ASA 1600).

17. Western Analvsis with ECL (Enhanced Chemiluminescence) Detection
Samples were electroblotted to PVDF membranes based on the procedure of
Towbin et al. [375]. Prior to electroblotting the gels were soaked in transblot buffer

(192 mM glycine, 25 mM Tris pH 8.3, containing 20 % methanol and 0.1 % SDS), for 20
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30 min. The PVDF membrane is wetted for 1 sec in methanol, rinsed in water, and

soaked in transblot buffer for 20-30 min. Whatman 3MM filter paper and Scotch-
Brite foam pads were soaked in buffer and a sandwich made with a foam pad, 3-4
filter papers, the gel, the PVDF membrane, 3-4 filter papers and another foam pad.
Care was taken to avoid trapping air bubbles between the layers. The sandwich was
placed into the Bio-Rad transblot cell with the gel closest to the cathode (-) and the
PVDF membrane closest to the anode (+). Transblotting was done overnight in a cold
room at 30-35 V and then for 30 min at 70-100 V. The PVDF membrane was removed
from the sandwich for further processing. The PVDF membrane must not be air-
dried because it would require wetting in 100 % methanol which may denature some
epitopes. The ECL detection system {Amersham) is highly sensitive and prone to
problems with non-specific binding of the antibodies. This is resolved by using low
concentrations of primary and secondary antibodies, by blocking the membrane
with 10 % powdered skim-milk, and by using detergent and high-salt to disrupt non-
specific binding. After transfer, the non-specific binding sites were blocked by
immersing the membrane in 10 % dried milk in Tris-buffered saline-Tween (TBS-T;
20 mM Tris-HCl pH 7.6, 500 mM NaCl, 0.05 % Tween) for 1 h at room temperature on a
slow rocking platform. The membrane was briefly rinsed using two changes of TBS-
T, then washed once for 15 min and twice for 5 min with fresh changes of TBS-T at
room temperature. The membrane was incubated with diluted primary antibody for
1-2 h at room temperature (1:2000 dilution of BuGR). The membrane was washed as
above, and then incubated with the diluted horseradish peroxidase-labeled secondary
antibody for 1 h at room temperature (1:50 000 dilution of sheep anti-mouse
immunoglobulin). The membrane was again washed as above. The excess buffer was
drained from the blot and placed in a fresh container. The detection reagent (1:1 mix
of reagents provided with kit; contains luminol, the light emitting compound once it

is attacked by the free radicals generated by horseradish peroxidase from Hz) was
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added directly to the blot on the surface with the protein. The blot is incubated for

precisely 1 min. The excess detection reagent was drained off and the blot placed
between two acetate sheets in an autoradiography cassette with X-ray film (Kodak, X-

RP) for a brief exposure.

18. Protein_Determination and Gel Electrophoresis

Protein content was determined by the method of Lowry et al. |370], using BSA as
a standard. Linearity with respect to protein concentration was obtained between (-
100 ug BSA (fraction V) in 500 pl of ddH0. Color development was for 30-35 min.
Absorbance of tubes was read at 660 nm.

SDS-PAGE was performed using the discontinuous buffer system of laemmli |358]
or samples were run on pre-cast gradient gels {11-23 %) using the PhorcastT™ gel
system from Amersham according to the manufacturers specifications. Samples in
SDS-sample buffer (63 mM Tris-HC! pH 6.8, 10 % glycerol, 2 % SDS (w/v), 0.05 % -
mercaptoethanol (v/v) and 0.0013 % bromophenol blue (w/v)) or in Phorcast sample
buffer (50 mM ammediol- 50 mM glycine pH 9.5, 1 % g-mercaptoethanol, 1 % SDS, 0.01
% bromophenol blue, 3 % glycerol) were denatured by heating for 5 min at 96 °C,
Samples were run at 20 mA/gel to stack for 20-60 min, and then at 30 mA/gel
separate for 4-8 h.

Gels were stained for 1 h in a solution of 0.2 % Coomassie Brilliant Blue R-250, 10
% acetic acid and 45 % methanoi and destained by three or more changes of a solution

of 10 % acetic acid and 25 % methanol with gentle shaking.
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I11. RESULTS

(i) Identification of NL1-binding Proteins by Chemical Crosslinking

1. Protocol

In the experiments described below, cellular NLS-binding proteins were
identified by covalent binding of radiolabeled synthetic NLS peptide with a chemical
crosslinking agent after incubation of the NLS peptide with subceilular fractions.

The GR and thyroid hormone receptor {TR) NLS peptides were chosen by
sequence similarity to the NLS of SV40 large T-antigen [158, 159]. The sequence
similarity search using the Microgenie program (Beckman) was set to detect a
minimum of three identical amino acids out of seven of the SV40 NLS while
maintaining at least 50 % of the charge identity. The results of this search are shown
in Table 5 for the various human nuclear receptors (for simplicity). Similar or
identical sequences exist in the receptor homologues from other species. For
example, the GR NLS sequence is identical in rat, mouse and human receptors. A
sequence similar to the NLS of the SV40 large T-antigen can be found in the hinge
region for all the nuclear hormone receptors shown. The corresponding synthetic

peptides used here are listed in Table 4 (in Materials and Methods section).

2. Preliminary Experiments

In preliminary work we assessed crosslinking at various concentrations from
0.09 to 1.0 mM BS3 crossiinker and found that the only difference in results was a
slight improvement in the signal to noise ratio at 0.5 mM compared to lower and
higher concentrations of the crosslinker as determined by densitometric scanning
of the autoradiogram (Fig. 2B). The addition of a detergent- and high salt-extraction

improved the resolution of crosslinked nuclear products on SDS-PAGE (Fig. 2A)
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Table 5. Potential Minimal NLS in Steroid and Nuclear llormone Receptors

Sequence References
SV40 large T-antigen 126 prRKRKV! 32 |377]
RECEPTOR
Human glucocorticoid 93 pRRKIKGYY? [378]
Human mineralocorticoid 675 SRRL,GKLO8! 1379)
Human progesterone 639 PRRFNRVOHS [380]
Human estrogen 263 RMIKHKRZ6? [381]
298 TKRSKKN304

Human androgen 627/628 pRRT,KKL,033/634 [382, 383]
Human thyroid hormone

Type a 32yaKRKLI!S8 [384, 385]

Type p 181 1 ARRKLI! 87 |30]
Human vitamin D 106 yTT.RRKE! 12 132]
Human retinoic acid

Type a 162 RNKRRRE! 68 [34]

Type p (hap) 155 RNKKKKE! 6! {33, 306}




Figure. 2. Crosslinking of GR NL1 to Rat Liver Nuclei

A. Nuclei (50 ug) were extracted or not with 1 % octyl-g-D-
thioglucopyranoside and 0.3 M KCl (OTG/KCl) for 1 h on ice. Samples were
incubated with 2.4 uM [}25[)-GR NLS in the presence (H+C) or absence (H} of 25
uM unlabeled GR NLS peptide, and then crosslinked for 30 min at room
temperature with 0.09 mM BS3. B. Nuclei (extracted as above, 50 ug) were
incubated with 2.5 uM [1Z51)-GR NIS with (H+C) or without (H) 264 uM
unlabeled GR NLS and crosslinked with increasing concentrations of BS3 (0.09,
0.5, and 1.0 mM) for 15 or 60 min at room temperature.
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In preliminary experiments, crosslinked products were quantified after

incubation of the GR NLS-L with $49 lymphoma cytosol for 30 and 60 min and it was
demonstrated that by 30 min, equilibrium binding had occurred as there was no
increase in the intensity of the crosslinked products after 60 min of binding (data
not shown). The addition of a detergent- and high salt-extraction step did not

improve the resolution for crosslinked cytosolic polypeptides (data not shown).

3. Crosslinking of the GR NLS to $49 Lymphoma Cytosol

We investigated crosslinking to cytosol prepared from the mouse lymphoma cell
line S49, a well characterized cell line with respect to its responsiveness 1o
glucocorticoids [351, 386]. Figure 3A shows the results of crosslinking of GR NLS to
cytosolic fractions obtained after high and low speed centrifugations. In both cases,
labeled crosslinked products were identified at 100, 76, 60, 45, 35, 21, and 14 kDa. The
specificity of the binding was assessed by competition with excess unlabeled peptide.
Based on this criterion, the 60- and 76-kDa polypeptides in the cytosolic fraction were
judged to be specifically labeled. As specificity was difficult to establish in the
fraction obtained after low speed centrifugation further experiments were
performed on high speed fractions. Despite the fact that yields of binding proteins
are low and detection is difficult, in all crosslinking experiments (n=13) carried out,
labeling of the 76- and 60-kDa entities was found to demonstrate specificity by this
criterion. The molecular masses of these two crosslinked polypeptides calculated
from these gels were 78 £ 3 kDa (mean * SD, n=13) and 61 + 4 kDa {(n=12), which
includes the mass of the NLS peptide. The specificity of labeling of the other
crosslinked products was inconsistent. Thus, although identification of other NLS-
binding proteins may be confirmed in the future, in this thesis I focus on the

further characterization of the 76- and 60-kDa NLS-binding proteins.
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Figure 3. Crosslinking of the GR NLS to S49 Lymphoma Cytosol

Subcellular fractions were incubated with [123]}-GR NLS in the presence
or absence of unlabeled GR NIS in crosslinking buffer with 2 mM CaCly, 3 mM

NaHCO3 and 1 mM ATP for 30 min at 33 ©C. Subfractions were subsequently

incubated with 0.5 mM BS3 for 15 min at room temperature. Samples were then
run on SDS-PAGE before autoradiography, as described in the Materials and
Methods section. A, Low and high speed cytosols were isolated from mousec $49
lymphoma cells, as described in Materials and Methods. Low speed cytosol {100
ng) and high speed cytosol (82 ug) were incubated with 0.7 uM [125[]-GR NIS in
the presence (+) or absence (-) of 58 pM GR NLS (15-day exposure). B, Effect of
a longer form of GR NLS (GR NLS-L) on crosslinking to S49 cytosol. High speed
cytosol (50 pg) was incubated with 10.6 uM {1251]-GR NIS-L in the presence (+)
or absence (-) of 106 pM GR NLS-L (3-day exposure). C, Coomassie blue-stained
gel of S49 cytosol (50 pg protein) after crosslinking with [125]]-GR NLS-L with
(+) or without (-) competitor GR NLS-L peptide. Std, molecular weight (MW x
10-3) standards (Bio-Rad) approximately 2 pg protein per band, which
correspond to myosin (200 000), p-galactosidase (116 250), phosphorylase b (97
400}, BSA (66 200), ovalbumin (42 699), carbonic anhydrase (31 000), trypsin
inhibitor (21 500), and lysozyme (14 400).
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A minimal GR NLS similar to the NLS of SV40 large T-antigen was used for most

experiments. A longer GR NLS, containing NLS-flanking amino acids of the receptor,
was also used to identify NLS-binding polypeptides because of the increasing body of
evidence that structural requirements outside of the basic stretch of amino acids play
a role in nuclear transport [260, 261, 387] and to attempt to ensure that the peptide
was in the correct conformation. A peptide, referred to as GR NLS-[, with the
following characteristics was synthesized: it contained an additional cight amino
acids at the N-terminus of the NLS (these eight amino acids demonstrate a high
propensity for a-helical formation based on secondary structure prediction plots); its
N-terminal group was acetylated to more closely resemble the in vive situation;
although the charge density has been altered, the net charge is identical 1o that of
the original NLS; and, spacer glycines and other additional residues were moved from
the amino- to the carboxy-terminus. The pattern of crosslinking obtained with this
peptide is shown in Figure 3B and is identical to that obtained with the shorter NIS,
confirming that at least this flanking region did not alter the interaction with the
binding proteins. Further studies will address whether other parameters of the
interaction are altered by the presence of these flanking amino acids.

Figure 3C shows the Coomassie blue staining pattern of an SDS-PAGE gel of the $49
lymphoma cytosol after crosslinking with the GR NLS-L. The stained gel
demonstrates two points: first, the 60- and 76-kDa polypeptides do not correspond (o
major cytosolic proteins, which are at 93 and 44 kDa; and second, equal amounts of
protein have been loaded to each lane of the gel. Thus, the specific binding, as
judged by competition with excess unlabeled peptide, is not due to either labeling of
major proteins or a loading artifact. The lessening of the intensity of the material
that barely enters the gel in the presence of excess unlabeled peptide was often
observed (Fig. 3B). On those occasions when this effect was not observed, less

crosslinked product was obtained. Therefore, we interpret the lessening of the
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intensity of the material that barely enters the gel by added peptide in this way;

crosslinking also promotes the formation of higher molecular weight entities
containing the specifically labeled products. Thus, excess peptide that specifically

competes for NLS crosslinking interferes with this labeling as well.

4. Dose Dependence of GR NLS Binding to S49 Cvtosol

Varying concentrations of [125[]-GR NLS-L (from 48 nM to 2.4 uM), were
incubated with $49 cytosol for 30 min, then crosslinked, run on SDS-PAGE and
autoradiographed. The films were scanned and quantified by laser densitometry. A
duplicate gel was sliced and counted in a y-counter to confirm the densitometry
readings. Figure 4 is the binding curve for the 76- and 60-kDa crosslinked products.
The 60- and 76-kDa sites demonstrated saturable binding between 1.0-1.5 uM for
[125]]-GR NLS-L. These results also show that in the case of the $49 lymphoma cytosol

the quantities of crosslinked 60-kDa products were greater than those of the 76-kDa

products.

5. Binding Specificity of GR NLS to S49 Cvtosol

Analysis of competition for the binding of iodinated GR NLS-L to the S49
lymphoma cytosolic 60- and 76-kDa polypeptides was then conducted by crosslinking
in the presence of ten- to twenty-fold excess unlabeled peptide. Densitomietric
scanning was used to determine the order of potency of the competitors. The abilities
of two other similar NLSs, the thyroid hormone receptor NLS (TR NLS) and the §V40
large T-antigen NLS (SV40 NLS), were compared to the ability of unlabeled GR NLS
and GR NLS-L to compete for the binding of the radiolabeled GR NLS-L to the 76- and
60-kDa entities. Figure 5 shows the results of competition for the binding of the GR
NLS-L to the 76- and 60-kDa sites. The pattern of competition for both sites was

similar. GR NLS is the best competitor for the binding of [125]]-GR NIS-L to the 76-



59

Figure 4. Dose Dependence of [1251}-GR NLS Binding to $49 Lymphoma Cytosol

Concentrations of [1231)-GR NLS-L from 0.048-2.4 uM were incubated for 30
min with high speed cytosol (100 ug) from S49 lymphoma, and then
crosslinking was carried out with 0.5 mM BS3 for 15 min at room temperature.
The reactions were quenched with sample buffer. The gel was
autoradiographed and then scanned on a laser densitometer. Peak heights
were measured. Data from two experiments are shown ( Mand ® ) and were
confirmed by counting gel slices from a third experiment.



(W) NOLLVIINAOINOD HAAILLAEd

(4 ST ¢
] I

~-90

!
<
=

e 9L e 09

(SLINN AAVILIGEV)
ANQOH HALLdAd



Figure 5. Specificity of Binding of the GR NILS to the NLS-binding Proteins
High speed cytosol (50 ug) isolated from §49 lymphoma was incubated with
10.6 M [1251]-GR NIS-L (specific activity, 1.3 x 103 c.p.m./pg) in the presence
of 106 uM (10-fold, black bars) or 213 uM (20-fold, white bars) unlabeled
competitor peptide. Total binding in the absence of unlabeled competitor
peptide was set at 100 % binding (single black bar). The competitors used were
the NLS peptides {(GR NLS-L, GR NLS, TR NILS, SV40 NLS, and GR NLS-T), a
fragment of the CD4 coreceptor (CD4), a fragment of the rat neuromodulin
protein (B-50), a fragment of the EGF receptor {(EGFR) and a calmodulin
antagonist (CAM). After crosslinking, radiolabeled products were identified by
autoradiography after application of samples to SDS-PAGE and then scanned on

a laser densitometer. Peak heights were measured and used to plot each band
separately.
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and 60-kDa polypeptides, and it appears to be an even better competitor than

unlabeled GR NLS-L. Unlabeled TR and SV40 NLSs are also effective competitors for
the binding to both the 76- and 60-kDa entities.

The specificity of the binding was also investigated (Fig. 5) with a mutant GR NIS
(GR NLS-T), which would be expected, on the basis of altered charge and/or structure,
not to be as efficient a mediator of nuclear import. Although not proven for GR, this
mutation in the $V40 NIS has been shown to dramatically reduce nuclear import
[153-155]. Consistent with this, the GR NLS-T was not an effective competitor for the
binding of the GR NLS-L to either polypeptide.

The specificity of the binding was further investigated with CD4, a seventeen-
amino acid fragment of the CD4 molecule, chosen because, like GR NIS-L, it has a
positive charge, but, unlike NLSs, the lysyl iesidues are dispersed within the
fragment. Other peptides that contain clusters of basic residues but are not known
NLSs were also used. The similarity of the NLSs to protein kinase substrates led 10 the
inclusion in this latter category of two protein kinase C substrates, a fragment of the
epidermal growth factor receptor (EGFR) and a fragment of neuromodulin {B-50)
[388] as well as a calmodulin-dependent kinase substrate (CAM). The results in Figure
5 show that the CD4 peptide does not compete at all for the binding of NIS 1o the 60-
kDa polypeptide and that the EGFR and B-50 peptides do not compete well for the
binding of [125]]-GR NLS-L to this NLS-binding protein. However, there is
competition for the binding of the NLS peptide to the 76-kDa binding polypeptide by
CD4, B-50, and EGFR. Although the competition by a 20-fold excess of competitor ChH4,
B-50, and EGFR peptide was in no instance as effective as that by the receptor NISs, it
is clear that the amino acid sequence specifying the interaction of the NIS to the 76-
kDa binding protein was not as stringent as that to the 6{-kDa polypeptide.

Interestingly, the calmodulin-dependent kinase substrate is a fairly potent
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competitor for the binding of [123]]-GR NIS-1. to the 76- and 60-kDa NLS-binding

proteins.

6. Crosslinking of the GR NS Peptide to Rat Liver Subfractions

Figure 6A compares crosslinked products in male rat liver nuclei prepared from
normal (intact) and adrenalectomized animals. The resolution of crosslinked
products in liver nuclear subfractions was not as good as that obtained with the §49
lymphoma cytosol, probably because of generally low yields of binding protein.
Furthermore, resolution of all bands was not as good in the rat liver cytosol as in the
nucleus (data not shown), probably because of serum and connective tissue
contamination in rat liver cytosol, as noted by Yamasaki and colieagues {389].
However, it was possible to identify crosslinked products migrating at 21, 45, 60 and
76 kDa in liver nuclear fractions. Again, as observed above, the 76- and 60-kDa
entities were the only crosslinked products that were consistently specifically
labeled, as assessed by the ability of excess unlabeled NLS to compete for the binding.
Mixing of cytosolic and nuclear fractions before binding and crosslinking resulted
in the same number of radiolabeled bands as were observed in the two fractions
alone, supporting the conclusion that these products were identical in each fraction
(data not shown). Thus these studies suggest that the polypeptides forming the 76-
and 60-kDa specifically labeled crosslinked products are present in both nuclei and
cvtosol. Furthermore, crosslinked products migrating at 76 and 60 kDa were also
identified on nuclear envelopes prepared from rat livers (Fig. 6B). There was much
more 60-kDa crosslinked product observable in this fraction.

Adrenalectomy results in the loss of association of GR with nuclei and nuclear
envelopes [289]. if GR association was mediated by a GR NLS-binding protein, a
possible cause of the loss of GR association upon adrenalectomy would be the loss of a

glucocorticoid-responsive GR NLS-binding protein. It was, thus, of interest to
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Figure 6. Crosslinking of the GR NLS to Rat Liver Subfractions

A, Crosslinking of GR NLS to nuclei from livers of intact and
adrenalectomized male rats. Nuclei (100 ug) isolated from livers of intact male
rats (N) or from male rats nine days post-adrenalectomy (ADX) were extracted
with 1 % octyl-p-D-thioglucopyranoside and 0.3 M KCI for 1 h on ice beforc
incubation with 2.1 uM [125]]-GR NLS with (+)} or without (-) 67 uM unlabeled
GR NLS (Comp) followed by crosslinking with 0.09 mM BS3 (2-day exposure). B,
Crosslinking of the GR NLS to rat liver nuclear envelopes. Nuclear envelopes
(NE, 50 ng) isolated from male rat liver and extracted by detergent and high
salt, as described in Materials and Methods were crosslinked with 0.5 mM BS3
after binding with 2.1 pM [125]]-GR NLS with (+) or without (-} 214 uM
unlabeled GR NIS. Crosslinked products were identified by autoradiography
after application of samples to SDS-PAGE (4-day exposure).
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investigate whether the GR NLS-binding proteins were glucocorticoid responsive.

However, adrenalectomy which eliminates glucocorticoid and mineralocoriicoid

production did not alter either the crosslinking pattern or the amount of any

crosslinked product (Fig. 6A).

7. Effect of ATP and Temperature on Crosslinking

Imamoto-Sonobe et al. [390] have shown that the efficient association of nuclear
proteins with isolated rat liver nuclei requires ATP and that the association occurred
at 33 °C but not at 4 9C. Other groups have shown nuclear import to be a two-step
process [160, 161]. The first step, binding to the nuclear envelope, is shown to be
independent of ATP, while the second step, import into the nucleus, requires ATP. We
investigated the energy requirements in the crosslinking studies of the nuclear
fraction (Fig. 7). At 4 9C, in the absence of ATP, a faint band was observed at 60 kDa.
After addition of ATP at this temperature, the intensity of this band increased and a
distinct crosslinked product at 76 kDa was observed. At 33 ©C, in the absence of ATP

both bands were visible, but the intensity of each was increased after incubation in

ATP.

8. Crosslinking of the TR NIS to Cellular Fractions

Figure 8 illustrates that the crosslinking of the TR NLS to rat liver nuclei, rat
liver nuclear envelopes and S49 cytosol results in labeling of bands at 60 and 76 kDa.
Thus, the same crosslinked products were identified as had been identiiied after

crosslinking of the GR NLS.

9. Crosslinking of GR NLS to Rabbit Reticulocyte Lysate and
hsp36 Immunoblot Analysis

We attempted to further identify the NLS-binding proteins by testing for some
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Figure 7. The Effect of Temperature and ATP on the Crosslinking of Nuclear
Polypeptides to the NLS of GR

Nuclei (100 pg protein) were preincubated for 2 h at 33 °C in 10 mM HEPES
{pH 7.8), 60 mM KC], 2 mM CaClz, 3 mM NaHCO3, with or without 0.4 mM ATP.
Nuclei were then extracted with 1 % octyl-g-D-thioglucopyranoside and 300
mM KCI for 1 h at 4 °C and incubated with 1.1 mM [125]]-GR NLS in the
presence or absence of 1 mM ATP either at 4 ©C or 33 °C and in the presence (+)
or absence (-) of 100-fold excess unlabeled peptide (cold peptide). Crosslinking
was performed with 0.09 mM BS3 crosslinker for 60 min at room temperature,
before running on SDS-PAGE and autoradiography (30-day exposure).
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Figure 8. Crosslinking of the TR NLS to Subcellular Fractions

Left panel, Crosslinking of the TR NLS to nuclei. Nuclei (100 pg) isolated
from male rat livers were incubated with 2.1 uM [123]]-TR NLS in the presence
(+) or absence (-) of 50 uM TR NIS and crosslinked with 0.5 mM BS3 for 15 min
at room temperature. Center panel, Crosslinking of the TR NLS to nuclear
envelopes. Nuclear envelopes (NE, 100 pg) isolated from male rat livers were
incubated with 3.4 uM [1231]-TR NLS in the presence (+) or absence (-) of 67 uM
unlabeled TR NLS before crosslinking (13-day exposure). Right panel,
Crosslinking of the TR NLS to cytosol. Low speed cytosol (100 pg) isolated from
$49 cells was incubated with 3.4 yM [123]]-TR NLS in the presence (+) or
absence (-) of 101 pM unlabeled TR NLS before crosslinking (6-day exposure).
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likely candidates. It is hypothesized by Pratt et al. [391] that the GR associated protein

hspS6 is the 60-kDa NLS-binding protein because: the protein is associated with the
untransformed receptor; the protein is thought to have a chaperone function; and, it
also contains a stretch of acidic residues that could possibly interact with the basic
NIS through electrostatic interactions. As hsp56 is a newly identified protein and
recently cloned gene {391A], limited tools are available to study it at the protein level.
We investigated whether we could immunoprecipitate the [125[]-GR NLS crosslinked
product of 60 kDa from rat or murine cells with anti-hsp56 antibodies and protein A-
sepharose. The EC1 antibody [392, 393}, which was raised against rabbit progesterone
receptor but reacted with rabbit hsp56, shows poor crossreactivity to rodent hsp56
and does not immunoprecipitate (L. Faber, personal communication). A newly
available commercial antibody raised against a peptide sequence of rabbit hsp56 (a
gift from Affinity Bioreagents, [391A]) demonstrates species crossreactivity on
immunoblots but it was not known if it could immunoprecipitate hsp56. Direct
detection of hsp56 by Western blots of the immunoprecipitates is hampered by the
presence of the immunoglobulin heavy chain at 55 kDa. Therefore, an indirect
approach was taken to see if anti-hsp56 antibody could co-immunoprecipitate 35g-
labeled in vitro translated GR in rabbit reticulocyte lysate by washing the
immunopeliet under gentle conditions in TEG buffer (10 mM TES pH 7.6, 1 mM EDTA,
10 % glycerol, 50 mM NaCl with or without 20 mM NapMoOg4) [80, 81]. Attempts at co-
immunoprecipitation with hsp56 with this antibody were unsuccessful. This was not
surprising as the antibody is raised against a linear epitope of the protein and may
not recognize the native protein. Other groups have been unsuccessful at
immunoprecipitating with this antibody (James Stiehr, President, Affinity
BioReagents, personal communication).

The anti-hsp56 antibody EC1 (a gift from Dr. Lee Faber, [392]) worked well on

Western blots of rabbit reticulocyte lysate as can be seen in Figure 9B. To my



Figure 9. Crosslinking of GR NLS to Rabbit Reticulocyte lLysate and Hsp36
Immunoblot Analysis

A. 1251 -1abeled GR NLS (0.8 ug) was crosslinked with BS3 in crosslinking
buffer with 1 mM ATP, 3 mM NaHCO3 and 2 mM CaCl? containing 25 or 50 pg
lysate in the presence (+) or absence (-) of 10-fold excess of unlabeled GR NILS
(competitor). B. Immunoblot of rabbit reticulocyte lysate (25 and 50 ug
protein assuming a 100 pg/pl concentration) with anti-hsp56 antibody, EC1, at
1:1000 dilution incubated overnight at 4 ©C. The protein was detected after
incubation with horseradish peroxidase-labeled sheep anti-mouse antibody at

1:100 000 dilution for 3 h at room temperature with ECL. Exposure was for 7
min.
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surprise, crosslinking of the GR NLS peptide to rabbit reticulocyte lysate yielded a

crosslinked band at 76 kDa but not at 60 kDa (Fig. 9A). This suggests that even though
hsp56 is present it may be distinct from the 60-kDa crosslinked product since I do not
observe it here.

[ also tested to see if | could immunoprecipitate the 76-kDa crosslinked product
with anti-protein kinase C antibodies, including antisera provided by Dr. Max Hincke
(University of Ottawa) [394], antisera purchased from Gibco-BRL [395], or a
monoclonal antibody purchased from Amersham (clone MC5), and protein A-

sepharose. These experiments were also negative (data not shown).
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(ii) In Vitro Nuclear Protein Import Models

A. In Vitro Binding of GR to Purified Isolated Rat Liver Nuclei

1. Preliminary Experiments

I first confirmed that the in vitro coupled transcription/translation Kkit
programmed with GR ¢DNA under the control of SP6 promoter yielded the correct
molecular weight products for the full-length receptor (pRAN93, contains both NLI
and NL2) and the ligand-binding domain (547EBU, contains only NL2) as detected by
fluorography of an SDS-PAGE gel of the translation products and by Western blotting
with an anti-GR antibody (Fig. 10}). The transformation of GR from a non-DNA-
binding state to a DNA-binding state was verified by the change in sedimentation
from 8 § to 4 S on a sucrose gradient [66,67]. Figure 11 shows the sedimentation
profiles of GR and NL2, the hormone-dependent NLS and ligand-binding domain of
GR, in the untransformed state. The translated products of the full-length GR
sedimented on the gradients similar to [3H]-dexamethasone-labeled cytosolic receptor
(data not shown). GR is completely untransformed as is shown by its sedimentation at
a higher sedimentation coefficient than BSA. It is always best to have two
sedimentation standards to interpolate the value of the unknown and not extrapolate.
However, in these experiments the heavier sedimenting standard was not detected
because too little has been used or it had degraded. The majority of NL2 was
untransformed with a small amount (13 % of the signal observed on the fluorogram)
that was transformed even in the presence of molybdate. Ligand and heat treatment
yielded a more efficient transformation of GR than heat alone (Fig. 11). in the
transformation by ligand, 100 nM dexamethasone was used for the full-length rat GR
while 1000 nM was used for the ligand-binding domain (NL2) because it is known to

have a 300-fold reduction in ligand binding affinity [23]. Heat treatment of GR



71

Figure 10. Coupled In Vitro Transcription/Translation of GR Derivatives

The cDNAs for the full-length (minus nineteen Q residues) rat GR
(pRAN93, simply called GR), the ligand-binding domain (NL2) alone fused to
the BuGR epitope (p547EBU, simply called NL2), and firefly luciferase (LUC,
from Promega) were transcribed and translated in rabbit reticulocyte lysate in
the presence of [33S]-methionine. Samples (3 ul) of translation mix were run
on SDS-PAGE and fluorographed (A) or transblotied and subjected to
immunoblot analysis with BuGR (anti-GR) antibody (1:2000 dilution). The
antibody was detected by enhanced chemiluminescence and autoradiography

(B).
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Figure 11. Sucrose Gradient Analysis of Transformed and Untransformed
Translation Products

Panels A and C, Untransformed 33S-labeled GR and ligand-binding
domain (NL2) were fractionated on 10-25 % sucrose gradienis containing 20
mM molybdate. Fractions were run on SDS-PAGE, fluorographed and the
results of densitometric scans are plotted here. Panels B and D, Translation
products stored without molybdate were either heat transformed, 25 ©C for 30
min (¥ ), or ligand transformed with 100-1000 nM dexamethasone for 2 h at 4 ©C
and then heat treated as above (A)}. The transformed products were
fractionated on 15-30 % sucrose gradients under low salt conditions in the
absence of molybdate. [14C]-BSA (4.6 S) served as an external standard and
rabbit hemoglobin (4.2 S) served as an internal standard. Bottom and top refer

to bottom (highest density) and top (lowest density) portions of the sucrose
gradient.
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transformed 59 % of the receptor while ligand and heat transformed 84 % of the
receptor. The smaller ligand-binding domain was poorly transformed by heat alone
{27 %) while ligand and heat transformed 59 %. None of the methods of
transformation resulted in as high yields of the transformed ligand-binding domain

(NL2) as the full-length GR.

2. Nuclear Binding Assay

I adapted a filtration assay for the measurement of 43Ca*+ binding to nuclei
[166] for use in measurement of translated products binding to nuclei. [ first
identified a 0.22-0.45 um pore membrane that retained nuclei (4-6 um diameter) but
had a low binding affinity for free protein. As the results in Table 6 demonstrate, a
hydrophilic PVDF-membrane from Millipore showed the least binding to translated
GR products.

Ligand-transformed GR bound to isolated rat liver nuclei about three times
better than untransformed GR and was not affected by BSA in the import assay (Fig.
12). The biggest difference between quantities of the transformed and
untransformed GR binding to nuclei was seen at a concentration of 50 ug/50 ul
nuclear protein. Therefore, import assays were performed as follows; lysate (3-25 ul)
containing transformed or untransformed translated receptors was incubated for 30
min under various conditions with purified rat liver nuclei {50 pg) in a final volume
of 50 ul. One ml of ice-cold buffer was added to stop the reaction and unbound protein
was separated from the bound fraction by filtration through a 13-mm 0.45 pm pore
hydrophilic PVDF-membrane with the use of a syringe. The filter with the retained
nuclei was then washed with another 4 mi of cold buffer. The filter with the
nuclear-bound counts were quantified by scintillation counting. Three ul of GR-
containing lysate typically contained 400 000 d.p.m. of trichloroacetic acid-

precipitable 35S-counts; thus 40 000 nuclear-bound counts represented 10 % binding.
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Table 6. Protein Binding to Filters

Bound counts* (9% of total)

Durapore {(hydrophilic PVDF) 1.2 (0.04 %)
HA, Triton-free (nitrocellulose) 63.9 (2.3 %)
HA (nitrocellulose) 66.2 (2.4 9%)
direct spotting of 3 ul lysate to dry 2 730.7 (100 %)

filter (total counts)

*Values are expressed as d.p.m. x 10-3. Three pl of untransformed GR-containing
lysate in 50 pl import buffer with 4 mM ATP was diluted with 1 ml of cold import

buffer, filtered and washed wth 10 m! of cold import buffer. All the filters were from
Millipore.
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Figure 12. Transformed and Untransformed GR Binding to Isolated Nuclei

Lysate (3 ul} containing either ligand-transformed GR (¢, o) or
untransformed GR (0, O) was incubated with increasing amounts of nuclear
protein and the binding measured after 30 min by filtration assay. Binding
was performed in the presence (¢, O} or absence of 0.2 % BSA (4, O). Bound
counts were quantified by scintillation counting.
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The concentration of translated GR in the lysate was calculated to be approx. 2 nM

(similar 10 its intracellular concentration), and the total protein concentration of the
lysate is approx. 100-200 mg/ml (roughly 30 % of which is hemoglobin} as specified
by the manufacturer.

A dose-response relationship was seen between the concentration of GR and
binding to rat liver nuclei (Table 7) with a six-fold difference between transformed
and untransformed GR binding to nuclei at 25 pl of GR-containing lysate (50 % of
import volume). There was no difference in the binding at 4 °C in the presence or
absence of 4 mM ATP. However, a decrease was observed in binding at 33 ©C in the
presence of ATP compared to binding in the absence of ATP. In general, the binding
results were similar at 4 °C and at 33 ©C. The addition of supplemental lysate to GR-
containing lysate had a small inhibitory effect on binding to nuciei. The ¢DNA for a
62-kDa peroxisomal (cytoplasmic microbody) protein, luciferase, was translated and
added to nuclear import assays as a control for non-specific binding. As expected it
bound poorly, less than the value obtained for untransformed GR.

The binding of NL2, the ligand-binding domain of GR that also comprises a
ligand-dependent NLS [1], was tested in our nuclear binding assay and found to bind
6- to 10-fold better at 33 ©C than at 4 9C, compared to GR which showed a 2- to 6-fold
difference in binding at the two temreratures (see Table 8 and Discussion). There
were no differences in the levels of nuclear binding of heat-transformed GR and NL2
versus ligand- and heat-transformed GR and NIL2.

Finally, we tested the specificity of GR binding to membranes by using
purified rat liver mitochondria (1 um diameter) in our import assay. The translated
products bound even better to purified mitochondria than to purified nuclei (Table

9).



Table 7. Binding of GR to Rat Liver Nuclei*

40C 33 oC
import - ligand + ligand - ligand + ligand
substrate
-ATP | +ATP [ -ATP | +ATP | -ATP | +ATP | -ATP | +ATP
GR 3ul 158 1114 [43.1 §29.2 (206 [16.8 [45.6 [36.6
12 pl 295 1220 133.6]1063]45.9 |25.3 |211.9]695
25 ul 426 1458 |2646(263.2]56.7 |nd 213.21101.8
GR + lysate 3+12ul 140 | 6.6 20;2 25.0 |6.1 6.1 29.8 1105
12+ 13 ul 164 1162 [71.8 |71.0 |16.1 }15.0 [903 [30.2
luciferase + lysate 3+ 22ul 58 |62 |nd nd 7.5 89 |nd nd
12+ 13 ul nd nd 18.1 ind nd nd 24.3 Ind

*Data are expressed as d.p.m. x 10-3. Import is at 4 or 33 C in the presence or absence
of 4 mM ATP with various amounts of GR that has been ligand- and heat-transformed
(+ ligand) or not transformed (- ligand). GR containing lysate was in somc cases
supplemented with lysate containing no exogenously translated proteins (lysate).
Lysate containing in vitro translated luciferase, a 62-kDa peroxisomal protein, was
used as a control for non-specific binding to nuclei. nd=not determined.
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Table 8. NL2 Binding to Isolated Rat Liver Nuclei

GR NL2

ligand heat ligand heat
4 9C 14.5 6.4 10.9 64
33°C 34.4 414 4.8 05.1

Values are expressed as d.p.m. x 10-3 of filter-bound counts. Import assays were
performed at 4 or 33 °C with 3 ul of GR- or NL2-containing lysate that had been
transformed with ligand (100 and 1000 nM dexamethasone, respectively) and heat, or
heat alone (25 0C, 30 min).
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Table 9. GR Binding to Isolated Rat Liver Mitochondria*

Mitochondria Nuciei

GR (-ligand) 3l 12.6 nd

6 pl 29.6 22.0
GR (+ligand) 3ul 209 nd

6 pl 36.3 28.9
NLZ (-ligand) Jul 156.0 nd

o pl 409.6 295.9
NL2 (+ligand) 3ul 158.5 nd

6 ul 320.1 174.9

*Values are expressed as d.p.m. x 10-3 of 35S bound to filter. Receptors (GR and NI1.2)
were ligand- and heat-transformed (+ligand) or not {-ligand) and 3-6 pl of lysate was
incubated for 30 min at 30 °C with either 50 ug purified rat liver mitochondria or 50
ug purified rat liver nuclei in import buffer with or without 20 mM NayMoOy4.
Binding was stopped by flooding with buffer and filtration through hydrophilic
PVDF-membranes. Filters were washed and counted. nd=not determined.
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B. In Vitro import of GR in to Permeabilized COS Cells

i. Preliminary Experiments

We (E. LaCasse and J. Kwast-Welfeld) set out to establish an in vitro nuclear
import medel for GR based on a recently described permeabilization system {372-374],
as described in the Methods and Materials section. The permeability of the plasma
membrane and the integrity of the nuclear envelope caused by detergent-
permeabilization of COS cells grown on coverslips was verified. After incubation of
COS cells which had been permeabilized with 40 or 200 ug/ml digitonin for 5 min at 4
OC with anti-lamin antibodies, we assessed the localization of anti-lamin antibodies by
indirect immunofluorescence. The IgG antibodies are 150-kDa proteins which are too
large to diffuse through the intact nuclear pore, and which recognize an
intranuclear structure, the lamina, lining the inner nuclear envelope. The results
in Figure 13 clearly show that permeabilization with 40 pwg/ml of digitonin resulted
in the anti-lamin antibodies not having access to the nucleus and being detected only
in the cytoplasm. However, at 200 pg/ml digitonin, the antibodies stained
intranuclear components which demonstrated that the higher detergent
concentration has resulted in permeabilization of the nuclear envelope. To confirm
that the antibodies were functional under these conditions we permeabilized fixed
cells with 0.5 % Triton X-100 and observed staining of the lamina after antibody
incubation. Therefore, further studies were performed with 40 pg/ml digitonin.

The permeabilization of the nuclear envelope by 0.02 % (200 pg/ml) digitonin
is not as complete as permeabilization by 0.5 % Triton-X-100. This s evident in the
photograph of cells permeabilized with 200 pg/ml digitonin which show a decreased
nuclear fluorescence compared either to cells in the same field which were
undergoing mitosis and show a strong cytoplasmic (redistributed) lamin

fluorescence, or the Triton-permeabilized cells.
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Figure 13. Plasma Membrane and Nuclear Envelope Permeability

COS cells grown on coverslips were permeabilized with either 40 or 200
ug/mi digitonin to assess the permeabilization of the plasma membrane and to
verify the integrity of the nuclear envelope by exclusion of anti-lamin
antibodies (kindly provided by Dr. Yves Raymond, Montreal). Permeabilized
cells were incubated for 30 min at 30 °C with 1 pug of anti-lamin antibody in 50
% reticulocyte lysate diluted in transport buffer. After the incubation,
coverslips were rinsed in transport buffer and fixed with 3 %
paraformaldehyde. As a positive control, fixed cells were completely
permeabilized with 0.5 % of Triton X-100 {+ Triton X-100) and then exposed to
the anti-lamin antibodies.
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Next we tested if the permeabilized cells selectively imported nuclear proteins
by using a naturally fluorescent protein, allophycocyanin, conjugated to the SV40
large T-antigen NLS peptide (4-8 peptides per molecule) [372-374] as a karyophilic
substrate. Permeabilized cells were incubated with the import substrate in 50 %
lysate in import buffer with or without ATP and an ATP-regenerating system. The
fluorescence micrographs show that the fluorescent import substrate only
accumulates in nuclei in the presence of ATP and was washed out of the cytoplasm in

the absence of ATP (Fig. 14).

2. GR Fragment In Vitro Nuclear Import

With the import system working as expected, we tried unsuccessfully to
reconstitute the nuclear import of in vitro translated GR (using non-radiolabeled
methionine) added to digitonin-permeabilized cells. Import was detected by fixation
of the permeabilized cells after import, permeabilization with Triton X-100 and
incubating with an anti-GR antibody (BuGR). The antibody was detected by indircct
immunofluorescence. We could not detect any import of GR above the background
fluorescence signal of the antibody (data not shown). This was thought to be due 10
the low concentration of GR in the import assay, which was calculated to be less than
1 nM. To obtain more GR substrate for nuclear import we relied on a bacterial
expression system to generate a 19-kDa fragment of GR consisting of the DNA-
binding domain along with the hinge-region NLS, NL1. We routinely obtaincd a
crude E. coli extract that contained approx. 1 mg/ml GR fragment. A concern with
using such a small protein fragment is that it could diffuse through the nuclear pore
and bind DNA, hindering the interpretation of our import results. To increase the
size of the import substrate it was complexed with antibody (150 kDa) before adding it
to the import assay. In Figure 15, we observed by indirect immunofluorescence ATP-

dependent nuclear import of the GR fragment-antibody complex.



Figure 14. ATP-dependent Import of an NLS-conjugate

COS cells grown on coverslips were permeabilized with digitonin (40
pug/ml for 5 min at 4 °C) and incubated for 30 min at 30 °C with 100 nM
allophycocyanin-NLS peptide conjugate (kindly provided by Dr. S.A. Adam) in
50 % reticulocyte lysate diluted with transport buffer in the presence or
absence of 0.5 mM ATP and an ATP-regeneration system. After the incubation,
coverslips were rinsed in transport buffer and fixed with 3 %
paraformaldehyde. Samples were originally observed at 400x magnification
by epifluorescence on a Zeiss Axiophot microscope. Exposure time for both
panels was 15 sec.






Figure 15. Nuclear Import of the GR DNA-binding Domain (GR DBD) Bound to
Antibody

Bacterially expressed GR DNA-binding domain 19-kDa fragment (48 ug
total protein or approx. 5 pg GR) which also contains the hinge region NLS and
an epitope for the BuGR antibody was prebound to antibody (1 pg) to increase
its size so not to allow passive diffusion and DNA binding of GR. Permeabilized
COS cells on coverslips were incubated for 15 min at 37 °C or 4 °C with the
complexed GR fragments in 50 % reticulocyte lysate diluted with transport
buffer in the presence (ATP) or absence of 0.5 mM ATP and an ATP-
regeneration system (no ATP). The fluorescent secondary antibody was added
after fixation and Triton X-100 permeabilization of the cells. In one panel, the
GR DNA-binding domain was omitted (no GR DBD), while in the last panel, the
primary antibody was omitted.
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IV. DISCUSSION

(i) NL1-binding Proteins

1. Identification of NL1-binding Proteins

We identified two specifically crosslinked polypeptides with molecular masses of
60 and 76 kDa in both nuclear and cytosolic subfractions after binding to either the
synthetic GR NLS or TR NLS. This is the first identification of mammalian NLS-
binding proteins for NLSs within mammalian nuclear proteins. We have shown that
the SV40 large T-antigen NLS also competes for binding to these proteins, supporting
the binding proteins' role in a step of nuclear import common to nuclear proteins,
whatever their origin.

Although this is the first identification of binding proteins for mammalian NLSs
(GR NLS and TR NLS}, several investigators have identified NLS-binding polypeptides
for yeast and viral NLSs (see Table 10). A 45-kDa NLS-binding protein has been
reported [389], but as we found, was judged non-specific due to the inconsistency of
the ability of excess unlabeled signal to compete. The reason for this inconsistency
in specificity remains unknown, although the stability of potential NLS-binding
proteins and the effects of different extraction procedures may explain the variable
results. Silver [396] concluded that the yeast and mammalian cells share 66- to 70-kDa
and 59- to 60-kDa nucleus-associated proteins that recognize NLSs. The 60-kDa
polypeptides we have identified may correspond to the one identified by other
workers. It is of interest that there was much more 60-kDa crosslinked product
observable in the nuclear envelope fraction, as this may indicate a role for this
polypeptide in translocation across the nuclear pore. A 76-kDa NLS-binding protein

has been identified in rat liver nuclear envelope by Benditt and co-workers [400],



Table 10. NLS-binding Proteins Identified with SV40-T NLS Peptides”

Species

Protein size

Protein

Other NLSs  Comments Refs
{(kDa) location? recognized?
Rodent 76, 60 N+C, N+C GR, TR This thesis 1397,
398]
Rat 70, 60 N+C, N+C ND 13571
Bovine 56/54 Cx* ND Stimulates import [349]
in permeabilized cells
Rat 140, 55 N, N EIA, NP {384
55 ER ND Identified as PDI -t
70 ER E1A, NP, Copurifies with ERp72 389C
MATa2
100 C E1A, NP [38Y]
Rat 140 N' ND Named Nopp14() (sequenced) [399]
NLS binding-activity depends
on phosphorylation
Rat 76,67,59,58 N,N,N,N ND [400]
Rat 69 N NP Binds anti-DDDED antibodies 1191]
Identified as hsc7() [189]
Rat 60 NE NP Purified from nuclear envelopes 401
Human 38 N ND Identified as B23 [402]
55 c ND Identified as tubulin
Human 66 C>N protein A*** (403,
404]
Hamster 110 N' H2B Purified nucleolin (C23) {465

N.B. continued on next page,




87

Table 10
(cont'd)
Species Protein size  Protein Other NLSs  Comments Refs
(kDa) location@ recognizedb
Yeast 140,95,59 N, N,N GAL4, NP, {400]
H2B
70 N+C GAL4, NP, Named NBP70 {406,
4071
HZB Antibodies for NBP70
prevent SV40-T ligand {4071
binding to nuclei
Yeast 67 N’ H2B NSR1 gene product (sequenced) [408,
409]
Frog 90, 58,53  Unknown NP, N1/N2 -d
Maize 23/25 N+C ND Abscisic acid-responsive [410]

protein Rabl7

* For our work we did not use a SV40-T peptide but a GR NLS-T peptide. **Comes from an
enucleated cell, i.e. erythrocyte. ***Protein A appears to be an artifactual karyophile.
Alocation: N, nucleus; C, cytoplasm; ER, endoplasmic reticulum; N', nucleolus; NE, nuclear
envelope.

bOther NLSs recognized: glucocorticoid receptor (GR), thyroid hormone

receptor (TR), adenovirus Ela (E1A), Xenopus nucleoplasmin (NP) and N1/N2 proteins
(N1/N2), and yeast Mata2 (MATe2), Gald transactivator (GAL4) and histone H2B (HZB);
ND, not determined.

CL. Yamasaki and R.E. Lanford, unpublished (reported in [411]).

dp.n. Newmeyer, personal communication to Yamasaki and Lanford [411].

Other abbreviations: PD], protein disulfide isomerase; anti-DDDED, antibody to
AspAspAspGluAsp peptide; NBP, NLS binding protein; NSR, nuclear signal receptor.
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whereas an 80-kDa NLS-binding protein in NRK cell eytosol was identified by Adam

and Gerace [349], which may correspond to the 76-kDa binding protein we identified
[397,398). It appears that most nuclear proteins are imported by a common pathway
[412] suggesting that there are tommon receptors or gating proteins for the various
signals.

The NLS-binding polypeptides in Table 10 have been identified by NLS-affinity
chromatography [401, 402, 413], crosslinking {357], ligand blotting {overlay assay)
[399, 401, 405, 409], and photoaffinity labeling (u.v. crosslinking) (389, 400, 403, +14].
Some of the polypeptides are likely to be involved in nuclear import while others are
believed to result from non-specific interactions, such as PDI (protein disulfide
isomerase) which is both an enzyme and a chaperone [415]. PDI is capable of non-
specific peptide binding like other chaperones, which are notable for their lack of
substrate specificity. The purification of binding proteins on an SV40 NIS-affinity
matrix led to the purification of two abundant cellular proteins, tubulin and
B23/n038, which both have a net negative charge. Hence, their interaction with the
positively-charged NLS may be non-specific [402].

The nuclear and cytosolic polypeptides of rat liver and mouse S$49 lymphoma cells
bind the NISs present in the hinge region of GR and TR in a saturable manner. The
saturating concentrations observed fe]l within the wide range reported by other
groups for NLS-binding proteins, from 50-75 nM [357] to 20-80 uM [414]. This wide
range (1000-fold) of saturating concentrations reported may be due to the low
efficiency of crosslinking which differs for the different crosslinkers and
conditions used; and the possibility that only a small percentage of the peptide is in
the right conformation to bind to its receptor, which may also differ for various
peptide constructs. It is important to note that the affinities of the synthetic NIS for
binding proteins should not be used to assess the ability of the NLS 10 interact with

the binding proteins at physiological concentrations of GR. The affinity of the
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signal peptide for its binding protein(s) is expected to be greater in the context of the

full-length GR because additional amino acid contacts may stabilize the structure of
the NIS.

The apparent diversity of NLSs and the lack of a reliable consensus sequence led
us to complete a more detailed investigation in competition experiments. These
experiments demonstrated the specificity of the binding sites for NLS peptides. A
mutant GR NLS was a very poor competitor, as was expected. Because of the
resemblance of the NLS peptides to basic substrates or inhibitors of various protein
kinases and because of evidence for a role of phosphorylation in nuclear import [260,
261], we also performed competition experiments with some known substrates for
protein kinase C, protein kinase A, and calcium/calmodulin-dependent kinase. The
only peptide that served as an effective competitor was CAM, a substrate for the
calcium/calmodulin-dependent kinase. As calcium/calmodulin-dependent kinases of
80 and 60 kDa have been reported {416, 417], the possibility that these are identical to
the 76- and 060-kDa NLS-binding proteins must be considered. These studies also
revealed that the 60-kDa polypeptide demonstrates greater specificity for binding to
the NISs; thus, caution in the identification of the 76-kDa crosslinked polypeptide as
an NLS-binding protein is warranted. Close investigation of the competition analysis
of the 80-kDa NRK cell cytosolic polypeptide [349] reveals that the specificity of this
NLS-binding protein is, as with the 76-kDa binding protein reported here, difficult to

aS8SeSS.

2. Subcellular Localization of NIS-binding Proteins

The observation that the same 60- and 76-kDa NLS-binding proteins are located in
both cytosolic and nuclear fractions argues for the involvement of these
polypeptides in shuttling proteins between the two cellular compartments, as

suggested by others {349, 399]. While there is general agreement in the literature for
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localization of NLS-binding proteins in the nucleus, the localization in the cytoplasm

is more controversial. We and others [389] have identified NLS-binding proteins in
the rat liver cytosolic fractions. Cytosolic NLS-binding proteins have also been
identified in rat erythrocytes, and identical proteins purified from bovine
ervthrocytes have been shown to function in an in vitro nuclear import assay [349}].
However, cytosolic binding proteins have not been reported in yeast, alihough
immunofluorescence detected minor amounts of the 70-kDa NIS-binding protcin in
the cytoplasm {407]. Moreover, Pandey and Parnaik [414] did not detect cytosolic
binding proteins in the rat liver, probably because different conditions were used in
isolation of subfractions and crosslinking experiments. Qur findings and those of
others [400, 414] demonstrate that the nuclear NLS-binding proteins are at least

partially localized to the nuclear envelope.

3. Targeting of Steroid/Thvroid Hormone Receptors to the Nucleus

It may be argued that cellular interactions of TR during nuclear localization
differ from those of GR because its smaller size (52 kDa) allows it to enter the nucleus
by passive diffusion. The recent finding that the nuclear transport of histone H1 (21
kDa} is facilitated suggests that many nuclear proteins, regardless of their size, may
actively enter the nucleus [156]. Furthermore, the identification of a v-erbA protein
with a mutation in the hinge region NLS which makes it unable to enter the nucicus
strongly supports a role for the hinge NLS of TR in nuclear localization of this
receptor as well {299].

GR previously unexposed to hormone is present in the cytosol in a complex with
hsp90, hsp56 (FKBP59) and other proteins, whereas TR is always found in the nucleus
tightly bound to chromatin [112, 113]. Whether the NLS-binding proteins correspond
to any of the components of the GR-complex remains to be determined. It has been

suggested that the difference in localization arises because the NLS is masked in
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cytosolic GR , because hsp90 is complexed to it, and that hormone is required to make

the NLS accessible before nuclear entry can occur. In the case of TR, the NLS is
accessible in unliganded TR, and thus, the receptor is competent for nuclear entry in
the absence of hormone. QOur findings are consistent with the above suggestions, as
they show that the interaction of GR and TR NLS with different NLS-binding proteins
does not account for differences in localization.

The process of nuclear import appears to be a complex one, with the involvement
of several proteins, acting as shuttles and receptors. In the case of the
steroid/thyroid hormone receptor superfamily, there is yet another layer of
complexity that will have to be addressed; several studies have identified a second
NLS in the receptors. A second NLS for which there is no sequence similarity with
the SV40 NLS, has been identified in GR [1, 294], TR [418], the androgen receptor {419],
progesterone receptor [264, 295] and the estrogen receptor [295]. Our studies show
that the hinge region NISs from GR and TR can interact with the same cellular
proteins. This suggests common interactions for nuclear receptor proteins during
nuclear entry. How the other signals within the receptors which on their own are

competent in nuclear targeting modulate these interactions will be of paramount

interest.

4. Summary of Crosslinking Experiments

To summarize the crosslinking results, we have identified a 60-kDa binding
polypeptide that binds both GR and TR NLS as well as the SV40 NLS. This is consistent
with the involvement of the hinge NLS in a nuclear entry step(s) common to all
nuclear proteins and accessibility of the hinge region being the determinant for
nuclear entry for steroid and thyroid hormone receptors. Further, the finding that
the NLS-binding site was in nuclear and cytosolic fractions suggest that it plays a

role in shuttling of the nuclear receptors between the cytoplasm and the nucleus. A
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76-kDa binding site with similar properties was also identified, but was judged not to
bind NLSs with as great specificity. It is possible from our data and that of others to
design a model for further investigation in which the NLS of GR is unmasked by
binding of glucocorticoid to its receptor [100], the signal is able to bind to a general
import or docking protein of 60 kDa (based on its increased association with the
nuclear envelope). Subsequently, it is able to bind to a 76-kDa nuclear importer
polypeptide and gain access to the intranuclear compartment (based on its ATP-
enhanced binding of NLS). The 76-kDa polypeptide then shuttles back to the
cytoplasm for another cycle (based on its nuclear and cytosolic localization). Tuture
work will address the role of these binding sites in nuclear import of the nuclear

receptors.

5. The 60-kDa NIS-binding Protein is Probably Not Hsp56

Our inability to crosslink the GR NLS peptides to a 60-kDa product in rabbit
reticulocyte lysate, even though hsp56 is present, is not conclusive proof that these
are distinct proteins (Fig. 9A). Differences in the rabbit reticulocyte lysate (EDTA,
hemin, etc.) from the rat liver or mouse lymphoma cytosol may hinder crosslinking
to the 60-kDa species. The 54- and 56-kDa species isolated from bovine erythrocytes
by Gerace's group, and shown to stimulate nuclear import [349] are believed not to be
hsp56 (L. Gerace, personai communication). These bovine products are believed to be
representative of the class of 60-kDa NLS-binding proteins observed in the various
systems tested, including ours [396]. Further experiments are needed to
unequivocally identify the 60-kDa NLS-binding protein. Another candidate that
requires some investigation is p60. p60 is the avian homologue of a mammalian 63-
kDa protein that is part of a chaperone complex, composed of hsp90, hsp70 and p60
[420], which may also contain hsp56 [421-423). This complex is found in rabbit

reticulocyte lysate and is believed to be required for the assembly of the
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untransformed steroid receptor complex. The 63-kDa protein is closely related to the

yeast stil gene product, a 63-kDa protein involved in the heat shock response (see
[420]). The p60 and hsp56 (FKBP59) proteins are distinct [76].

The best evidence that the 76-kDa NLS-binding protein is not protein kinase C
(PKC) comes from the competition experiments in which the PKC-substrates were

poor competitors for crosslinking of GR NLS-L to the 76-kDa product (Fig. 10).

6. Identification of Nuclear Import Factors by Means_other than Crosslinking

The crosslinl;ing experiments performed by our group and others are a useful
and valid means of identifying NLS-binding proteins. These studies have been
compleménted by the genetic and functional studies (discussed below). Genetic
studies (see Table 11) have identified factors such as SCJ1 a homologue of E. coli Dna]
[424] that appear not to be directly related with nuclear import but that play a more
general chaperone role in the cell. There are at least five DnaJ homologues in yeast
SCJ1, YDJ1(MASS), SIS1, SEC63, and Zuotin [425], some of which are known to be
involved in endoplasmic reticulum and mitochondrial protein import. Bacterial Dnaj
is known to function together with DnaK (an hsp70 homologue) and GrpE, as a
molecular chaperone. SCj1 is aiso a mammalian hsp40 homologue [426]. The genetic
studies take an indirect approach to investigate the role of proteins in nuclear
import and probably do not identify proteins directly involved in nuclear import.
Any serious mutation affecting nuclear import would be lethal for the cell due to the

fundamental importance of nuclear function to cell viability.



Table 11. Nuclear Import Factors ldentified by Genetics

Factor

Species Protein Protein size  Comment Refs
location® (kDa)

NSP1 Yeast NPC 100 Essential gene 1350,
427,
428]
NSP49 Yeast NPC 49 [350,
429]
NPL1 Yeast ER 73 Identified as SEC63  [430)]
SCJ1 Yeast ER 40 Dnaj homologue 424}
hsp4() homologue [426]
NPL3 Yeast N 54 1350,
431]
NPL6 Yeast N 50 [202]
NiP1 Yeast C 100 {432]
NUP116 Yeast NPC 116 Mutant forms sca) [433]

over NPC
Also called NSP116  [429)

aANPC, nuclear pore complex; C, cytoplasm; ER, endoplasmic reticulum; N, nucleus.
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(ii} In Vitro Nuclear Protein Import Models

1. In Vitro Binding to Isolated Rat Liver Nuclei

The immediate goal of these experiments was to demonstrate that in vitro
translated nuclear receptor proteins could be imported into isolated rat liver nuclei
in buffer. The ultimate goal was to use the system for identification of NL2 binding
proteins by crosslinking of NL2, to characterize GR ruclear import in vitro, and to
test the function of NLSBPs for NL1. I first established that the coupled
transcription/translation kit programmed with GR or NL2 cDNA yielded the correct
molecular weight products as detected by fluorography of an SDS-PAGE gel of the
translation products, and also by Western blotting with an anti-GR antibody (Fig. 10).
The conditions for transformation of the GR complex were then established. It is
known that GR translated in vitro associates with hsp90 near the end of translation
[89, 96, 434, 435], and that the lysate can reconstitute purified transformed cytosolic
GR into an untransformed complex [436]. The synthesized receptors bind hormone as
well as cellular GR does. Transformation of steroid receptors is measured either by
the change in the receptor to a DNA-binding state {e.g., binding to DNA-cellulose) or
by a shift in sedimentation coefficients from an untransformed complex of 8-10 S to a
transformed complex of 4 S on sucrose or glycerol gradients. Usually differences in
sedimentation coefficient are detected after binding of the receptor to a radiolabeled
hormone in the presence or absence of 10-20 mM MoO4=. The presence of MoO4=
keeps the receptor in an untransformed state. High-salt concentrations in the
absence of MoO4= are added to fully transform the receptor. The free hormone is
removed by dextran-coated charcoal extraction before the labeled receptor is loaded
onto a gradient for fractionation. The fractions are then counted in a scintillation
counter and the sedimentation determined from the positions of known standards.

However, the presence of a large excess of unincorporated [335S]-methionine in the
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translation product suspensions obscured determinations of the position of the
radiolabeled receptor. Therefore, [ ran all fractions on an SDS-PAGE gel, and scanned
the intensity of the fluorogram for the GR band, as has been done for in vitro
translated androgen receptor [365]. [ tested two different transformation protocols,
heat alone (25 °C, 30 min) or ligand (100-1000 nM dexamethasone, 2 h, 4 ©C) combined
with heat. I did not want to use high-salt to transform the receptor as this may
interfere with subsequent measurements of receptor binding to nuclei. High-salt
was omitted from the gradient in order to observe only the transforming effect of
heat or ligand. The full-length rat GR construct we have used in our studies was
missing a stretch of nineteen consecutive Q residues in the N-terminus of the
receptor. These were probably removed because they hinder in vitro
transcription/translation production of this protein. However, as this stretch of Q
residues is absent in the human GR, its absence is unlikely to influence our analysis
of rat GR nuclear import. Sedimentation profiles of GR and NL2 in the untransformed
state showed that while GR is completely untransformed, the majority of NL2 is
untransformed with a small amount (13 %) that is transformed even in the prescnce
of molybdate (Fig. 11). Ligand and heat treatment of both translated constructs
yvielded more efficient transformation than heat alone. Heat transformation of GR
transformed 59 % of the receptor while ligand and heat transformed 84 % of the
receptor. The smaller ligand-binding domain was poorly transformed by heat alone
(27 %) while ligand and heat transformed 59 %. Less of the ligand-binding domain
(NL2) was transformed than GR by either method. This is most likely due to NL2's
reduced affinity for hormone and the highly hydrophobic nature of the domain that
may enhance hsp association and prevent transformation. It is important to note
here that my definition of transformation means the disruption of the large steroid
receptor-hsp complex. Another definition often used is the acquisition of DNA-

binding ability. This definition could not be used as the ligand-binding domain (N1.2)
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does not have a DNA-binding domain. The translated products were transformed as

well as, or better, than have been obtained for radiolabeled cytosolic receptor [364] or
in vitro translated receptor [96, 435]. Although it is difficult to directly compare
results as the transformation results vary for the various sources of GR,
transformation protocols, and assays used for transformation, heat-transformation of
cytosolic GR typically yields 20-40 % activation [364], while hormone- and heat-
transformation of in vitro translated receptor typically yield a 30-35 % increase in
binding of GR to bulk DNA [435] or a 15-20 % increase in binding to DEAE-cellulose
[96]. Tt was previously determined by Schlatter et al. [89] that GR and NL2 translated
in vitro bind to hsp90.

I adapted a filtration assay used previously for the measurement of 43Cat++
binding to nuclei for measurement of GR binding to nuclei. I switched from a
nitrocellulose filter, normally used in water microbiology for coliform analysis, to a
hydrophilic PVDF-membrane as this membrane showed the least background
binding of protein. The hydrophilic PVDF-membrane binding results agreed with
the manufacturers statement that this membrane binds protein in the 1 ug/cm?
range, two orders of magnitude lower than nitrocellulose or nylon filters. The direct
spotting of lysate to the filter does not give an accurate determination of 35S-labeled
protein as the lysate also contains other 35S counts ([ 35S]-methionine, free or bound
to tRNA). The actual amount of trichloroacetic acid precipitable counts in 3 ul of GR-
containing lysate is around 400 000 d.p.m. (or 15 % of the total counts). Therefore, 2.4
% binding of 33S to the nitrocellulose filter actually represents 16 % binding of
labeled protein to nuclei (Table 6).

More than three times the amount of transformed receptor bound to isolated
rat liver nuclei compared to untransformed receptor. This difference was not
affected by exogenous BSA added to block non-specific binding. The translated

receptor represented only a small percentage of the total protein in the lysate.
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Therefore, the lysate components probably block some non-specific binding sites. To

our surprise, there was no difference in binding in the presence or absence of 4 mM
ATP. We expected a difference because nuclear import of proteins is a two-step
process [159-161]; the first step is an ATP-independent binding to the nuclei while
the second step is an ATP-dependent import into the nuclei. Therefore, the lack of
dependence on ATP suggests that the nuclei are not competent for nuclear import.
Rather, only the first step, Le., binding to nuclei is occurring to isolated nuclei. This
is supported by the fact that we did not observe differences in binding of
trazisformed receptor at 4 or 33 oC. Chilling is known to block nuclear import but still
allew nuclear binding [159-161]. The small differences we sometimes observed
between binding at 4 °C and 33 °C were thought to be due to differences in receptor
transformation with the receptor rapidly transforming at the high temperatures in
some cases. It has also been suggested [437], that a shift in the transformation
equilibrium may occur upon binding to nuclei. This was supported by our inability
to observe any differenpe in nuclear binding between heat-transformed and ligand-
and heat-transformed receptors, even though sedimentation analyses had indicated
that heat and ligand was more efficient in the promotion of transformation.
Therefore binding of transformed GR to nuclei may promote conversion of any
untransformed GR in the sample to transformed receptor, and ligand-transformation
or heat-transformation results in receptors equally competent and indistinguishable
in their ability to bind nuclei. The shift in equilibrium was not detected in the
sucrose gradient results of receptor transformation because the gradients were
performed in the absence of nuclear acceptor sites for transformed receptors.
Another cause of variability between experiments may be freezing and thawing of
stored receptor which may cause transformation of untransformed receptor, or
Inactivation of stored transformed receptor and alter the interaction with nucleij (L.

LaCasse, R. Haché, G. Préfontaine, unpublished).
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The peroxisomal protein, luciferase, was used as a negative control for the
binding of protein to nuclei and it bound poorly to nuclei as expected. The ligand-
binding domain, NL2, served as an internal control for GR binding to possibly
ruptured nuclei. It bound to nuclei several fold greater than did the full-length GR.
Since NL2 has no DNA-binding function this definitely ruled out any contribution of
DNA binding of GR to ruptured nuclei that could expose other GR acceptor sites.

We were also surprised to find that slightly more receptors bound to
mitochondrial membranes than to nuclear membranes. This suggested that the
binding was non-specific. This was further supported by our (E. LaCasse, R. Haché, G.
Préfontaine, unpublished) observation that transformed receptor bound non-
specifically to a glutathione-agarose matrix several-fold better than untransformed
receptor did. However, a recent report [438] demonstrates the import of GR into
mitochondria in vivo and in vitro. GR synthesized in an in vitro reticulocyte system
enters within minutes to added rat liver mitochondria in the form of intact GR, as
demonstrated by Western blotting. Therefore, the binding of GR to both
mitochondria and nuclei may be physiologically relevant.

I was unsuccessful at crosslinking NL2 bound to nuclei (data not shown), as no
new crosslinked products were detected when NL2 was bound to nuclei as compared to
NL2 alone. The lack of detection may be due to low yield or the lack of accessible and
correctly spaced chemically reactive aminc acid side chains on NL2 or the putative
binding protein for the crosslinking agents used.

We conclude that isolated nuclei are not competent for ATP-dependent nuclear
import of GR. However, this system can be used to study the first step of nuclear
import, that of nuclear binding. Two reports of in vitro translated proteins (p53, Elb,
thymidine kinase, nucleoplasmin and SV40 large T-antigen) being imported into
isolated mouse liver nuclei [439] or cytochalasin B-enucleated yeast nuclei [440]

indicate that a 20-fold nuclear accumulation is observed in the former, while greater
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than 70 % of the nuclear protein is imported in the latter. Thesc results differ from

my results and those of Simons and co-workers [441]. Simons and co-workers state
that isolated rat liver nuclei demonstrate only binding of GR and no transport.
Furthermore, under the same conditions used to observe the temperature-dependent
nuclear import of phycoerythrin-NLS conjugates, transformed GR displayed equal
levels of nuclear binding at both temperatures, similar to my results. The
differences in systems used by our and Simons' laboratories compared 1o others are
many. However, one of the most critical factors is likely the quality of the nuclei for
in vitro import which differs with the different preparation methods of the various
groups. However, the early reports of in vitro import into isolated nuclei in which
both steps were shown to be viable have not been duplicated by other groups, nor
have there been follow up reports from the original laboratories.

A recent study reports the ATP-dependent nuclear transport of SV40 Vp3 docs
occur in isolated nuclei in the absence of added cytosol [441A]. This is demonstrated
using a filtration assay similar to mine. The authors explain their success by the
source of their nuclei, cultured TC7 cells in which extensive cytoskeletal fibers
surround the nucleus. This differs from isolated rat liver nuclei which have few

attached cytoskeletal elements. These elements are thought to play a role in nuclear

import.

2. In Vitro Import into Permeabilized Cells

Two other systems for investigation of nuclear import have been used. The
first system involves adding Xenopus cytosol to isolated rat liver nuclei to reseal the
damaged nuclei and reconstitute import [348, 442, 443]. The sccond system involves
digitonin permeabilization of cells. We did not attempt to adapt the Xenopus
cytosol/rat liver nuclei system to our purposes because we felt the system was

heterogeneous which would make identification and analysis of impert factors more
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difficult. We chose the permeabilized cell system for nuclear import which has
gained widespread acceptance {192, 193, 350, 444] in recent years.

It was necessary to permeabilize the cell plasma membrane with a low
concentration of digitonin {0.004 %) so as not to permeabilize the nuclear envelope at
the same time. A fluorescent import substrate, allophycocyanin-NLS conjugate,
demonstrated ATP-dependent nuclear import in this system. To witness the nuclear
import of GR it was necessary to use a large amount of GR, more than generated by in
vitro translation. Therefore, we produced a fragment of GR (amino acids 407-556) in
E. coli which included the NLI signal of GR. The 19-kDa fragment was complexed
with an antibody to prevent diffusion through the nuclear pore. It would be feasible
to use this reconstituted system to study GR nuclear import with GR fragments that

have been produced in E coli, baculovirus [109, 197, 445], or vaccinia {446].

3. Other Factors Involved in Nuclear Import Identified in Import Assayvs

The permeabilized-cell system and the Xenopus extract resealed rat liver
nuclei system have been used to identify components involved in nuclear import (see
Table 12). Cytosol can be depleted of factors, fractionated and reconstituted with
purified factors to test their roles in nuclear import. Two NLS-binding proteins have
been shown to function in in vitro nuclear import, p56/54 [349] and NBP70 [413], as
has the molecular chaperone hsp70/hsc70 [196, 197]. A recent interesting discovery
by two independent groups [444, 447] provides evidence for a GTPase, Ran/TC4, a Ras-
related nuclear protein, in stimulating nuclear import of protein. Ran/TC4 does not
have an NLS but it is found predominantly in the nucleus (70 %). It may 'piggyback’
into the nucleus with RCC1, a regulator of chromosome condensation that carries an
NLS and is a guanine nucleotide exchange factor for Ran/TC4 [444]. This finding is
interesting because it provides evidence for a GTPase in nuclear import while other

members of the Ras superfamily, Rab and ARF, have clearly demonstrated roles in
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Table 12. Nuclear Import Factors Identified by Function or Shown to Function in Import Assay

Factor Species Protein Protein size  Comment Refs
location? {(kDa)
p62-p58-p54 Rat NPC 54, 38, 62 GIcNAc proteins [<+48,
complex (nucleoporins) 4491
NIF-1 Frog C Unknown NEM sensitive 1348]
NIF-2 Frog C Unknown NEM sensitive [348]
PCG-binding Rabbit C Unknown NEM insensitive |45(H
factorD [429]
Ran/TC4¢ Frog N=>C 25 Stimulates import | bebet,
Human 447}
2p210 Rat NE/NPC 210 Antibodies to [451}
lumenal domain
of gp210 inhibit
nuclear import
pl80 Rat NPC 180 GlcNAc protein {4500
interacts with
cytosolic factor
required lor nuclear
import
hsp70/hsc70 various C+N 70 See refs. 188, 189,
192 and 193
p56/54 Bovine C 56, 54 NLSBP, stimulates 1349]
import in permea-
bilized cells
NRBP70 Yeast N+C 70 NISBP, antibodies to 407,
NBP70 prevent 413]
5V40-T ligand
binding to nuclei
p97 Bovine C 97 Aids NE binding [452]
not an NLSBP

aNPC, nuclear pore complex; C, cytoplasm; ER, endoplasmic reticulum; N, nucleus; NE, nuclear
envelope. bPCG—binding factor, cytoplasmic protein that binds pore complex glycoproteins

modified with O-linked GlcNAc. ‘Ran/TC4 is a teratocarcinoma-derived Ras-related nuclear

protein. Other abbreviations: NEM, N-ethylmaleimide; GlcNAc, N-acetylglucosamine;
NLSBP, NLS-binding protein.
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vesicular transport in the cytoplasm [453]. The permeabilized-cell system has

recently been adapied to yeast cells [350] which will provide a powerful tool for the
future because it is now possible to analyze the yeast genetic mutants by

complementation assays with cytosolic extracts from wild-type or other mutant celis.

4. Summary of In Vitro Import Models

We have reconstituted an in vitro system consisting of isolated rat liver nuclei
to study the first step in GR nuclear import. In vitro transcription/translation of GR
and NL2 ¢DNAs yield products that can be ligand- or heat-transformed like cytosolic
GR. There was approximately 10 % binding of the transformed receptor to isolated rat
liver nuclei. Transformed GR bound to nuclei 3- to 6-fold better than untransformed
receptor, while a non-nuclear protein, luciferase, bound poorly. Binding occurred at
at 4 °C and at 30 °C and was not dependent on the addition of ATP, indicating that we
had reconstituted the first step of nuclear import. NLZ bound to isolated nuclei as
well, However, the binding of GR and NL2 to mitochondria raises some questions
about the specificity of these interactions. Although no mitochondrial import of a GR
fragment was observed in digitonin-permeabilized cells (Fig. 15). A proven in vitro
nuclear import assay was established for GR in which the two steps of nuclear import
were observed and controlled by chilling the cells, omitting ATP, or by adding wheat
germ agglutinin (not performed here) which block the ATP-dependent nuclear
translocation of protein. I have therefore established an in vitro system to study the

nuclear import of GR under controlled circumstances.



104
(iii) Proximity of NLSs and DNA/RNA-binding Motifs

1. Initial Observation

NLSs occur anywhere in the primary structure of a protecin and have been
identified at the N-terminus, at the C-terminus and in between for various nuclear
proteins with a functional NLS. However, [ observed that within the nuclear
receptor superfamily, steroid receptors, thyroid hormone receptors, and retinoic acid
receptors, the NLS (NLI1 in GR) either overlaps directly with DNA-binding functions
or is separated from the C-terminal end of the DNA-binding domain by only a few
amino acids [295]. This observation prompted me to investigate whether this close
spatial relationship between the NLS and nucleic acid-binding domuin was a general

property of other nucleic acid-binding proteins.

2. NLSs Overlap DNA- and RNA-binding Domains in Nucleic Acid-binding Proteins

A review of the literature identified those nuclear proteins with known DNA-
(Table 13) and RNA-binding domains (Table 14) and for which an NIS has been
proven by an additive or negative approach. More than forty different nuclear
proteins from non-homologous genes have been reported for which the positions of
the DNA-binding motif and the NLS(s) are kiiown, while only a small number of
proteins with defined RNA-binding motifs and NLS(s) have been reported. | have
determined the relative positions of the DNA- or RNA-binding dumain to the NLS in
each of these proteins. The proteins are grouped, based on the type of DNA- or RNA-
binding motif, similar to the grouping in the Prosite library (e.g. nuclear receptor
'zinc-finger') for ease of analysis [454]. The positions of the DNA- and RNA-binding
domains and of the NLS are indicated. Each of the nuclear proteins was then placed
into one of four categories depending on whether the NLS and the DNA- or RNA-

binding motifs are overlapping (0O), immediately flanking each other (F, i.c. less
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than ten amino acid separation), separated by less than thirty amino acids (proximal

or P) or scparated by more than thirty amino acids (distal or D),

The major findings from Tables 13 and 14 are as follows. First, 78 % of the
proteins contain overlapping or flanking NLSs and nucleic acid-binding motifs (40
out of 51) or 76 % (32 out of 42) of proteins with DNA-binding motifs, and 89 % (8 out
of 9) of proteins with RNA-binding motifs. Although homologous proteins are listed,
these percentages were calculated from the non-homologous proteins so as not to
give any weighted advantage to the various homologues of a protein that have a
proven NLS function. Inclusion of the homologues into the calculations would
increase the reported percentages. Second, the proximity of NISs and DNA- or RNA-
binding motifs was observed for several types of DNA- and RNA-binding motif in
proteins of unrelated evolutionary origins. This suggests a functional basis for the
association of NLS and DNA- or RNA-binding motifs. Third, the NLSs found close to
DNA- and RNA-binding motifs are also representative of various classes of NISs (see
Introduction).

I have classified members of the Rel family as proteins with flanking
NLS/DNA-binding domains even though according to the criteria described above
they could be classed as distal because the two motifs are separated by more than 100
amino acids. The Rel homology domain, also called the NRD (NF-kB/Rel/dorsal) motif,
is a roughly 300 amino acid region that is conserved from Drosophila to man [455].
The Rel homology domain contains the DNA-binding domain at its N-terminus next to
a dimerization domain with an NLS at the C-terminal end. All three functional
domains are conserved. An exception for this family was made because the
dimerization domain between the NLS and DNA-binding domain may be required for
high affinity DNA binding, and therefore can be considered part of the DNA-binding
domain whicn forms with the NIS a distinct well-conserved modulatory cassette

known as the Rel homology domain.
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Table 13. DNA-binding Proteins with Proven Nuclear Localization Signals

DNA-BINDING NUCLEAR PROTEIN  (#aa) MINIMAL NUCLEAR Class' REF.
MOTIF DNA- LOCATION
BINDING SIGNAL(S)
DOMAIN
HTH mouse Pit-1 {GHF-1) (291) 214-273 209-252 0 1450]
homeobox yeast Mata2 (210) 136-188 1-13 [233]
141-159 8] [234]
ZINC FINGER human ER (593) 179-250 256-303 F f114,
nuclear receptor 295]
chicken PR (786) 410-478 490-506 F
477-487 0
second finger F 1295}
rabbit PR (930) 568-633 638-642/045 O
614-618 0 [178,
624-627 204]
rat GR (7953) 438-305 497-524 O/F |1)
540-795
human GR (777 420-488 478-505 O/F  |294)
521-777
human AR (910) 550-615 608-025 O/F  [292,
628-634 207]
(919) 559-624 580-661 O/F [293,
296)
rat TRal (c-erbA) (410} 53-121 134-136 F 1301]
chicken c-erbA (408) 51-118 127-135 F 1226]
AEV v-erbA (639) 293-361 370-376 ¥ 1299,
300]
ZINC FINGER human PARP (1ci4) 12-66 207-226 D7 {457]
poly(ADP-ribose)pol 116-166
ZINC FINGER mouse Egr-1 (NGFI- (533) 331-419 315-330 1458]
C2H2 A, Krox24, Zif268, 361-419 0
TIS8) 328-433 O {459)
yeast Swis (70%9) 538-635 635-655 F [460]
ZING FINGER xenopus nuclear (609) 145-273 106-120 P [208]
B box (RING) factor 7
ZINC FINGER (GAL4) | yeast Gald (881) 11-38/52 1-29 O [222]
ZINC FINGER adenovirus Ela (289) 139-185 282/285-289 [214]
(other) 140-185 O [211)
human XPAC (273) 105-129 30-42 D 1461)
human GATA-3 (444) 303-347 249-311 O/F  [462]
bHLH/bZIP ASV v-Jun (296) 223-273 223-239 0 [206]
Fos/Jun chicken c¢-Jun (310) 236-287 245-253/259 O 1206]
human c-Jun (340) 259-317 267-283 O [463]
mouse c-Fos (380) 131-193 139-161 G [213]
! FBJ v-Fos {379) 131-193 139-161 (4] [213)

N.B. continued on
next page.
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DNA-BINDING NUCLEAR PROTEIN  (#aa) MINIMAL NUCLEAR Class' REF.
MOTIF DNA- LOCATION
BINDING SIGNAL(S)
DOMAIN
bHLH/bZIP AMCVY v-Myc (416) 330-410 294-309 P [464]
Myc human c-Myc (439) 354-439 320-328 [228]
364-374 o] [465]
human N-Myc¢ (456) 381-456 337-344 P [226]
mouse Max (Myn) (160) 24-103 149-157 D [466]
human Max {151) 15-99 140-148 D [467]
bHLH/bZIP EBV ZEBRA (Zta, (245) 167-202 178-183 O
{other) EB1) 187-194 0 [463]
rat CREB (327) 269-327 287-295 O [468]
tobacco TGA-1A (359) 77-114 70-139 4] [469]
maize Opaque-2 (437) 136-284 101-135
223-254 O [470}
Helix-Loop-Helix maize R protein (610) 190-3307 100-109 D [235]
419-428
598-610
human c-myb (640) 34-86 521-528 D [226]
Ets (HTH) chicken c-ets-1 (485) 375-459 421-427 0 [471]
(441} 331-415 369-388 o) [472]
388-441 O/F
HSF human HSF2 (heat (536} 5-113 108-122 F [219]
shock factor) 195-210
HMG BOX mouse UBF (795) 6 boxes 449-480 0 [258]
401-480 (#4)
480-560 (#5)
xenopus UBF-2 {(701) 5 boxes 566-5927 F [473]
7-503 (#5)
NRD or RH domain v-rel (503) (rel 16-304) 274-317 F? f474,
475]
human p65 (551) 33-226 300-304 F? [476]

N.B. continued on
next page

(rel 21-291)
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DNA-BINDING NUCLEAR PROTEIN  (#aa) MINIMAL NUCLEAR Class' REF.
MOTIF DNA- LOCATION
BINDING SIGNAL(S)
DOMAIN
OTHER yeast Apnl DNA (367) 1-2877 334-367 D? [477]
repair enzyme
SV40 large T-antigen (708) 137-246 126-132 F [154,
155]
SV40 Vp3 (234) 221-234? 198-2006 F? [478-
480]
Agrobacterium (556) ?unknown 212-252 O/F1 [481]
Virk2
Agrobacterium (447) 29-7 1-37 O/¥7 482,
VirD2 417-434 483]
polyomavirus VP1 (384) 1-5 1-11 O | 484,
485
BPV El replication  (605) 1-299 §5-108 01 [480]
protein
hamster RCC1 (421) 8-7 8-24/29 0 (487]
HSV ICP8 {11%6)  544-849 1169-1196 D [488,
489]
murine p53 (390) 307/343-390 312-318 O/F  [490-
280-390 365-370 492)
80-290 375-380
human p53 (393) 319-393 316-325 O/F 2206,
312-323 493]
Drosophila HP1 (206) 95-206 152-206 ) [494]
Adenovirus DNA- (529) 7-529 23-105 P/ [495,
binding protein 496]

Table 12. Abbreviations: O, overlapping; F, flanking; P, proximal; D, distal; HTH, helix-turn-helix;
BHLH/bZIP, basic region helix-locop-helix/basic region leucine zipper; HSF, heat shock facior; HMG,
high mobility group; NRD, NF-kB-Rel-Dorsal; RH, Rel homology; ER, estrogen receptor; PR,
progesterone receptor; GR, glucocorticeid receptor; AR, androgen receptor; TR, thyroid hormone
receptor; 7, refers to uncertainties with exact borders of domains, or other uncertainties (see text).

"When a protein contains multiple NLSs only the closest NLS to the DNA-binding domain is
classified.
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Table 14. RNA-binding Proteins with Proven Nuclear Localization Signals

RNA-BINDING NUCLEAR PROTEIN  (#aa) MINIMAL NUCLEAR Class" REF.
MOTIF RNA- LOCATION
BINDING SIGNAL(S)
DOMAIN
RNP/RRM chicken nucleolin (694) 278-082 256-273 F [256]
xenopus nucleolin9Q (651) 236-639 271-290 F/0 [209]
209-225
veast NSR1 (414) 169-187 139-142 F [257]
(RRM1) 159-162
ZINC FINGER xenopus XFG 5-1 (420) 7 fingers in finger 3 O {497]
(209-404) {265-292)
OTHER HDV p27 deita (214) 88-163 35-44 [498-
antigen (79-107) 69-89 F/70 500]
(2-27)
influenza PB1 (NS1) (237) 19-38 34-38 O [501,
216-221 502]
yveast L25 (142) 62-126 11-17 P/D  [503]
18-28
HTLV-1 Rex (pX) (189) 1-19/77 1-19 0 [250]}
HIV-1 Tat (86) 37-727 48-52/61 0 [226,
504]
HIV-1 Rev (116) 35-50 38-45 0 [244,
504]

Abbreviations: O, overlapping; F, flanking; P, proximal; D, distal; RNP, ribonucleoprotein; RRM,
RNA recognition motif. 'When a protein contains multiple NLSs only the NLS closest to the RNA-
binding domain is classified.




110
The poly(ADP-ribose)polymerase (PARP) bipartite NLS is well conserved for

human, murine, bovine, chicken and Xenopus PARP [453]. Because this NLS is
functionally separate from the DNA-binding activity and forty amino acids away
from the second 'zinc-finger', we have classified it in the D (distal) group. However,
it is part of a 46-kDa proteolytic fragment that forms the DNA-binding domain which
suggests that the two functions share a common protease-resistant globular domain.
Therefore, it could be argued that the NLS and DNA-binding motifs should be
classified as flanking [505].

Another example that requires some clarification is that of the Agrobacterium
spp. VirE2 protein. VirE2Z and VirD2 are required for the nuclear import of the
Agrobacterium T-DNA complex into plant nuclei [151]. VirE2 is a single-stranded
DNA-binding protein. Although the VirE2 and VirD2 NISs have been mapped, their
DNA-binding domain has not been precisely mapped. The Virk2 DNA-binding domain
lies somewhere in the C-terminal two thirds of the protein [151]. A possible overlap
with the NLS has been inferred because a point mutation in the NIS also disrupts DNA
binding [151]. Likewise, the N-terminal NLS sequence of VirD2 is very close to a
tyrosyl residue proposed to be involved in the covalent linkage of VirD2 to the T-DNA
[506].

The NLS of SV40 Vp3 protein (amino acids 198-206, [478]) is classified as
flanking or overlapping the DNA-binding domain (amino acids 221-234) because the
C-terminal amino acids which constitute the major DNA-binding domain rcquires the
C-terminal thirty-five amino acids (which also contain the NLS) for full DNA
binding activity [479]. The yeast Apnl DNA repair enzyme has been classified as
distal since the DNA binding function must be within the homology domain with I
coli endonuclease IV which excludes the region containing the NIS. However, this
does not preclude the possible contribution of the NLS region to DNA hinding of

Apnl. The adenovirus DNA-binding protein NLS is classified as distal because the
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DNA-binding domain lies in a C-terminal chymotryptic fragment of 44-46 kDa while

the NLS lies in the first one hundred and five N-terminal amino acids [496]. Take
note that the overlapping domains of the heterochromatin-associated protein HP1
which mediate nuclear localization and heterochromatin binding may be mediated
by protein-protein interactions rather than HP1 binding directly to DNA or to an
NISBP. HP1 has no identifiable DNA-binding motifs or NLS motifs [494].

I have considered the so-called nucleolar localization signal of Rex to be a
nuclear localization signal, as both nuclear and nucleolar proteins have to be
imported into the nucleus. What has been called a 'nucleolar localization signal' is
probably an RNA-binding function, which is overlapping a known nuclear
localization signal. Thus the RNA binding is responsible for the sub-nuclear
localization and not the NLS [255-257]. As I discussed in the Introduction, it has been
demonstrated clearly that the nucleolar localization of nucleolin [172, 256], NSR1
[257] and UBF [258] is due to nucleolar component-binding sequences.

It is interesting to note that the only nuciear proteins known to affect RNA
export (see below) share the property that their NLSs and DNA- or RNA-binding
motifs are overlapping. The overlap may be required for the proper functioning of
these proteins, RCC1, the influenza virus NS1 protein, the HIV Rev protein and its
functional homologue HTLV Rex [S07). RCCI is also a guanine nucleotide release
protein for a GTPase, Ran/TC4, which is involved in protein nuclear import (see
[444]).

Another point of interest is that some of the proteins listed in the tables are
conserved in prokaryotes. However, as might be expected the prokaryotic
homologues lack an NLS. Yeast ribosomal binding protein L25 which binds rRNA in
the nucleus [503] and the yeast DNA repair enzyme Apnl [477] possess extensions

with NLSs while their prokaryote homologues do not possess NLSs.
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I have restricted my anaiysis to DNA- and RNA-binding motifs, although, NLSs

may overlap with other important functional motifs of nuclear proteins. An example
is the herpes simplex virus protein ICP8 for which the C-terminal twenty-eight

amino acid NLS appears to overlap with a viral replication function [508].

3. Hypothesis

We have determined that NISs and DNA- or RNA-binding domains of the
majority of nuclear proteins are either overlapping or flanking. The proximity of
the motifs suggests that their association confers some evolutionary advantage. We
suggest that DNA- and RNA-binding motifs have evolved with an overlapping or
flanking NLS for one or more of four reasons: requirement of the NLS for DNA- and
RNA-binding protein localization, requirement of DNA binding in retaining proteins
in the nucleus, the additional function of the NLS in DNA binding, or the need to

mask both functions simultaneously.

A. Requirement of NIS for DNA- or Nuclear RNA-binding Protein Localization

A prerequisite for any DNA- or nuclear RNA-binding protein is localization (o
the cell nucleus. The correct localization of a DNA- or RNA-binding protein requires
an NLS within the protein itself or association of the DNA- or RNA-binding protein
with a protein that does contain an NLS for co-transport. Hence, DNA- and nuclear

RNA-binding proteins are dependent directly on NLSs for their localization, and

indirectly for their function.

B. DNA Binding, Retention and Nuclear Localization
The localization of proteins in the nucleus is dependent on the processes of
nuclear import, retention in the nucleus, and export from the nucleus to the

cytoplasm. The import of large nuclear proteins (larger than 70 kDa) requires an
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NLS. However, it appears that if the protein does not bind to intranuclear

components it is exported out of the nucleus by a default pathway [171, 172], even
though the protein contains an NLS. The protein is still competent for nuclear entry
but it will be recycled out of the nucleus. Thus, continued nuclear residency

requires a nuclear-binding function such as DNA- or nuclear RNA-binding.

C. Additional Function of the NLS in DNA/RNA Binding

In some of the DNA-binding proteins with overlapping NLSs it is possible to
introduce point mutations that disrupt one function but not the other [459, 470, 509].
An R to K mutation in the basic domain of the maize regulatory protein opaque-2 will
no longer bind DNA but this mutant is nonetheless localized in the nucleus. DNA
binding per se of NGFI-A (Egr-1, zif268, Krox-24), which has an overlapping NLS, is
not required for nuclear localization. Of course a mutant which does not bind DNA is
still directed to the nucleus. Another mutation which abolished nuclear localization
had no effect on DNA binding. These results clearly demonstrate the overlap of two
distinct and distinguishable motifs. However, possible co-operation in the action of
these motifs is not ruled out. NLSs because of their basic nature may also increase
DNA- and RNA-binding affinities. Hence, the NLS may have a dual function in the
DNA- and RNA-binding proteins, This appears to be the case for the POU
homeodomain transcription factor, Pit-1, in which a deletion of part of the DNA-
binding domain destroys an NLS function [456]. The basic stretch of amino acids
within this deletion that is believed to be the NLS of Pit-1 is known to make base
specific and phosphate backbone DNA contacts for Pit-1 and other homeodomain
proteins [510-512].

The study of NLS function in other homeodomain proteins has not received
much attention because it is generally assumed that the small size of these proteins

would allow their diffusion into the nucleus. However, it may be argued that all
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nuclear proteins no matter how small may possibly require an NIS for efficient
nuclear import. Functional NISs have recently been identified in numerous small
viral proteins (see Tables 13 and 14) and small mammalian proteins, such as histone
Hl [156]. Therefore, it is possible that the majority of homeodomain proteins may
require an NLSs for nuclear import. An argument against this possibility is that the
putative basic NLS in homeodomains which is definitely part of the DNA-binding
domain, is deleted or mutated in some homeoglomain inhibitors, e.g., I-POU [513], 1d
[514,515], extramacrochaetae [516-518]. Nonetheless, these inhibitors dimerize with
specific homeodomain proteins, presumably get into the nucieus, and inhibit DNA
binding of the heterodimers. One could postulate that if the basic stretch is truly an
NLS and the sole NLS for homeodomain proteins then these inhibitors must

'‘piggyback’ into the nucleus with their dimerization partner.

D. Co-ordinate Regulation: Masking of Both NLS and DNA-binding Functions and
Accessibility

NLSs have been shown to be present in regions of the protein that are
accessible to antibodies, e.g., in GR [519] and Ela protein [520]. Furthermore, when an
NLS was inserted into various regions of the cytosolic protein, pyruvate kinase, its
function was dependent on the flanking sequences [221]. Flanking scquences
determine ultimately whether or not the sequence is exposed, distorted or folded into
the protein. It is believed that to be functional, NLSs must be exposed so that they can
interact with the molecular chaperones involved in nuclear import. The DNA-
binding domain also must be exposed so that it can interact with DNA. It would be
reasonable for both motifs to be placed close to each other in a protein sequence that
is exposed and not buried inside the protein as part of the structural scaffold of a
domain. Furthermore, the DNA- and RNA-binding motifs of a protein are often

domains because they are of sufficient length (30-100 amino acids) to form a stable
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structure. NISs are short stretches of amino acids (4-30 amino acids), too short to

form an independent structure and therefore, may be part of a larger sequence that
forms a structural or globular domain. For example, the NLS of NGFI-A is proposed to
be dependent on the overall structure of the DNA-binding domain [459], and the
bipartite NLS of the androgen receptor is dependent on the structure of the second
'zinc finger' of the DNA-binding domain [293].

Regulation of the function of a protein is sometimes achieved through
masking of an NLS or of DNA binding. Hence, another reason for the close
association of NLS and DNA-binding motifs may be to the facilitate mutual or
simultaneous masking of both functions that occurs in some inactive proteins. The
NLS and DNA-binding functions are masked either by the tertiary or quaternary
structure of the protein, or by another factor, The reason for the masking of both
functions is not at first obvious. One would think that it would be necessary to
inactivate only one function in order to inactivate a transcription factor. However,
there may be reasons for masking both functions at once. The DNA-binding domain
il exposed in the cytoplasm may bind RNA or may be inappropriately altered by post-
translational modifications that will affect negatively its function at a later time.

Transcription factors like the members of the Rel family [455, 521] and some
members of the nuclear receptor superfamily become ‘anchored’' in an inactive
complex in the cytoplasm [269] in which the NLS and DNA-binding domain is masked.
Recently, this type of anchoring has been described for human heat shock factor 2
(HSF2). HSF2 is believed to reside in the cytoplasm of non-stress=d cells because it is
folded over onto itself through hydrophobic coiled-coil interactions or through
interaction with some negative regulator [219] which appears to result in the
masking of the NLS and DNA-binding domains. Heat-shock disrupts this interaction
and allows HSF2 to trimerize exposing its NLS and DNA-binding domains [217-219].

Heat-shock inducible translocation of the transcription factor to the nucleus occurs,
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followed by binding to heat-shock response elements of heat shock genes. HSEFL also

displays stress-induced DNA-binding activity, oligomerization and nuclear
localization [217]. HSF1 and HSF2 overexpressed in transfected 3T3 cells both display
constitutive DNA-binding activity, oligomerization, and transcriptional activity and

therefore by deduction, nuclear localization.

4. Modular, Divergent and Convergent Evolution Mechanisms

A protein domain is usually defined as a linear segment of a protein that can
form an independently folded and recognizable structure, and the term is used here
to define any part of a protein that can be defined as structurally distinct from the
rest. Many proteins are composed of modular domains derived from discrete blocks of
amino acids that may have well-defined and separable functions [522]. For instance,
nuclear receptors are part of a large superfamily of transcription factors which all
share a similar modular design [20]. Sequence comparisons of the chick and human
estrogen receptors resulted in the identification of six distinct regions of sequence
similarity, termed A to F [29]. All regions except the small N-terminal A region and
the small C-terminal F region are conserved for all members of the nuclear receptor
superfamily [20]. The modular design obtained from sequence data agrees with
previous biochemical proteolytic studies of steroid receptors [19, 25]. The separable
functions of each modular domain of these receptors is clearly demonstrated by
experiments in which the whole DNA-binding domain of one receptor has been
replaced with that of another receptor to change the DNA-binding specificity 10 the
original receptor [523], or in which the ligand-binding domain has been fused 10
many other transcription factors and shown to confer hormonal regulation of
transcription for the resulting chimera [305, 306]. The DNA-binding domain of
nuclear receptors is composed of two "zinc-finger' motifs. A motif is defined as any

recognizable sequence that is conserved.
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The association between NISs and DNA- or RNA-binding motifs in one domain

for DNA- and RNA-binding proteins may have occurred throughout evolution by a
modular mechanism. Some modular domains move about within and between
proteins during ecvolution giving rise to new proteins. The modular theory of
evolution in the above context can be better understood in an example in which a
module coding for a 'zinc-finger' has fused with the coding region of another gene.
If this other protein is a cytoplasmic protein, the DNA-binding 'zinc-finger' would
most likely not confer any new function to this protein and would not confer any
selective advantage. Hence, this chimeric protein would not be selectively
conserved. If a module coding for a 'zinc-finger' and an NLS were fused to another
gene's coding region then it is more likely that this protein would gain an additional
function as the new protein now is also able to translocate to the nucleus. The co-
transfer of both NLS and DNA- and RNA-binding regions increases the protein's
chances of conferring some new selective advantage and increases its chances of
being conserved. DNA- or RNA-binding protecins with an overlapping or flanking
NLS provide a more efficient module that confers both new and co-required
properties to the chimeric partner. This module is more likely to be vertically
transmitted and to be represented in greater proportion in the examples of DNA- and
RNA-binding proteins in eukaryotic cells. Alternatively, a family of proteins is more
likely to rapidly evolve, and in large numbers, if it can 'reproduce' using the
modular type of evolution.

The overlap of function would impose a considerable ccnstraint on the
evolution of such bifunctional domains. Such a constraint for NLS and DNA-binding
domains has been proposed by van der Krol and Chua to account for the high degree
of similarity of the bifunctional basic domain of bZIP proteins [469]. The numerous
examples of NLSs sequences found next to or integrated within 'zinc-finger' domains

(Table 13) is consistent with the proposal of Gashler et al. that NLSs and C2H2-zinc-
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fingers (both typified by basic residues) have coevolved [458]. Further support for

such a mechanism comes from phylogenetic analysis of RNA-binding proteins for
which RNA-binding domains have evolved together with other auxiliary domains,
such as serine-arginine-rich (SR-rich) domains [524].

Another possibility is that NLS and DNA-binding motifs were once identical, It
is possible that nuclear import has evolved by recruiting some general properties of
DNA- and RNA-binding proteins and that this original motif has diverged to give two
proximal specialized (and independent 7) functions that further increase both DNA-
binding and nuclear import efficiency.

A third possible mechanism to account for the overlap of NLS and DNA-
binding domains in unrelated proteins, is convergence. Many of the transcription
factors possess another NLS outside the DNA-binding region. It has been shown that
one NLS is sufficient for the proper localization of a nuclear protein although
multiple NLSs have been shown in some systems to result in more efficient nuclecar
import [157]. The NLS near or overlapping the DNA-binding domain may have
evolved by a convergent mechanism. The NLS near the DNA-binding domain would
provide an evolutionary advantage as in this position it simultancously improves
nuclear localization (by providing a second import signal within the DNA-binding
domain) and DNA binding (by increasing the binding affinity). However, it is
important to note that sequence convergence has never been proven [525], and what

is described above could equally have arisen from divergent evolution,

5. Conclusion

NLSs are required for the import of a large number of, if not all, DNA- and
RNA-binding proteins into the nucleus. A survey of members from cach of the major
DNA- and nuclear RNA-binding families with proven NLS sequences was conducted.

NLSs and DNA- or RNA-binding motifs directly overlap or are immediately adjacent



119
in 78 % of these nuclear proteins. The proximity of the two motifs appeared

independent of the class of nucleic acid-binding protein and of the type of NLS. We
postulate that the apparent linkage of the two motifs may be governed by one or
more of the following physiological requirements: one, a protein must possess both
NISs and DNA-binding motifs to ensure the nuclear localization of a protein which
must act in the nucleus; two, continued nuclear occupancy of a protein is a
consequence of both nuclear import (NLS-mediated process} and retention (DNA
binding); three, the basic nature of a flanking or overlapping NLS may enhance DNA
binding, and four, the closeness of the two motifs may allow co-ordinate regulation.
Bither modular, divergent or convergent evolution may be invoked to explain the
mechanism for this association.

Establishing the mechanism whereby NLSs and DNA/RNA-binding motifs
became closely associated with each other is not testable as modular theories of
evolution and other theories of evolution are not readily testable by direct
experimentation [526]. However, the reason for the close proximity of the two motifs
suggested is amenable to experimental investigation. It would be of interest, for
example, 1o test whether the separation of the DNA-binding motif from the NLS would
have detrimental consequences for the function of the nuclear protein. Although
several groups have shown that mutations in an overlapping NLS can destroy DNA
binding [151, 300, 456], it is not known to what extent the functions overlap, or how
the specific amino acid residues contribute to the kinetics of nuclear import and/or

DNA-binding affinity.
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PART II: Microsomal Dexamethasone-binding Sites

. INTRODUCTION

1. Mechanism of Steroid Hormone Action

The mechanism of steroid hormone action is of vital importance to our
understanding of control of growth and development via altered cellular function.
Although much knowledge exists about the molecular events associated with steroid
hormone effects on gene expression [9, 527] there is still very litile known about
several steps in the mechanism of steroid hormone action [6-8].

The classical two-step model of steroid hormone action assumes passive
diffusion of the hydrophobic steroid molecule across the plasina membrane [6-8]. In
the first step, the steroid molecule binds to its intracellular receptor and causes the
transformation of the steroid receptor from a non-DNA binding form to one that
binds specific DNA regulatory elements. In the second step, binding of the steroid-
receptor complex to DNA mediates the expression of a specific subset of genes. This
altered gene expression is what is believed to account for most physiological and

pathophysiological effects of steroid hormones.

2. Bioavailability of Steroids

In the circulation 90 % of the steroids are bound to high affinity (e.g., binding
globulins) and low affinity (e.g., serum albumin) transporters. The binding
globulins may deliver steroids to cells by binding to surface receptors {528, 529).
However, it is generally assumed, though unproven, that steroids enter cells by
passive diffusion through the plasma membrane by virtue of their small size and
lipophilic properties. Since the steroid receptor is intracellular, the entry and

accumulation of active hormone within the cell is obviously required for receptor
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binding. Therefore, any process that can influence the intracellular accumulation
of steroids would directly affect receptor occupancy and the magnitude of the

hormonal response [530].

3. Identification of Membrane Stercid-binding Sites

There have been claims for transport mechanisms for steroid [531-533] and
thyroid hormones [534] across the plasma membrane based on thermodynamic data.
In addition, many groups have presented data for steroid-binding sites on plasma
membranes [535-545], microsomes [546-553], and the nuclear envelope {554-556, 288]
as proof of membrane-steroid interactions. For a general review of steroid binding
to membranes refer to Szego and Pietras [557]. Even though the identity or function
of most of theses sites is still not known there is some evidence for steroid receptor
association with membranes, e.g., estrogen and androgen receptors on microsomal
membranes [558-561], 'progesterone receptors’ on plasma membranes of Xenopus
oocytes [562] and on sperm plasma membranes [563]. Gther possible steroid binding
sites include microsomal membrane 'drug-metabolizing enzymes' which are proposed
to regulate the steady state levels of ligands, including steroids, that affect growth,
homeostasis, differentiation, and neuroendocrine functions [564].

In 1987, Gametchu's laboratory demonstrated the presence of a steroid
receptor-like antigen externally disposed on the plasma membrane of the mouse
lymphoma cell line S49 [565]. This antigen was detected by direct
immunofluorescence using an anti-GR antibody [566]. Upon further
characterization Gametchu's group reported the identification of several high
molecular weight forms of GR associated with the plasma membrane [567, 568]. The
presence of this membrane-associated GR {mGR) was correlated with increased
sensitivity to glucocorticoid-induced lymphocytolysis [565]. In addition, they

identified GR-like antigens associated with human leukemic cell plasma membranes
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using a different antibody to GR [569]. Grote et al. {570] have provided evidence for o
plasma membrane-bound GR in rat liver cells, while Liposits and Bohn [571] reported
the association of GR immunoreactivity with cell membranes and transport vesicles

in hippocampal and hypothalamic neurons of the rat.

4. Non-genomic Effects of Steroids

Certain effects of steroid hormones occur too rapidly (within seconds) to be
accounted for by genomic effects which require more time for mRNA induction and
translation to protein. The rapid effects are referred to as non-genomic effects.
Genomic effects may be seen as rapidly as ten minutes but are typically in the hours
to day range [572]. While the principie effects of steroids appear to be via a genomic
route, the multipie effects that appear to occur via a non-genomic route are probably
of physiological relevance [573]. These non-genomic effects appear 1o be mediated
by membrane-binding sites. Genomic effects of steroids are blocked by inhibitors of
RNA and protein synthesis while non-genomic effects are not affected by these
inhibitors [573]. The plasma membrane has been postulated to play a role in non-
genomic effects of steroids because of its key role in transducing environmental cues
to the cell interior [557, 573-578]. For example, progesteronc metabolites with
anaesthetic properties potentiate the y-aminobutyric acid {(GABA)-induced activation
of GABAA receptor of central nervous system neurons, a plasma membrane
multisubunit receptor constituting a CI" channel [579-581}].

Other examples of non-genomic effects include the breakdown of the germinal
vesicle of Xenopus laevis oocyte induced by extracellular progesteronc [582-584].
This cell appears to lack intracellular steroid hormone receptors. Furthermore,
progesterone injected directly into the oocyte is ineffective in inducing oocyte
maturation [585, 586], which provides evidence that the effect of progesterone is

mediated by some other mechanism that does not involve the progesterone receptor,
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The acticn of progesterone on calcium ion influx and its role in the sperm
acrosome reaction has received much interest lately [563]. Sperm must undergo the
acrosome reaction (a specialized form of exocytosis in sperm head membranes)
before they can penetrate the zona pellucida and fertilize the egg. Before sperm can
undergo the acrosome reaction they must proceed through a process called
capacitation. Progesterone and 17o-hydroxyprogesterone are able, within seconds,
to elevate intracellular Ca*+ and elicit the acrosome reaction in capacitated sperm.
This is thought 10 occur via a cell surface steroid receptor on human sperm that is
distinct from the nuclear progesterone receptor. Unlike the nuclear receptor, this
cell surface receptor is not stimulated by potent synthetic progestigins [e.g.,
promegestone (R5020), norethynodrel, megestrol acetate, cyproterone acetate] and is
only weakly antagonized by the anti-progestins RU486 (mifepristone) and ZK98.299
[563]. The plasma membrane receptors were visualized in the head of the sperm and
not the midpiece or tail by use of progesterone conjugated to FITC-labeled BSA [563].
Recent evidence suggests the involvement of a unique human sperm steroid

receptor/Cl- channel complex in the progesterone-initiated acrosome reaction {587].

5. Rationale

None of the studies described above provides compelling evidence for
membrane involvement in steroid hormone action. Before my arrival in the
laboratory, Yvonne Lefebvre had been characterizing, and' isolating membrane
steroid-binding components in order to investigate their role in steroid hormone
action. The goal was to directly identify the binding molecules before using them in
reconstitution assays. Previously, androgen receptor [556, 588] and GR had been
identified on the nuclear envelope {289], low-affinity binding sites for
glucocorticoids had been identified on rat liver plasma membranes [541] and riuclear

envelopes [288], and multiple thyroid hormone-binding sites had been identified on
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rat liver nuclear envelopes [589]. To shed light on the intracellular dynamics of the
glucocorticoid hormone and its receptor, we wished to investigate glucocorticoid

interactions with male rat liver microsomes.

0. Goals

The three goals of this aspect of my research were: first, to characterize |3H]-
dexamethasone-binding sites in isolated male rat liver microsomes from intact and
adrenalectomized animals; second, to further characterize the localization of
glucocorticoid-binding sites in microsomal subfractions; and third, to identily the
microsomal subfraction dexamethasone-binding sites with the covalent affinity

reagent [3H}-dexamethasone 21-mesylate {16].
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II. METHODS AND MATERIALS

Adult male Sprague-Dawley rats weighing 225-250 g were obtained from
Charles River Canada (Montreal, QC) and maintained on a diet of Purina Lab Chow
{Ralston-Purina, St. Louis, MO) and tap water ad libitum. The rats were killed by
decapitation and exsanguination. The livers were quickly removed and placed in two
volumes of ice-cold homogenization buffer (0.25 M sucrese, 25 mM KCl, 3 mM MgClp, 1
mM EDTA, 1 mM DTT, 50 mM Tris-HCI pH 7.6). Bilateral adrenalectomy under ether
anaesthesia was performed at Charles River Laboratories (Montreal, QC),
Adrenalectomized animals subsequently received 0.9 % NaCl in their drinking water.

They were used for experiments 7-9 days after adrenalectomy.

2. Chemicals

[6,7(N)-3H]-dexamethasone (49.9 Ci/mmol) and [6,7(N)-3H]-dexamethasone 21-
mesylate (49.9 Ci/mmol) were purchased from NEN-Dupont (Boston, MA). Unlabeled
steroids were from Steraloids Inc. (Wilton, NH) except for cholesterol and
triamcinolone acetonide, which were from Sigma Chemical Company (St. Louis, MO).
Sucrose (Ultra-pure) was from Schwartz-Mann (ICN, Mississauga, ON). TAPS (N-tris-
|hydroxymethyl] methyl-3-amino propane-sulfonic acid), Trizma base (Tris), 5'-
adenosine monophosphate (5'-AMP), glucose-6-phosphatase, and protease inhibitors
were from Sigma. All chemicals for polyacrylamide gel electrophoresis and Western
blotting were from Bio-Rad Laboratories (Richmond, CA). BSA (bovine serum
albumin, fraction V) was purchased from Sigma. All other chemicals were of reagent

grade or better.



3. Microsome Preparation

Microsomes vere prepared after differential centrifugation by the method of
Omrani et al. [590] with the following two modifications: substitution of DT for g-
mercaptoethanol in the homogenization buffer, and the addition of a final wash, i.c.,
resuspension of microsomes in homogenization buffer or 25 mM TAPS-NH4OH pH 8.6
and centrifugation at 51 520 x g for 30 min before final resuspension in the
appropriate buffer. Briefly, 810 g of liver were minced in three volumes of
homogenization buffer (0.25 M sucrose, 25 mM KCl, 3 mM MgClz, 1 mM EDTA, | mM
DTT, 50 mM Tris-HCI, pH 7.6). The mixture was transferred to a 40-ml all-glass Dounce
homogeniser (Kontes Scientific Glassware, San Leandro, CA) and homogenized with
twenty strokes of the loose-fitting pestle. All steps were carried out at 0-4 ©C, as
quickly as possible. The homogenate was centrifuged at 1000 x g (2700 rev./min) in a
Beckman JA 17 rotor for 10 min. The resultant supernatant was centrifuged at 8816 x
g (8000 rev./min) for 10 min. The supernatant was transferred to a 38.5 ml quick-
seal tube and centrifuged at 165 000 x g (43 000 rev./min) for 50 min in a Beckman
VTi 50 rotor. The microsomal pellet thus obtained was resuspended in buffer using a
syringe with an 18-gauge needle. Resuspension was achieved after bringing the
volume to approx. 30 ml with buffer (homogenization buffer or 25 mM TAPS-NI401
pH 8.6 buffer, depending on the assay) and homogenizing in a Dounce homogeniser
with twenty strokes of the tight-fitting pestle. The suspension was centrifuged at
51 520 x g (20 000 rev./min) in a Beckman JA 20.1 rotor for 30 min. The supernatant
was discarded and the microsomal pellet was resuspended in the appropriate buffer to

a final volume of approx. 20 ml.

4. Microsomal Subfractionation Procedure

The procedure was a modification of a method to prepare bovine anterior

pituitary microsomes [591]. Male rat liver microsomes from 8-10 g starting material
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in 20 ml homogenization buffer (8 % sucrose, density = 1.03 g/ml} were layered on

discontinuous sucrose gradients in four 38.5 ml ultracentrifuge tubes. The gradient
consisted of 5 ml homogenate layered on top of 10 m! of each of 32, 40 and 50 % (w/w)
sucrose, giving steps of defined densities 1.14, 1.18 and 1.23 g/ml, respectively
(confirmed on a refractometer (Fisher Scientific) to give indexes of refraction of
1.3861, 1.4005, 1.4200 at 20 °C, respectively). Gradients were brought to volume with
homogenization buffer and centrifuged for 14-16 h at 4 ©C at 80 000 x gave (25 000
rev./min) in a Beckman SW28 rotor. Membrane bands were collected separately and
diluted to 8-10 % sucrose (approx. refractive index of 1.3448) wi.th homogenization
buffer lacking sucrose, and were centrifuged at 80 000 x gave (25 000 rev./min) for 1
h. Pellets were resuspended in approx. 1 ml of either homogenization buffer without
DTT at pH 7.6 or in 25 mM TAPS-buffered solution at pH 8.6 for binding assays.
Fractions were sometimes frozen in liquid nitrogen for up to five days, with no loss of

binding (data not shown) and were thawed on ice prior to binding assays.

3. Protein Determination

The protein content was determined by the method of Lowry et al. [376], using
BSA as a standard. Linearity with respect to protein concentration was obtained
between 0-100 pg BSA (fraction V) in 500 ul of ddH20. Color develcpment was for 30-
35 min. Absorbance of tubes was read at 660 nm. Marker enzyme assays (see below)

and Lowry assays were performed on freshly prepared fractions.

6. Marker Enzyme Analysis
Each assay was performed at three different protein concentrations to check
that product formation was linear with protein content. In each case, blanks without

substrate and without enzyme were included.
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(A) 5™-nucleotidase

The marker enzyme for plasma membrane, 5'-nucleotidase (BC 3.1.3.5), was
assayed by the method of Goldfine et al. [592]. The Pi liberated was quantified by the
method of Ames [593] using disposable phosphate-free glassware. A standard curve
was obtained with 5-200 pl of 1 mM KH2PO4 brought up to 300 ul with buffer (50 mM
Tris, 10 mM MgClz, pH 8.5), Specific release of Pi from AMP was calculated by
subtracting the absorbance at 820 nm of sample in buffer (S0 mM Tris, 10 mM MgCly,

pH 8.5) from the absorbance of sample in buffer with 5 mM AMP.

(B) Glucose-6-phosphatase

The marker enzyme for rat liver and kidney endoplasmic reticulum, glucose-
6-phosphatase (EC 3.1.3.9) [594] was assayed by the method of Swanson [595] and the
Pi released determined [593]. The specifically released Pi was determined by the
method of Ames by subtracting the absorbance at 820 nm of the tube without glucose-
6-phosphate from that with glucose-6:phosphate and finding the corresponding Pi

amount from a standard curve performed in parallel.

7. Preparation of Steroid Solutions

Stock [3H]-dexamethasone was stored in absolute ethanol at a concentration of
0.1 mCi/ml. One day prior to assay, an appropriate aliquot of [3H}-dexamethasone was
removed to another tube, evaporated under nitrogen or dried in vacuo using a Speed-
Vac (Savant, Farmingdale, NY) and resuspended in the required amount of buffer.
The steroid solution was sonicated in a Brandsonic 12 water bath (SmithKline,
Shelton, CN) for 10 min, and then 5-10 pl aliquots were taken and counted in plastic
miniatures vials after incubation overnight in 5 mi of Ready-Protein scintillation

fluid (Beckman) at room temperature. The steroid solution was stored at 4 9C.
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Uniabeled dexamethasone was solubilised and stored in absolute ethanol at -20
0C, at a concentration of 3.925 mg/400 ul. On the day of the assay, appropriate aliquots
were taken from the stock solution, once it had warmed to room temperature, and the
required buffer volume was added. The ethanol concentration in the solution was
adjusted to give the appropriate final ethanol concentration in the assay tube
(typically no more than 1 %). All other unlabeled steroids were solubilised and stored
in absolute ethanol at -20 0C, at a concentration of 2 mg/ml, except for 17g-estradiol at
1 mg/ml,

Stock [3H}-dexamethasone 21-mesylate was stored at 1 mCi/ml in absolute
ethanol at 4 0C. On the day of the assay an aliquot was dried down in vacuo and
resuspended in buffer with a small amount of ethanol (5 %, v/v) to aid in
solubilization. An aliquot was taken and counted to determine the concentration

from the specific activity before addition to assay tubes.

8. Binding Assays

Preliminary experiments (see Results section) determined the binding
conditions used below, which are based on previous experiments by our laboratory
[541, 288]. Membrane suspensions containing 100-200 ug protein were incubated in
triplicate at (0-4 ©C with [3H]-dexamethasone in a total volume of 250 ul of
homogenization buffer pH 7.6 containing 1 % ethanol without DTT, or 25 mM TAPS pH
8.6 containing 1 % ethanol, with or without a 1000-fold excess of unlabeled
dexamethasone or other unlabeled steroid. Binding was stopped by adding 1 ml of
ice-cold buffer, containing 1 % ethanol but no DTT, and separation of the bound from
the free steroid by draining the incubation tubes onto presoaked 24-mm GF/C glass
fiber filters (Whatman, Maidstone, England) placed on a twelve-place vacuum
manifold (Millipore, Bedford, MA). Filters were rinsed four times with 2 ml of the

buffer and placed in the bottom of 20-ml glass scintillation vials. Counts were
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solubilised with 500 ul of NCS tissue solubiliser {Amersham, Oakville, ON) by

incubating at room temperature overnight. To each vial was added 10 ml of Ready-
Protein scintillation fluid (Beckman, Palo Alto, CA) and the vials were left in the dark
overnight to reduce chemiluminescence before radioactivity was determinced by
scintillation counting on a Beckman 1S3801. The efficiency of counting was 43-47 %
as determined by the gquench correction curve using the ll-number method to
determine the quench parameter. Specific binding was determined by subtraction of
non-specific binding from total binding. Non-specific binding was always less than

10 % of the total binding.

9. Gel Electrophoresis

SDS-PAGE was performed using the discontinuous buffer system of lLaemmli
[358]. Vertical slab gels {18 x 16 x 0.15 ¢cm) consisted of a 3.9 % stacking gel and a 7.5
% running gel. Samples in SDS-sample buffer (63 mM Tris-HCI pH 6.8, 10 % glycerol,
2 % SDS (w/v), 0.05 % p-mercaptoethanol (v/v) and 0.0013 % bromophenol blue
(w/v)) were denatured by heating for 5 min at 96 °C. Samples, denatured in SDS-
sample buffer, were sometimes stored at -20 °C. Samples were run at 20 mA/gel 1o
stack for 20 to 60 min, and then at 30 mA/gel to separate.

Gels were stained for 1 h in a solution of 0.2 % Coomassie Brilliant Blue R-250, 7
% acetic acid and 50 % methanol and destained with 2-3 changes of a solution of 7 %

acetic acid and SO % methanol followed by several changes of a solution of 7 % acetic

acid and 5 % methanol with gentle shaking.

10. Preparation of GR-containing Cvtosol

Cytosol was prepared as described by Eisen et al. [596]. Rats (200-250 g),
adrenalectomized 3-4 days prior, were decapitated and the livers quickly removed and

placed in ice-cold buffer consisting of 25 mM HEPES, pH 7.6, containing 1.5 mM EDTA,
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10 9% glycerol, 0.1 M NaCl, and 20 mM sodium molybdate. All subsequent operations

were performed at 0-4 ©C. The livers were rinsed, finely minced with scissors and
then homogenized in a Teflon/glass Potter-Flvehjem homogeniser using ten vertical
strokes. The homogenate was centrifuged immediately at 100 000 x g for 65 min.
After centrifugation, the lipid layer at the top of the tube was carefully removed and
the remaining clear supernatant was used as cytosol. Aliquots of the cytosol were
also diluted 1:1 with SDS-sample buffer and heat-denatured for 3 min at 96 °C for SDS-
PAGL.

11. Western Analysis (Immunoblotting)

Proteins samples for immunoblotting were electrophoresed on a 7.5 % gel
along with cytosol prepared from four-day post-adrenalectomy animals [596], as a
positive control for staining of GR with the monoclonal antibody M7 [597].
Prestained molecular weight standards (Rainbow Markers, Amersham) were run on
gels for blotting to visualize the efficiency of transfer and to provide only an
estimate of molecular weight, since the dye affects the mobility of the markers.
Proteins were transferred electrophoretically onto nitrocellulose filters based on the
procedure by Towbin et al [375]. Prior to electroblotting the gels were soaked in
transblot buffer (192 mM glycine, 25 mM Tris, pH 8.3, containing 20 % methanol and
0.1 % SDS), for 20-30 min. The nitrocellulose sheets were also soaked in transblot
buffer for 20-30 min. Whatman 3MM filter paper and Scotch-Brite foam pads were
soaked in buffer and a sandwich made with a foam pad, 3-4 filter papers, the gel, the
nitrocellulose sheet, 3-4 filter papers and another foam pad. Care was taken to avoid
irapping air bubbles between the layers. The sandwich was placed into the Bio-Rad
transblot cell with the gel closest to the cathode (-) and the nitrocellulose closest the
anode (+). Transblotting was done overnight in a cold room at 30-35 V and then for

30 min at 70-100 V. The nitrocellulose sheet was removed and briefly air-dried for 15
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min. The sheet was immersed briefly in 100-200 ml of tris-saline (20 mM T'ris pll 7.5,

500 mM NaCl). The nitrocellulose was soaked in 100-200 ml of 1.5 % powdered skim
milk in tris-saline for 30-60 min to block residual binding capacity of the sheet [398].
The sheet was then washed with tris-saline twice for 10 min. The sheet was soaked
for another 5 min with 1 % BSA in tris-saline. The primary antibody, M7, was added
to the solution away from the sheet to give a proper final dilution factor of 1:400, and
incubated overnight at 4 °C. The antibody solution was removed and the blot washed
in 100-200 ml of 0.05 % Tween-20 in tris-saline twice for 30-60 min. Then washed
twice only in tris-saline for 10 min. The blot was incubated overnight a1t 4 9C with
the secondary antibody, horseradish peroxidase-conjugated goat anti-mouse IgG
(1:2000 dilution). The blot was washed with two changes of tween-tris-saline for 3()-
60 min and two more washes of 10 min in tris-saline. The antibody was detected with
the horseradish peroxidase color development reagent containing 4-chloro-1-
naphthol in the presence of 0.015 % H207. This gives a purple staining that was
stopped by flooding and rinsing the blot with tris-saline. The blot was stored in a

light-proof container to prevent fading.

12. Affinitv_Labeling

Affinity labeling of microsomes were based on previous labeling experiments
with plasma membranes {541] and nuclear envelopes [289]. DTT was omitted because
it interferes with the affinity labeling. Microsomes and subfractions (200 ug/tube)
were incubated with 220 nM [3H]-dexamethasone Z21-mesylate for 6 h at 4 9C in 250 pl
of 25 mM TAPS pH 8.6 . The incubation was terminated by the addition of 750 ul ice-
cold buffer and centrifugation for 3 min at 356 000 x gave (100 000 rev./min) in a
Beckman TL-A ultracentrifuge. The pellet was washed two more times and finally
resuspended in SDS-sample buffer and heat denatured. Samples were run on SDS-

PAGE using 7.5 % running gels, and stained to allow scanning on an LKB Ultroscan XI.
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Lnhanced laser Densitometer {Pharmacia). The gels were cut into 2-mm slices,

dissolved in 150 ul 50 9% Hy072: 0.8 % NH40H (19:1, v/v) by heating to 70 °C for several
hours [599]. The H20; was neutralized with 1000 U of catalase and 25 mg of ascorbic
acid in a total of 500 ul before adding 10 ml of Ready-Protein and scintillation

counting. [fficiency of counting was 36-38 %.
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[II. RESULTS

1. Marker Enzvme Analysis of Microsomes

Microsomes are a population of membrane vesicles, consisting primarily of
plasma membrane and endoplasmic reticulum, that are obtained by mechanical
homogenization of the cell and differential centrifugation. Membranc purity was
verified by assaying for marker enzymes [600, 601}. Microsomal preparations yiclded
a specific activity of S'-nucleotidase (plasma membrane marker) and glucose-6-
phosphatase (endoplasmic reticulum marker) that is slightly enriched (approx. 2-
fold, see Fig. 6A and 6B) in the microsomal fraction as compared 10 the homogenate,
Approximately 6-10 % of the total 5'-nucleotidase activity of the homogenate was
recovered in the microsomes while approx. 10-18 % of the total glucose-6-
phosphatase activity was recovered in the microsomes (Fig. 1). Total recovery ol
glucose-6-phosphatase was 83.9 % of the starting homogenate, and 5'-nucleotidasc

recovery was 66.5 % (Fig. 1).

2. Preliminary Binding Experiments

First, we determined equilibrium conditions for the binding of [311]-
dexamethasone to male rat liver microsomes. Dexamethasone was used in these
studies because it binds to GR with high affinity and specificity and because it does
not bind to transcortin (corticosteroid-binding globulin or CBG) or to serum albumin.
Dexamethasone is also not readily metabolized. The chemical structure of
dexamethasone is shown in Appendix A. Our previous studies of dexamethasone
interactions with the rat liver plasma membrane had shown that considerable
degradation of dexamethasone-binding sites occurred at 22 ©C and at 37 ©C [541].
Therefore, time course studies of the microsomal fraction were carried out at (-4 °C to

reduce thermolability (Fig. 2). Incubations were in TAPS buffer pH 8.6 as we had
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established in previous affinity labeling studies with dexamethasone 21-mesylate
[541, 289] that this buffer gave optimal results. Other preliminary binding studies
showed that there was no difference in numbers of binding sites measured when the
incubations were carried out in homogenization buffer (Tris-buffered sucrose) at pH
7.6 or in TAPS buffer at pH 8.6 (Table 1). However, there was a difference in the
alfinity of dexamethasone for the microsomal binding sites in the two buffer
systems. A lower affinity of the binding site for dexamethasone in TAPS buffer (pH
8.6) was observed as compared to the Tris-buffered sucrose (pH 7.6) containing Mg*+.
Similar to our results, Omrani et al. {590] found that the omission of magnesium ion
reduced microsomal dexamethasone-binding affinity by about 50 %, but still did not
affect the total number of dexamethasone-binding sites. Tris-buffered sucrose
resulted in a greater stability of the binding site which was thought to be due to the
inclusion of Mgt+, However, we have not ruled out the effect of pH or sucrose (a
known stabilizing agent) on the binding-site stability. Maximum binding in TAPS
buffer (pH 8.6) had been attained at 8 h and remained stable to at least 16 h.
Therealter binding declined (Fig. 2), while binding was stable for up to 45 h in Tris-
buffered sucrose containing Mg++ (data not shown). Therefore, equilibrium
conditions for further studies of the binding of [3H]-dexamethasope to rat liver
microsomes in TAPS buffer were 8-10 h incubations at 0-4 ©C. Despite better affinity
in Tris-buffered sucrose, we still preferred to use TAPS buffer to ensure that the

affinity labeled sites were the same as the binding sites.

3. Characterization of Microsomal Dexamethasone-binding Sites
Specific binding of [3H]-dexamethasone to rat liver microsomes demonstrated
saturability (Fig. 3A) and hence was subjected to Scatchard analysis (Fig. 3B). The

analysis revealed a single class of binding sites with a Kg of 68 nM and a Byax of 23

pmol/mg protein. Analysis of binding to microsomes obtained from animals which



Figure 1. Flow-chart of the Distribution of Marker Enzyme Total Activity in
the Preparation of Microsomes

Data are expressed as a percentage of the homogenate (H) total activity,
for microsomes (P4) and all the intermediate purification steps, e.g., pellet (1)
and supernatant (S1) after the first centrifugation spin. After each
centrifugation, an aliquot of material is put aside for enzyme assays and the
total volume of the fraction is measured so as to calculate the total enzyme
activity for that fraction. Activities are measured for the plasma membranc
marker, 5'-nucleotidase, and the endoplasmic reticulum marker, glucose-6-

phosphatase. Total recovery is the sum of activities for all the branch
endings.
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Figure 2. Time-dependent Association of [3H]-Dexamethasone with Male Rat
Liver Microsomes

Membranes (200 ug protein/tube) were incubated in triplicate with 50
nM [3H]-dexamethasone in the presence or absence of 50 uM unlabeled
dexamethasone at 0-4 °C. Specific binding (4) for each time point was
calculated from the difference of [3H]-dexamethasone binding in the
presence (O, non-specific) and absence (®, total binding) of excess unlabeled
dexamethasone.
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Table 1. Scatchard Analysis of [3H]-Dexamethasone Binding to Male Rat Liver

Microsomes and Subfractions in Two Different Buffer Systems

TAPS Tris-buffered sucrose
Fraction Ka Bmax r Kd Bmax r

(nM) (pmol/mg) (nM) (pmol/mg)
M 101 278 -0.701 47.4 26.5 -0.645
P1 61.0 186 -0.855 250 207 -0.955
p2 121 56.4 -0.681 730 54.0 -0.750
P3 89.2 284 -0.865 41.9 18.1 -0.913

Rat liver microsomes (M) and subfractions (P1, P2, P3) (200 pg protecin/tube)
were incubated (in triplicate) at 0-4 °C with [3H]-dexamethasone (1.0-210 nM) in the
presence or absence of a 1000-fold excess of unlabeled dexamethasone for 12-17 h in
250 ul TAPS-NH4O0H buffer pH 8.6 containing 1 % ethanol or 17-20 h in Tris-buffered
sucrose pH 7.6 ( 0.25 M sucrose, 25 mM KCl, 3 mM MgClz, 1 mM EDTA, 50 mM 'Tris-HCI,
pH 7.6). Specific binding was determined by subtracting non-specific binding (tubes
with a 1000-fold excess of unlabeled dexamethasone) from total binding (tubes
without excess unlabeled dexamethasone). Scatchard plots were subjected to lincar
regression analysis and the dissociation constant (Kg), binding capacity {Bmax) and

correlation coefficient (r) calculated. N.B., we did not determine the binding
parameters for fraction P4 because of a lack of material.



139
had been adrenalectomized showed that there is no change in the affinity of these

sites upon glucocorticoid depletion, but there is an approximately 75 % decrease in
the binding capacity (Fig. 3B and Table 2).

The steroid specificity of the microsomal [3H]-dexamethasone-binding sites
was assessed by competition analysis with unlabeled steroids (Table 3). The natural
glucocorticoids, corticosterone, deoxycorticosterone and cortisol, competed for the
|3H]-dexamethasone-binding sites with the same potency as unlabeled
dexamethasone. The glucocorticoid analogue, triamcinolone acetonide, which
competes well for the binding of dexamethasone to GR [602], was a relatively poor
competitor for these sites. The progestin, progesterone, competed as effectively as
dexamethasone while the estrogen, 17p-estradiol, was a poorer competitor and the
androgen, testosterone, was an even poorer competitor. Cholesterol, the steroid

precursor, did not compete for the binding of [3H]-dexamethasone to the rat liver

microsomes.

4. Identification of Microsomal Dexamethasone-binding Sites by Affinity labeling

We next affinity labeled microsomes with the anti-glucocorticoid [3H]-
dexamethasone 21-mesylate [16] in order to enable identification of the binding sites
after SDS-PAGE. [3H]-dexamethasone 21-mesylate is usually used to identify GR on
SDS-PAGE gels because the mesylate function forms a covalent thioether bound with
sulfhydryl groups in the ligand-binding domain of the receptor [16, 596]. As
mentioned above, the efficiency of affinity labeling was greater at pH 8.6 than at pH
7.4 for both plasma membrane and nuclear envelope sites [541, 289]. Therefore,
microsomes were also labelled at pH 8.6, Figure 4A shows the radioactivity profile of
an SDS-polyacrylamide ge! of microsomes after affinity labeling with [3H]-
dexamethasone 21-mesylate. The profile clearly shows two major specifically labeled

peaks, one at approximately 45 kDa which sometimes appeared as a doublet and one at
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Figure 3. Analysis of [3H}-Dexamethasone Binding to Rat Liver
Microsomes

Rat liver microsomes (200 ug protein) were incubated with [311]-
dexamethasone (1-210 nM) in the presence or absence of a 1000-fold excess of
unlabeled dexamethasone for 10 h at 0-4 9C. A. Saturation curve of binding to
liver microsomes from intact rats. Specific binding (4) was determined by
subtraction of non-specific binding (0) from total binding (®). B. Scatchard

analysis [603] of specific [3H]-dexamethasone binding to liver microsomes
obtained from intact rats (®) and from adrenalectomized rats (O) subjected to
linear regression analysis. Note the parallel slopes (same affinity) but
different intercepts (binding capacity).
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Table 2, Parameters of [3H]—Dexamethasonc Binding to Male Rat Liver Microsomes and

Subfractions from Intact and Adrenalectomized Animals

Fraction K4 Bmax r
{nM) (pmol/mg)
Intact animal M 101 27.8 -0.701
P1 61.0 18.6 -0.855
P2 121 S6.4 -0.681
P3 89.2 284 -(1.865
Adrenalectomized animal M 57.6 6.7 -0.780
Pl 521 4.2 -0.844
P2 469 15.2 -0.979
P3 82.6 13.1 «().791

Rat liver microsomes (M} and subfractions (P1, P2, P3) (200 ug protein/tube)
from intact or adrenalectomized male rats were incubated (in triplicate) at (-4 0C

with [3H]-dexamethasone (1.0-210 nM) in the presence or absence of a 1000-fold
excess of unlabeled dexamethasone for 8-10 h in 250 ul TAPS pll 8.6 containing 1 %
ethanol. Specific binding was determined by subtracting non-specific binding, i.c.,
tubes with a 1000-fold excess of unlabeled dexamethasone from total binding, i.c.,
tubes without excess unlabeled dexamethasone. Scatchard plots were subjected to
linear regression analysis and the dissociation constant (Kg), binding capacity
{Bmax) and correlation coefficient (r) calculated.
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Table 3. Specificity of [3H}-Dexamethasone Binding to Male Rat Liver Microsomes and

Subfractions

9% Inhibition of total binding

M Pl P2 P3
Unlabeled hormone
competitor (uM) 8 16 40 [8 16 40 |8 16 40 18 16 40
Dexamethasone 97.9 98.0 98.3| 965 964 96.3] 964 97.8 98.0| 94.6 93.8 96.2

Triamcinolone acetonide [ O 0 14110 1.8 174|706 17.2 345;0 0 12.1

Cortisol 98.1 98.6 98.6| 966 98.1 983|979 97.7 97.7( 975 97.7 97.8
Corlicosterone 97.2 982 987|966 970 964|976 98.1 9821972 975 975
Deoxycorticosterone 95.8 974 983|95.6 96.8 97.8] 96.0 974 980 95.1 94.7 946
Progesterone 984 98,6 98.7(98.3 984 98.3}98.0 98.3 98.2197.2 97.1 969
Estradiol-17g 65.3 83.2 90.5{ 824 906 91.6| 81.8 90.1 91.6(70.8 82.0 ND
Testosterone 467 634 820|584 699 84.4f54.8 689 83.7. 485 63.6 791
Cholesterol O 0 0 0 0 70131 67 11.2]0 60 79

Rat liver microsomes (M) and subfractions (P1, P2, P3) (100 pug protein/tube}
were incubated with 40 nM [3H]-dexamethasone for 10 h at 0-4 °C in the presence of
8, 16 and 40 pM (200-, 400- and 1000-fold excess) of the unlabeled steroid. The data
pruesented here are expressed as percent inhibition of total binding by an excess of
unlabeled competitor. (ND = not determined)
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approximately 66 kDa. In one experiment, proteasc inhibitors {1 pg/ml leupeptin, |
ug/ml pepstatin A, and 10 U/ml aprotinin) were added to buffers used in the
preparation of the microsomes. The polypeptide labeling pattern was not altered by
the protease inhibitors, suggesting that the affinity-labeled polypeptides are not
degradation products of higher molecular weight polypeptides (data not shown).
Next we examined the profiles of affinity-labeled microsomes J_)bl’dillt‘d from
adrenalectomized animals (Fig. 4B). This figure shows that both specifically labeled
entities were reduced upon adrenalectomy, indicating a dependency on
glucocorticoids. We had previously shown the presence of the 66-kDa entity in
serum [541] and thus suspect that it is in the microsomal preparation at least in part
as a result of serum contamination. Furthermore, its response to adrenalectomy was
variable; in some experiments the specifically labeled band at 66 kDa was not
reduced by adrenalectomy. The 45-kDa entity, on the other hand, was not present in
serum and its response to adrenalectomy was very reproducible. Thus this
polypeptide doublet resembled the site identified in the [3H]-dexamethasone binding
studies. The 66-kDa site may be a site which is affinity labeled by dexamethasone 21-

mesylate, but which is not a dexamethasone-binding site.

5. Sublocalization of Microsomal Dexamethasone-binding Sites

In order to further localize the dexamethasone-binding sites, microsomes were
first subfractionated on a discontinuous sucrose density gradient. Then |3H]-
dexamethasone binding to the subfractions was characterized followed by
identification of polypeptides affinity labeled with [3H]-dexamethasone 21-mesylate.

The subfractionation procedure yielded four subfractions: white particulate
material obtained at the 1.03/1.14 g/ml interface (P1), dark yellow material at the
1.14/1.18 g/ml interface (P2}, light yellow material at the 1.18/1.23 g/ml interface

(P3) and the pellet (P4). The amber color is due to abundant microsomal enzymes



144

Figure 4. Affinity Labeling of Male Rat Liver Microsomes with [3H]-
Dexamethasone 21-mesylate

Membranes (200 pg protein) were incubated with 220 nM [3H]-
dexamethasone 21-mesylate for 6 h at 0-4 °C in 25 mM TAPS-NH40H pH 8.6 to
determine total binding. Non-specific binding was determined by the addition
of [3H]-dexamethasone 21-mesylate to membranes which previously had been
incubated with 220 uM unlabeled dexamethasone for 6 h and subtracted from
total binding to give specific binding. The affinity-labeled proteins were heat-
denatured in SDS-sample buifer and run on 7.5 % SDS-PAGE. The gel was cut
into 2-mm slices and dissolved in 150 ul of 50 % hydrogen peroxide-0.8 %
ammonia (19:1, v/v) at 60-70 °C. After the addition of 1000 U of catalase and 25
mg of ascorbic acid in a total volume of 500 ul, the sample was counted in 10 ml
of Ready-Protein. Total binding (@) and specific binding (0) are shown for
microsomes {rom intact or adrenalectomized rats. Molecular mass standards
are myosin (200 000 Da), p-galactosidase (116 250 Da), phosphorylase B (97 400
Da), bovine serum albumin (66 200 Da) and ovalbumin (42 699 Da).
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which contain cytochrome P-450. Binding studies with the subfractions showed that

the affinities for [3H]-dexamethasone (Table 2), the response to adrenalectomy (Table
2) and the steroid specificities as determined by competition analysis (Table 3) of the
microsomal subfractions and the microsomes were similar. Subfractions were then
affinity labeled with [3H]-dexamethasone 2i-mesylate. The radioactivity profile
obtained from an SDS-PAGE of each microsomal subfraction resembled the labeling of
the microsomal fraction in that two specifically labeled peaks were seen, one at 66
kDa and a doublet at 45 kDa. As an example, the radioactivity profile of microsomal
subfraction P2 after affinity labeling is shown in Fig. 5A . The affinity labeling
pattern obtained after adrenalectomy of the animals is shown in Fig. 5B and is seen
1o resemble closely that obtained from microsomes of adrenalectomized animals.

Figure 6A shows that the plasma membrane was recovered predominantly in
the lighter fractions, as the 5'-nucleotidase specific activity was highest in
subfraction P1 and decreased as the density of the subfractions increased. The
endoplasmic reticulum, as monitored with glucose-6-phosphatase, was found in all
subfractions; however, the glucose-6-phosphatase specific activity was highest in
subfraction P2 (Fig. 6B). As the profiles of enrichment of the two marker enzymes
were distinct, we concluded that this subfractionation would allow us tc determine
whether dexamethasone-binding sites were restricted to either the plasma
membrane or to the endoplasmic reticulum.

Figure 6C shows that P2, which contained the greatest enrichment of glucose-
6-phosphatase activity possessed the greatest number of [3H]-dexamethasone-
binding sites per mg membrane protein as deduced from Scatchard analysis (Table 2).
As in the [3H]-dexamethasone-binding studies, there is a correlation of the glucose-6-
phosphatase specific activity with the enrichment of the binding of the 45-kDa site
per mg protein in the various microsomal subfractions, as determined with the

affinity labeling reagent, dexamethasone 21-mesylate (Fig. 6D).
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Figure 5. Affinity Labeling of Male Rat Liver Microsomal! Subfraction P2 with
[3H]-dexamethasone 21-mesylate

Membranes (200 pg protein) were incubated with 220 nM [3H]-
dexamethasone 21-mesylate for 6 h at 0-4 °C in 25 mM TAPS-NH40Il pH 8.0 10
determine total binding. Non-specific binding was determined by the addition
of [3H]}-dexamethasone to membranes which previously had been incubated
with 220 pM unlabeled dexamethasone for 6 h and subtracted from total
binding to give specific binding. The affinity-labeled proteins were heat-
denatured in SDS-sample buffer and run on 7.5 % SDS-PAGE. The gel was cut
into 2-mm slices and dissolved in 150 ul of 50 % hydrogen peroxide-0.8 %
ammonia (19:1, v/v) at 60-70 °C. After the addition of 1000 U of catalase and 25
mg of ascorbic acid in a total volume of 500 ul, the sample was counted in 10 ml

of Ready-Protein. Total binding (®) and specific binding (0) arc shown for
membranes from intact or adrenalectomized rats.
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Figure 6. Discontinuous Sucrose Density Gradient Fractionation of Rat liver
Microsomes

Particulate material was recovered at density interfaces 1.03/1.14 (P1),
1.14/1.18 (P2), 1.18/1.23 (P3) and pellet (P4). Values are also reported for the
homogenate (H) and the microsomes (M). The horizontal axis indicates the
relative protein content of the individual fractions as a proportion of total
microsomal protein. A. 5-nucleotidase specific activity is shown as a marker
of plasma membrane content. B. Glucose-6-phosphatase activity is shown as a
marker of endoplasmic reticulum content. C. Binding capacity ol microsomal
dexamethasone- binding sites is shown (calculated from Scatchard plots). D.
Binding capacity of 45-kDa affinity-labeled entity as determined by measuring
the area under the curve from plots of specific binding counts {for the 45-kDa
band. Values are expressed as the means of triplicate determinations which

differed from the mean by £ 10 9%.
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6. Immunoblotting of the Affinitv-labeled Polvpeptides

As a possible candidate for a glucocorticoid-binding site is GR, a Western blot
analysis of 300-420 pg microsumal proteins with the anti-GR antibody, M7 [597] was
obtained. While rat liver cytosol (25-150 ug) enriched in untransformed GR [590]
gave a positive result as expected, the immunoblotting of the rat liver microsomes
was negative (results not shown)}. Molecular weights for actin have been reported
which range from 42 kDa to 48 kDa. We therefore also investigated whether the 45-
kDa entity might be an actin isoform. However, while the anti-actin antibody
(kindly provided by Dr. Michael McBurney, University of Ouawa) identified a cross-
reacting species, the antigen ran at 42 kDa [604]. There was no cross-reactivity in

the region of the dexamethasone 21-mesylate binding, i.c., 45 kDa, and a doublet was

not observed (data not shown).
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V. DISCUSSION

1. Role of Membrane Steroid-binding Sites

‘The major focus of study in steroid hormone action for many years has been
on identifying steroid receptors and the genes they control [9, 527], and to a lesser
extent, on defining the steps of the classical two-step model of steroid hormone action
|6, 7). This arca of research has been greatly advanced by the cloning of hormone
receptors for all known classes of steroid hormones and has led to the discovery of
some new hormones [8, 20, 40]. The results of this focus has led to a narrow view of
what steroid hormone action consists, and ignores alternative models of steroid
hormone action. Membrane-steroid interactions may play some transport or
regulatory role in mediating genomic effects or may explain non-genomic effects of
steroid hormones [557, 573-578, 605]. Membrane interactions during steroid hormone
action have been long postulated by many groups to play various roles, from steroid
transport [531-533], to effecting second messenger pathways [542, 557, 606], to
altering membrane electrical activity in the central nervous system [538, 574, 577,

607}, and finally to explaining anaesthetic properties of some steroids {608].

2. Microsomal Dexamethasone-binding Sites

We have identified by Scatchard analysis of [3H]-dexamethasone binding to
male rat liver microsomes and microsomal subfractions one class of dexamethasone-
binding sites. Omrani et al. [590] and Ambellan et al. [553] have also reported a class of
dexamethasone-binding sites on rat liver microsomes having a similar affinity and
binding capacity to the site reported here. We have previously reported the presence
of dexamethasone-binding sites in plasma membranes [541] and nuclear envelopes
[288] from rat liver. Both_gf those membrane systems, however, possessed two classes

of dexamethasone-binding sites, one class displaj?ing an affinity similar to the site
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reported here and one class displaying a higher affinity. It is possible that a higher
affinity lower capacity site is present on the microsomes but is masked by the higher
capacity site in this membrane fraction and is not detected with our methods,

The dexamethasone-binding sites exhibited a broad range of steroid specificity
{(binding equally well to all natural twenty-one-carbon steroids tested) in contrast 1o
that reported for cytosolic GR [609]. Plasma membrane [540, 541] and nuclear
envelope [288) dexamethasone-binding sites have been characterized which show
similar steroid specificity to the site described here. Further, the broad specificity ol
membrane-associated steroid-binding proteins is not unique to glucocorticoid
systems as such sites have been reported for estrogen on anterior pitaitary
microsomes [546] and tri-iodothyronine on rat liver nuclear cnvelopes [S89].
Adrenalectomy did not affect the affinity of these sites but resulted in a marked
decrease in the number of binding sites.

Affinity labeling of rat liver microsomes with the electrophilic reagent [311}-
dexamethasone 21-mesylate identified two specifically labeled polypeptides, one at 66
kDa and a doublet at 45 kDa. The 45-kDa site responds 1o adrenalectomy in the same
way as the [3H]-dexamethasone-binding sites and, therefore, probably is identifying
the dexamethasone-binding sites. A possibility is that the 4S—kl)u doublet results from
degradation of GR, as known proteolytic fragments of GR at 66-, and 45/42-kDa exist
However, three reasons suggest that this is not the case: first, immunoblotting with
an anti-GR antibody did not detect the presence of GR; second, triamcinolone
acetonide competes effectively with dexamethasone for the cytosolic GR [602]
whereas triamcinolone acetonide was a poo.r competitor in these studics; and third,
GR is a high affinity glucocorticoid binder (Kg of 1-10 nM) [19], unlike our
dexamethasone-binding site (Kg of 47-121 nM). These findings suggest that these
sites are not GR. However, the 45-kDa entity may be a proteolytic fragment of GR,

which has lost the immunoreactive site by degradation. This possibility must be
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considered as the region of the immunogenic domain of the rat GR (amino acids 119-
273) containing the M7 epitope [23] is distinct from the site labeled with
dexamecthasone 21-mesylate (€956) [610]. We have also considered the possibility that
the 45-kDa polypeptide is actin, because of its similar molecular weight, Mg2+
dependence, membrane association, abundance and putative role in transport. We
were unable, however, to detect a 45-kDa microsomal polypeptide which cross-
reacted with anti-actin antibody. Corticosteroid-binding globulin (transcortin) is
another candidate, although this is less likely because dexamethasone does not bind
serum globulins and affinity labeling of rat serum with [3H]-dexamethasone 21-
mesylate did not label a 45-kDa entity {541]. A fourth possible identity for the 45-kDa
polypeptide is that it is a drug- and steroid-metabolizing enzyme (such as cytochrome
P-450-containing enzymes) which are quite abundant in liver microsomes.
Dexamethasone is not itself readily metabolized. However, it may bind to a
microsomal catabolic or conjugating enzyme. The 45-kDa low affinity
dexamethasone-binding site resembles very much the microsomal low affinity
glucocorticoid-binding site {(LAGS) identified by Chirino et al. [547]. This membrane
site is also reported not to bind triamcinolone acetonide [547], as are other
membrane-associated low affinity dexamethasone-binding sites on the plasma
membrane {541, 542]. The LAGS protein has not been purified nor cloned. However,

its hormonal regulation has been extensively studied [611, 612].

Unpublished microsequencing results from our laboratory on a 45-kDa plasma
membrane dexamethasone-binding site which is likely the same as the 45-kDa
microsomal site suggest a few possibilities as to the nature of this 45-kDa site.
Initially, we failed to get any microsequence data on the 45-kDa site. Therefore, it
was subiected to S. aureus V8 protease digestion [613], and the digested products
separated on SDS-PAGE. The digested products were electroblotted onto PVDEF-

membranes and sent to the Alberta Peptide Institute (Edmonton) for
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microsequencing [614]. Two of the samples yielded some sequence information while
the others failed to yield any information either due to amino-terminal blocking or,
more likely, due to insufficient material. The sequences obtained are best gucsses
and :ikely to be in error because the assignment of the residues was made on vields of
below 1 pmol, the lower operating limit of the instrument. A further complication
was added by finding multiple residues in many cycles. This suggests that the gel
bands were not discrete peptides. However, a twelve and a fourteen amino acid
peptide sequence were obtained, and are as follows:
L(S/DHXT(L/P)V(Y/1)DDXX(Q/N)M12
1SAP(L/P/N)(1/V/NY(Q/E)S(I/E/A)(T/N)(Q/E) XEMAT+

where X signifies a failure to make a specific assignment. Multiple residues are
shown in parentheses. The two sequences were compared agaim;tl the NBRE-PIR
database (release 27) using the program PROSCAN from DNASTAR. No perlect
matches were found. However, a large number of similar sequences existed because
of the degenerate sequences used to perform the search. It was reasoned that both
peptides derive from the same protein. Therefore, any protein showing similarity
with one or the other pepride should be found on the lists of similar proiecins to both
peptides. This restricted the possible similarities 10 a few families of proteins that
include cytochrome P-450-containing enzymes, penicillin-binding proteins, H*-
transporting ATP synthase, anthranilate synthase, and nitrogenase molybdenum-
iron proteins. All of theses families have members in the 40- to 50-kDa range. ‘This
lends further support to the notion that the 45-kDa site may be a microsomal steroid-
metabolizing cytochrome P-450-containing enzyme. Another candidate worth
investigating is P-glycoprotein (product of the multidrug-resistance gene) which
shows some similarity with only one of our peptides. P-glycoprotein is a plasma
membrane protein of 170 kDa. However, it is known to bind steroids in some cascs

[530, 615].
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The 06-kDa site, unlike the 45-kDa site, was not altered consistently by
adrenalectomy. Rat serum albumin has a My of 66 kDa and Simons has shown that,
although [3H]-dexamethasone does not bind to serum albumin, [311]-dexamethasone
21-mesylate labels serum albumin [616]. We have shown that affinity labeling of
ammonium sulfate-precipitated serum resulted in a heavily labeled polypeptide of 66
kDa [541]. Therefore, the 66-kDa entity is probably rat serum albumin. Its presence
in the microsomal preparation could be a result of serum contamination and of its
synthesis in the liver. The fact that it is being contributed by two different pools
would make variations in the data more likely. We have nreviously shown that the
45-kDa sites are located in the plasma membrane [541], but the microsomal
subfractionation studies presented here show that these sites are not localized solely
to the plasma membrane. They are also present in the endoplasmic reticulum, and
are at least ten times more abundant (Bpayx of 23 pmol/mg for microsomes, which still
contains plasma membranes, versus a Bmayx of 2.623 pmol/mg for purilied plasma
membranes [5411). If this 45-kDa site is an endoplasmic reticulum cytochrome P-45(0)-
containing enzyme then a 1-2 % contamination of purificd plasma membranes with
endoplasmic reticulum components could possibly account for the 45-kDa site being
present in plasma membrane fractions. Cytochrome P-450-containing enzymes arc
also found in the nuclear envelope, as detected by Western analysis of purificd
nuclear envelopes from rat liver with an anti-cytochrome P-450 antibody (from Dr.
Yves Raymond, Montreal) (data not shown). The outer nuclear cnvelope is
contiguous with the rough endoplasmic reticulum. This would account for the 45-kDa
site being also present on the nuclear envelope. Some cytochrome P-450-containing
enzymes are regulated by dexamethasone [617], and would be expected to show a
response to adrenalectomy similar to our 45-kDa site.

We did not identify which microsomal subfractions contained the rough and

smooth endoplasmic reticulum, although we would expect more rough membranes in
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the heavier fractions. Ambellan et al [553] suggested a rough endoplasmic reticulum
localization for their binding site. However they did not measure the plasma
membrane contamination. Recently, Quelle et al {540] suggest a correlation of
increased dexamethasone binding with the enrichment of the plasma membrane
marker. The many differences in their experimental design make comparisons with
our results difficult, but their procedure in which fractions enriched in
glycoproteins were prepared would favor plasma membrane purification. A
potential problem with their system js that the lectin column used would purify
right side out’ plasma membrane vesicles, and ‘inside out' endoplasmic reticulum and
Golgi vesicles. Hence, the glucose-6-phosphatase marker enzyme could not bind the
membrane impermeant glucose-6-phosphate [618]. This would lead to an

underestimation of the amount of endoplasmic reticulum components.

3. Conclusion

We have identified a glucocorticoid-dependent rat liver microsomal
polypeptide of 45 kDa which binds glucocorticoids. We have previously identified
this binding site on the purified plasma membrane preparations of rat liver [541]. In
this study, we show that it is also present in the endoplasmic reticulum. The
polypeptide may have a regulatory or transport role in steroid hormone action.
Ultimate proof of its role in transport will come from the purification of this
polypeptide and reconstitution into liposomes for transport studies. Alternatively,
further purification, microsequencing and/or cloning will inform us of other
possible functions for this binding site based on sequence similarity with other

proteins of known function.



V. REFERENCES TO PAKRTS 1 AND 1[I

1. Picard, D. and Yamamoto, K.R,, (1987} Two signals mediate hormone-dependent
nuclear localization of the glucocorticoid receptor. EMBO [. 6, 3333-3340.
2. Rasmussen, H. (1974) Organization and control of endocrine system:. In:

Textbook of Endocrinology (5th Edition). Ed(s).: R.H. Williams. (W. B. Saunders,
Philadelphia) pp. 1-30.

3 Ashburner, M., (1990) Puffs, genes, and hormones revisited. Cell 61, 1-3.

4, Jensen, E.V. and Jacobson, H.L, {1962) Basic guides to the mechanisms of
estrogen action. Rec. Prog. Horm. Res. 18§, 387-414.

5. Litwack, G., (1992) Remembrance: steps leading to the identification,
purification, and characterization of the glucocorticoid receptor. Lndocrinology 130,
2433-2434.

6. Jensen, E.V., Suzuki, T., Kawashima, T., Stumpf, W.E., Jungblut, P.W., and Dc
Sombre, ER., (1968) A two-step mechanism for the interaction of estradiol with rat
uterus. Proc. Natl. Acad. Sci. USA 59, 632-638.

7. Gorski, J., Toft, D., Shyamala, G., Smith, D., and Notides, A., (1968) Hormonc
receptors: studies on the interaction of estrogen with the uterus. Rec. Prog. Horm.
Res. 24, 45-81.

8. Mcdonnell, D.P., Clevenger, B., Dana, S., Santiso-Mere, D., Tzukerman, M.T., and
Gleeson, M.A.G,, {1993) The mechanism of action of steroid hormones - A new twist 10
an old tale. I. Clin. Pharmacol. 33, 1165-1172.

9, Beato, M., (1989) Gene regulation by steroid hormones. Cell 56, 335-344.

10. Clark, J.H., Schrader, W.T., and O'Malley, B.W. (1992) Mechanisms of action of
steroid hormones. In: Williams Textbook of Endocrinology {8th Edition). Ed{s).: }.ID.
Wilson and D.W. Foster. (W. B. Saunders, Philadelphia) pp. 35-90.

11. Truss, M. and Beato, M., (1993) Steroid hormone receptors: interaction with
deoxyribonucleic acid and transcription factors. Endo. Rev. 14, 459-479.

12, McEwan, L.J., Wright, A.P.H., Dahlman-Wright, K., Carlstedt-Duke, |., and
Gustafsson, J.-A., (1993) Direct interaction of the 1, transactivation domain of the

human glucocorticoid receptor with the basal transcriptional machinery. Mol. Cell.
Biol. 13, 399-407.

13. Ptashne, M. and Gann, A.A.F,, {1990) Activators and targets. Nature 346, 329-
331.

14. Bastian, L.S. and Nordeen, S.K., (1991) Concerted stimulation of transcription
by glucocorticoid receptors and basal transcription factors: limited transcriptional
synergism suggests mediation by coactivators/adaptors. Mol. Endo. 5, 619-627.



156

15. Klein-Hitpass, L., Tsai, S.Y., Weigel, N.L., Allan, G.F.,, Riley, D., Rodriguez, R.,
Schrader, W.T., Tsai, M.-]., and O'Malley, B.W., (1990) The progesterone receptor
stimulates cell-free transcription by enhancing the formation of a stable
preinitiation complex. Cell 60, 247-257.

16. Simons Jr., S.S. and Thompson, E.B., {1981} Dexamethasone 21-mesylate. An
affinity label of glucocorticoid receptor from rat hepatoma tissue culture cells. Proc.
Natl. Acad. Sci. USA 78, 3541-3545.

17. Okret, S., Wikstom, A.C., Wrange, O., Andersson, B., and Gustafsson, J.-A., {1984)
Monoclonal antibodies against the rat liver glucocorticoid receptor. Proc. Natl. Acad.,
Sci. USA 81, 1609-1613.

i8. Miesfeld, R., Okret, S., Wikstrom, A.-C., Wrange, O., and Gustafsson, J.-A., (1984)
Characterization of a steroid hormone receptor gene and mRNA in wild-type and
mutant cells, Nature 312, 779-781.

19, Gustafsson, J.-A., Carlstedt-Duke, ]., Poellinger, L., Okret, S., Wikstrom, A.-C.,
Bronnegard, M., Gillner, M., Dong, Y., Fuxe, K., Cintra, A., Harfstrand, A., and Agnati,
L., {(1987) Biochemistry, molecular biology, and physiology of the glucocorticoid
receplor. Endo. Rev. 8, 185-234.

20, Evans, R.M., (1988) The steroid and thyroid hormone receptor superfamily.
Science 240, 889-895.

21. Distelhorst, C.W., (1989) Recent insights into the structure and function of the
glucocorticoid rceptor. ]. Lab. Clin, Med. 113, 404-412.

22, Litwack, G., (1988) The glucocorticoid receptor at the protein level. Cancer
Res. 48, 2636-2640.

23. Rusconi, S. and Yamamoto, K.R.,, {(1987) Functional dissection of the hormone
and DNA biuding activities of the glucocorticoid receptor. EMBO 1. 6, 1309-1315.

24 Carlstedt-Duke, J., Stromstedt, P.-E., Wrange, O., Bergman, T., Gustafsson, ].-A,,
and Jornvall, H., (1987) Domain structure of the glucocorticoid receptor protein.
Proc. Natl. Acad. Sci. USA 84, 4437-4440,

25, Sherman, M.R., Moran, M.C., Tuazon, F.B., and Stevens, Y.-W., (1983) Structure,
dissociation, and proteolysis of mammalian steroid receptors multiplicity of

glucocorticoid receptor forms and proteolytic enzymes in rat liver and kidney
cytosols. ]. Biol. Chem. 258, 10366-10377.

20. Sherman, M.R., (1984) Structure of mammalian steroid receptors: evolving
concepts and methodological developments. Annu. Rev. Phys. 46, 83-105.

27. Miller, J., McLachlan, A.D., and Klug, A., (1985) Repetitive zinc-binding
domains in the protein transcription factor III A from Xenopus oocytes. EMBO 1. 4,
1609-1614.

28, Rhodes, D. and Klug, A., (1993) Zinc Fingers. Scient. Amer. February, 56-65.



157

29. Krust, A., Green, S., Argos, P., Kumar, V., Walter, P., Bornert, J.M., and Chambon,
P., {(1986) The chicken oestrogen receptor sequence: homology with v-erbA and the
human oestrogen and glucocorticoid receptors. EMBO . 5, 891-857.

30. Weinberger, C., Thompson, C.C., Ong, ES., Lebo, R., Gruol, 1D.]., and Lvans, R.M.,
(1986) The c-erb-A gene encodes a thyroid hormone receptor. Nature 324, 6-41-640.

31 Sap, J., Mufioz, A., Damm, K., Goldberg, Y., Ghysdacl, J., Leutz, A., Beug, l., and
Vennstrom, B., (1986) The c-erb-A protein is a high-affinity receptor for thyroid
hormone. Nature 324, 635-640.

32, Baker, A.R., McDonnell, D.P., Hughes, M., Crisp, T.M., Mangelsdorf, D.].,
Haussler, M.R., Pike, J.W., Shine, ]., and O'Malley, B.W., (1988) Cloning and expression
of full-length ¢cDNA encoding the human vitamin D receptor. Proc. Natl. Acad. Sci,
US.A. 85, 3294-3298.

33. de The, H., Marchio, A., Tiollais, P., and Dejean, A., (1987) A novel steroid
thyroid receptor-related gene inappropriately expressed in human hepatocellular
carcinoma. Nature 330, 667-670.

34, Giguere, V., Ong, E.S., Segui, P., and Evans, R-M., (1987} Identification of a
receptor for the morphogen retinoic acid. Nature 330, 624-629.

35. Petkovich, M., Brand, N.]., Krust, A., and Chambon, P., (1987) A human retinoic
acid receptor which belongs to the family of nuclear receptors. Nature 330, 444-450.

36. Benbrook, D., Lernhardt, E., and Pfahl, M., (1987) A new retinoic acid receptor
identified from a hepatocellular carcinoma. Nature 333, 669-672.

37. Mangelsdorf, D.]., Ong, E.S., Dyck, J.A., and Evans, R.M., (1990) Nuclear receptor
that identifies a novel retinoic acid response pathway. Nature 345, 224-229.

38 Hamada, K., Gleason, S.L., Levi, B.-Z., Hirschfeld, S., Appella, L., and Ozato, K.,
(1989) H-ZRIIBP, a member of the nuclear hormone receptor superfamily that binds
to both the regulatory element of major histocompatibility class I genes and the
estrogen response element. Proc. Natl. Acad. Sci. USA 86, 8289-8293.

39. O'Malley, B.W. and Conneely, O.M., (1992) Orphan receptors: in search of a
unifying hypothesis for activation. Mol. Endo. 6, 1359-1361.

40. O'Malley, B., (1990) The steroid receptor superfamily: more excitement
predicted for the future. Mol. Endo. 4, 363-369.

41. Levin, A.A., Sturzenbecker, L.J., Kazmer, S., Bosakowski, T., Huselton, C.,
Allenby, G., Speck, J., Kratzeisen, C., Rosenberger, M., Lovey, A., and Grippo, J.I.,
(1992) 9-Cis retinoic acid stereoisomer binds and activates the nuclear receptor RXRea.
Nature 355, 359-361.

42, Heyman, R.A., Mangelsdorf, D.]., Dyck, J.A., Stein, R.B., Eichele, G., Evans, R.M,,
and Thaller, C., (1992) 9-Cis retinoic acid is a high affinity ligand for the retinoid X
receptor. Cell 68§,



158

43. Segars, J.H. and Wentz, A.C., (1993) A new hormone, new concepts, and a new
level of complexity. Fert. Ster. 59, 499-501.

44, Leid, M., Kastner, P., and Chambon, P., (1992) Multiplicity generates diversity
in the retinoic acid signalling pathways. Trends Biochem. Sci. 17, 427-433.

45. Stunnenberg, H.G., (1993) Mechanisms of transactivation by retinoic acid
receptors. BioEssays 15, 309-315.

46. Parker, M.G., (1993) Steroid and related receptors. Curr. Opin. Cell Biol. 5, 499-
504.

47. Pfahl, M. (1993) The sterocid/retinoid hormone receptor superfamily and
retinoid response pathways. In: From Molecular Biology to Therapeutics. Ed(s).: B.A.
Bernard and B. Shroot. (Karger, Basel)} pp. 8§3-93.

48. Rosen, E.D., Beninghof, E.G., and Koenig, R., (1993) Dimerization interfaces of
thyroid hormone, retinoic acid, vitamin D, and retinoid X receptors. ]. Biol. Chem.
268, 11534-11541.

49, Wilson, T.E., Fahrner, T.j., and Milbrandt, J., (1993) The orphan receptors NGFI-
B and steroidogenic factor 1 establish monomer binding as a third paradigin of
nuclear receptor-DNA interaction. Mol. Cell. Biol. 13, 5794-5804.

50. Thomas, H.E., Stunnenberg, H.G., and Stewart, A.F., (1993) Heterodimerization of
the Drosophila ecdysone receptor with retinoid X receptor and ultraspiracle. Nature
362, 471-475.

51 Yao, T.-P., Segraves, W.A., Oro, A.E, McKeown, M., and Evans, R.M., (1992)
Drosophila ultraspiracle modulates ecdysone receptor function via heterodimer
formation. Cell 71, 63-72.

52. Laudet, V., Hidnni, C., Coll, J., Catzeflis, F., and Stéhelin, D., (1992) Evclution of
the nuclear receptor gene superfamily. EMBO . 11, 1003-1013.

53. Forman, B.M. and Samuels, H.H., (1990) Interactions among a subfamily of
nuclear hormone receptors: the regulatory zipper model. Mol. Endo. 4, 1293-1301.

54. Berg, J.M., {1989) DNA binding specificity of steroid receptors. Cell 57, 1065-
1068.

S5. Danielsen, M., Hinck, L., and Ringold, G.M., (1989) Two amino acids within the
knuckie of the first zinc finger specify DNA response element activation by the
glucocorticoid receptor. Cell 57, 1131-1138.

56. Mader, S., Kumar, V., de Verneuil, H., and Chambon, P., (1989) Three amino
acids of the oestrogen receptor are essential to its ability to distinguish an oestrogen
from a glucocorticoid-responsive element. Nature 338, 271-274.

57. Umesono, K. and Evans, R-M.,, {1989) Determinants of target gene specificity for
steroid/thyroid hormone receptors. Cell 57, 1139-1146.



159

58. Green, S., Kumar, V., Theulaz, 1., Wahli, W., and Chambon, P., (1988) The N-
terminal DNA-binding 'zinc finger' of the oestrogen and glucocorticoid receptors
determines target gene specificity. EMBO [. 7, 3037-3044.

59. Luisi, B.F., Xu, W.X., Otwinowski, Z., Freedman, L.P., Yamamoto, K.R., and Sigler,
P.L.B., (1991) Crystallographic analysis of the interaction of the glucocorticoid
receptor with DNA. Nature 352, 497-503.

60. Freedman, L.P. and Luisi, B.F., {(1993) On the mechanism of DNA binding by
nuclear hormone receptors; a structural and functional perspective. ]. Cell. Biochem.
51, 140-150.

61. Baumann, H., Paulsen, K., Kovacs, H., Berglund, H., Wright, A.P.1l., Gusta{sson,
J.-A., and Hird, T., (1993) Refined solution structure of the glucocorticoid receptor
DNA-binding domain. Biochemistry 32, 13463-13471.

o2 Berglund, H., Kovacs, H., Dahlman-Wright, K., Gustafsson, J.-A., and Wird, T.,
(1992) Backbone dynamics of the glucocorticoid receptor DNA-binding domain.
Biochemistry 31, 12001-12011.

03. Hard, T., Kellenbach, E., Boelens, R., Maler, B.A., Dahlman, K., Freedman, L.P,,
Carlstedt-Duke, J., Yamamoto, K.R., Gustafsson, J.-A., and Kaptein, R., {1990) Solution
structure of the glucocorticoid receptor DNA-binding domain. Science 249, 157-106().

64, Amero, S.A., Kretsinger, R.H., Moncrief, N.D., Yamamoto, K.R., and Pearson,
W.R,, (1992) The origin of nuclear receptor proteins: a single precursor distinct from
other transcription factors. Mol. Endo. 6, 3-7.

65. Toft, D. and Gorski, J., (1966) A receptor molecule for estrogens: isolation from
the rat uterus and preliminary characterization. Proc. Natl. Acad. Sci. USA 55, 1574
1581.

60. Pratt, W.B., Hutchison, K.A., and Scherrer, L.C., (1992) Steroid receptor folding
by heat-shock proteins and composition of the receptor heterocomplex. ITrends bindo.
Met. 3, 326-333.

67. Grody, W.W., Schrader, W.T., and O'Malley, B.W., (1982} Activation,
transformation, and subunit structure of steroid hormone receptors. Endo. Rev. 3,
141-163.

68. Leach, K.L., Dahmer, M.K., Hammond, N.D., Sando, }.J., and Pratt, W.B., (1979)
Molybdate inhibition of glucocorticoid receptor inactivation and transformation. J.
Biol. Chemn. 254, 11884-11890.

69. Pratt, W.B., {1992) Control of steroid receptor function and cytoplasmic-
nuclear transport by heat shock proteins. BioEssays 14, 841-848.

70.  Denis, M., Wikstrom, A.-C., and Gustafsson, J.-A., (1987) The molybdate-
stabilized nonactivated glucocorticoid receptor contains a dimer of M. 90,000 non-

hormone-binding protein. ]. Biol. Chem. 262, 11803-11806.



160

71.  Mendel, D.B. and Orti, E., (1988) Isoform composition and stoichiometry of the
~90-kDa heat shock protein associated with glucocorticoid receptors. . Biol. Chem.
263, 6695-6702.

72 Tai, P.-K.K., Albers, M.W., Chang, H., Faber, L.E, and Schreiber, S.L., (1992}
Association of a 59-kilodalton immunophilin with the glucocorticoid receptor
complex. Science 256, 1315-1318.

73. Renoir, J.-M., Radanyi, C., Faber, L.E., and Baulieu, E.-E, (1990) The non-DNA-
binding heterooligomeric form of mammalian steroid hormone receptors contains a
hsp90-bound 59-kilodalton protein. ]. Biol. Chem. 265, 10740-10745.

74. Kieffer, L., Seng, T.W., 1i, W,, Osterman, D.G., Handschumacher, R.E., and
Bayney, RM., (1993) Cyclophilin-40, a protein with homology to the p59 component
of the steroid receptor complex. . Biol. Chem. 268, 12303-12310.

75. Ratajczak, T., Carrello, A., Mark, P.J., Warner, B.]., Simpson, R.J., Moritz, R.L.,
and House, A.K., (1993) The cyclophilin component of the unactivated estrogen
receptor contains a tetratricopeptide repeat domain and shares identity with p59
(FKBP59). ]. Biol. Chem. 268, 13187-13192.

76. Smith, D.F. and Toft, D.O., (1993) Steroid receptors and their associated proteins.
Mol. Endo. 7, 4-11.

77.  Johnson, J.L., Beito, T.G., Krco, C.]J., and Toft, D.O., (1994) Characterization of a
novel 23-kilodalton protein of unactive progesterone receptor complexes. Mol. Cell.
Biol. 14, 1956-1963.

78. Smith, D.F., (1993) Dynamics of heat shock protein 90-progesterone receptor
binding and the disactivation loop model for steroid receptor complexes. Mol. Endo. 7,
1418-1429.

79, Diehl, E.E. and Schmidt, T.]., (1993) Heat shock protein 70 is associated in
substoichiometric amounts with the rat hepatic glucocorticoid receptor.
Biochemistry 32, 13510-13515.

80. Bresnick, E.H., Dalman, F.C., and Pratt, W.B., (1990) Direct stoichiometric
evidence that the untransformed M. 300 000, 98, glucocorticoid receptor is a .ore unit

derived from a larger heteromeric complex. Biochemistry 29, 520-527.

31. Sanchez, ER., (1990) Hsp36: a novel heat shock protein associated with
untransformed steroid receptor complexes. ]. Biol. Chem. 265, 22067-22070.

82, Chambraud, B., Berry, M., Redeuilh, G., Chambon, P., and Baulieu, E.-E., (1990)
Several regions of human estrogen receptor are involved in the formation of
receptor-heat shock protein 90 complexes. ]. Biol. Chem. 265, 20686-20691.

83.  Cadepond, F., Schweizer-Groyer, G., Segard-Maurel, 1., Jibard, N., Hollenberg,
S.M., Giguére, V., Evans, R.M., and Baulieu, E.-E., (1991) Heat shock protein 90 as a
critical factor in maintaining glucocorticosteroid receptor in a nonfunctional state.
l. Biol. Chem. 266, 5834-5841.



161

84, Chakraborti, P.K. and Simons ]Jr., S.8,, {1991) Association of heat shock protein
90 with the 16 kDa steroid binding core fragment of rat glucocorticoid receptors.
Biochem. Biophvs. Res. Commun. 176, 1338-1344.

85.  Dalman, F.C,, Scherrer, L.C., Taylor, L.P.,, Akil, ., and Pratt, W.B., (1991)
Localization of the 90-kDa heat shock protein-binding site within the hormone-
binding domain of the glucocorticoid receptor by peptide competition. . Biol. Chem,
2606, 3482-3490.

86. Housley, P.R., Sanchez, E.R., Danielsen, M., Ringold, G.M., and Pratt, W.B., (1990)
Evidence that the conserved region in the steroid binding domain of the
glucocorticoid receptor is required for both optimal binding of hsp90 and protection
from proteolytic cleavage. A two-site model for hsp90 binding to the stercid binding
domain. J. Biol. Chem. 265, 12778-12781.

87. Howard, K.]., Holley, S.]., Yamamoto, K.R,, and Distelhorst, C.W., (1990) Mapping
the hsp90 binding region of the glucocorticoid receptor. ]. Biol. Chem. 265, 11928-
11935.

88. Pratt, W.B., Jolly, D.]., Pratt, D.V., Hollenberg, S.M., Giguere, V., Cadepond, I'M.,
Schweizer-Groyer, G., Catelli, M.-G., Evans, R.M., and Baulieu, E-E., (1988) A region in
the steroid binding domain determines formation of the non-DNA-binding, 9S
glucocorticoid receptor complex. . Biol. Chem. 263, 267-273.

89. Schlatter, LK., Howard, K.J., Parker, M.G., and Distelhorst, C.W., (1992)
Comparison of the 90-kilodalton heat shock protein interaction with in vitro
translated glucocorticoid and estrogen receptors. Mol. Endo. 6, 132-140.

90. Schuh, S., Yonemoto, W,, Brugge, ]., Bauer, V.]., Riehl, R.M., Sullivan, W.P., and
Toft, D.O., (1985) A 90,000-Dalton binding protein common to both steroid receptor and

the Rous sarcoma virus transforming protein, pp60V=ST¢, 1. Biol. Chem. 260, 14292-
14296.

91. Wiech, H., Buchner, J., Zimmermann, R., and Jakob, U., (1992) Hsp90
chaperones protein folding in vitro. Nature 358, 169-170.

92 Miyata, Y. and Yahara, ., (1992) The 90-kDa heat shock protein, HSP90, binds
and protects casein kinase Il from self-aggregation and enhances its kinase activity.
[. Biol. Chem. 267, 7042-7047.

93. Hutchison, K.A., Scherrer, L.C., Czar, M.]., Stancato, L.F., Chow, Y.-H., Jove, R.,
and Pratt, W.B., (1993) Regulation of glucocorticoid receptor function through
assembly of a receptor-heat shock protein complex. Ann. N. Y. Acad. Sci. 684, 35-48.

94, Nemoto, T., Ohara-Nemoto, Y., Sato, N., and Ota, M., (1993) Dual roles of 90-kDa
heat shock protein in the function of the mineralocorticoid receptor. ]. Biochem.
113, 769-775.

95. Picard, D., Khursheed, B., Garabedian, M.]., Fortin, M.G., Lindquist, S., and
Yamamoto, K.R., (1990) Reduced levels of hsp90 compromise steroid receptor action in
vivo. Nature 348, 166-168.



162

96. Daniel, V., Maksymowych, A.B., Alnemri, ES., and Litwack, G., (1991) Cell-free
synthesis of rat glucocorticoid receptor in rabbit reticulocyte lysate. In vitro
synthesis of receptor in M_ 90,000 heat shock protein-depleted lysate. ]. Biol. Chem.

266, 1320-1325.

97. Pratt, W.B., (1993) The role of heat shock proteins in regulating the function,
folding, and trafficking of the glucocorticoid receptor. ]. Biol. Chem. 268, 21455-
21458.

98. Bresnick, E.H., Dalman, F.C., Sanchez, E.R., and Pratt, W.B., (1989) Evidence that
the 90-kDa heat shock protein is necessary for the steroid binding conformation of
the L cell glucocorticoid receptor. ]. Biol. Chem. 264, 4992-4997.

99. Hutchison, K.A., Czar, M.]., and Pratt, W.B., (1992) Evidence that the hormone-
binding domain of the mouse glucocorticoid receptor directly represses DNA binding
activity in a major portion of receptors that are "misfolded" after removal of hsp90.
. Biol. Chem. 267, 3190-3195.

100. Denis, M. and Gustafsson, J.-A., (1989) The Mr~90,000 heat shock protein: an
important modulator of ligand and DNA-binding properties of the glucocorticoid
receptlor. Cancer Res. 49 (suppl.), 2275s-2281s.

101. Mendel, D.B., Bodwell, J.E., Gametchu, B., Harrison, R.W., and Munck, A,, (1986)
Molybdate-stabilized nonactivated glucocorticoid-receptor complexes contain a 90-
kDa non-steroid-binding phosphoprotein that is lost on activation. 1. Biol. Chem. 261,
3758-3763.

102.  Pratt, W.B., Sanchez, E.R., Bresnick, E.H., Meshinchi, S., Scherrer, L.C., Dalman,
F.C., and Welsh, M.]., (1989} Interaction of the glucocorticoid receptor with the
M 90,000 heat shock protein: an evolving model of ligand-mediated receptor

transformation and translocation. Cancer Res. 49 (suppl.), 2222s-2229s.

103. Sanchez, ER., Meshinchi, $., Tienrungroj, W., Schlesinger, M.]., Toft, D.O., and
Pratt, W.B., (1987) Relationship of the 90-kDa murine heat shock protein to the
untransformed and transformed states of the L cell glucocorticoid receptor. I Biol.
Chem. 262, 6986-6991.

104. Denis, M., Poellinger, L., Wikstém, A.-C., and Gustafsson, J.-A., (1988)
Requirement of hormone for thermal conversion of the glucocorticoid receptor to a
DNA-binding state. Nature 333, 686-688.

105. Meshinchi, S., Sanchez, E.R., Martell, K.]., and Pratt, W.B., (1990) Elimination
and reconstitution of the requirement for hormone in promoting temperature-
dependent transformation of cytosolic glucocorticoid receptors to the DNA-binding
state. ]. Biol. Chem. 265, 4863-4870.

106. DeMarzo, A.M., Beck, C.A., Osate, S.A., and Edwards, D.P., (1991) Dimerization of
mammalian progesterone receptors occurs in the absence of DNA and is related to the
release of the 90-kDa heat shock protein, Proc. Natl. Acad. Sci. USA 88, 72-76.

107. Rafestin-Oblin, M.-E., Lombes, M., Couette, B., and Baulieu, E.-E., (1992}
Differences between aldosterone and its antagonists in binding kinetics and ligand-



163

induced hsp90 release from mineralocorticosteroid receptor. ]. Steroid Biochem.
Molec. Biol. 41, 815-821.

108. Veldscholte, ]., Berrevoets, C.A., Zegers, N.D., van der Kwast, T.H., Grootegoced,
J.A,, and Mulder, E.,, (1992) Hormone-induced dissociation of the androgen receptor
complex: use of a new monoclonal antibody to distinguish transformed from
nontransformed receptors. Biochemistry 31, 7422-7430.

109. Cadepond, F., Binart, N., Chambraud, B., Jibard, N., Schweizer-Groyer, G.,
Segard-Maurel, ., and Baulieu, E.-E., (1993) Interaction of glucccorticosteroid
receptor and wild-type or mutated 90-kDa heat shock protein coexpressed in
baculovirus-infected Sf9 cells. Proc. Natl. Acad. Sci. USA 90, 10434-10438.

110. Kaufmann, S.H., Wright, W.W., Okret, S., Wikstrém, A.-C., Gustafsson, ].-A.,
Shaper, N.L,, and Shaper, J.H., (1992) Evidence that rodent epididymal sperm contain
the M ~94,000 glucocorticoid receptor but lack the M~90,000 heat shock protein.

Endocrinology 130, 3074-3084.

111. Dalman, F.C., Sturzenbecker, L.]., Levin, A.A., Lucas, D.A., Perdew, G.H.,
Petkovitch, M., Chambon, P., Grippo, J.F., and Pratt, W.B., {1991) Retinoic acid rcceptor
belongs 1o a subclass of nuclear receptors that do not form "docking" complexes with
hsp90. Biochemistry 30, 5605-5608.

112.  Dalman, F.C., Koenig, R.J., Perdew, G.H., Massa, E., and Pratt, W.B., (1990) In
contrast to the glucocorticoid receptor, the thyroid hormone receptor is translated in
the DNA binding state and is not associated with hsp90. ]. Biol. Chem. 265, 3615-3018.

113. Pratt, W.B., {1990) Interaction of hsp90 with steroid receptors: organizing some
diverse observations and presenting the newest concepts. Mol. Cell. Endo. 74, ¢69-¢76.

114, Picard, D., Kumar, V., Chambon, P., and Yamamoto, K.R., (1990) Signal
transduction by steroid hormones: nuclear localization is differentially regulated in
estrogen and glucocorticoid receptors. Cell Regul. 1, 291-299.

115. Ema, M., Sogawa, K., Watanabe, N., Chujoh, Y., Matsushita, N., Gotoh, O., I‘'unac,
Y., and Fujii-Kuriyama, Y., (1992} cDNA cloning and structure of mouse putative Ah
receptor. Biochem. Biophys. Res. Commun. 184, 246-253.

116. Barsony, J. and McKoy, W., (1992) Molybdate increases intraccllular 3',5'-
guanosine cyclic monophosphate and stabilized vitamin D receptor association with
tubulin-containing filaments. J. Biol. Chem. 267, 24457-24465.

117. Barsony, J., Pike, J.W., DeLuca, H.F., and Marx, S.J., (1990) Immunocytology with
microwave-fixed fibroblasts shows la,25-dihydroxyvitamin D;-dependent rapid and

estrogen-dependent slow reorganization of vitamin D receptors. ]. Cell Biol. 111,
2385-2395.

118, Lingappa, V.R.,, (1989) Intracellular traffic of newly synthesized proteins.
Current understanding and future prospects. ]. Clin. Invest. 83, 739-751.

119. Pugsley, A.P., (1990) On remaining cytoplasmic. Biochimie 72, 89-94.



164

120. Blobel, G. and Dobberstein, B., (1975) Transfer of proteins across membranes. L.
Presence of proteolytically processed and unprocessed nascent immunoglobulin
light chains on membrane-bound ribosomes of murine myeloma. ]. Cell Biol. 67, 835-
851.

121. Blobel, G. and Dobberstein, B., (1975) Transfer of proteins across membranes.
II. Reconstitution of functional rough microsomes from heterologous components. J.
Cell Biol. 67, 852-862.

122.  Dingwall, C. and Laskey, R., (1992) The nuclear membrane. Science 258, 942-
947.

123. Newport, J.W. and Forbes, D.]., (1987) The nucleus: siructure, function, and
dynamics. Ann. Rev, Biochem. 56, 535-565.

124. Blow, J.J. and lLaskey, R.A., (1988) A role for the nuclear envelope in
controlling DNA replication within the cell cycle. Nature 332, 546-548.

125. Coverley, D., Downes, C.S., Romanowski, P., and Laskey, R.A., (1993) Reversible
effects of nuclear membrane permeabilization on DNA replication: evidence for a
positive licensing factor. ]. Cell Biol. 122, 985-992.

126. leno, G.H., Downes, C.S., and Laskey, R.A., (1992) The nuclear membrane
prevents replication of human G2 nuclei but not G1 nuclei in Xenopus egg extract.
Cell 69, 151-158.

127. Brachet, J. (1986) A few reminiscences about nucleocytoplasmic transport. In:
Nucleocyvtoplasmic Transport. Ed(s).: R. Peters and M. Trendelenburg. (Springer-
Verlag, Berlin) pp. 1-9.

128. Zimmer, F.J., Dreyer, C., and Hausen, P., (1988) The function of the nuclear
envelope in nuclear protein accumulation. [, Cell Biol. 106, 1435-1444.

129. Panté, N. and Aebi, U., (1993) The nuclear pore complex. [. Cell Biol. 122, 977-
984.

130. Akey, C.W. and Radermacher, M., (1993) Architecture of the Xenopus nuclear
pore complex revealed by three-dimensional cryo-electron microscopy. J. Cell Biol,
122, 1-19.

131. Goldberg, M.W. and Allen, T.D., (1992) High resolution scanning electron
microscopy of the nuclear envelope: demonstration of a new, regular, fibrous lattice
attached to the baskets of the nucleoplasmic face of the nuclear pores. . Cell Biol,
119, 1429-1440.

132. Goldberg, M.W. and Allen, T.D., (1993) The nuclear pore complex: three-
dimensional surface revealed by field emission, in-lens scanning electron
microscopy, with underlying structure uncovered by proteolysis. . Cell Sci. 106, 261-
274

133.  Peters, R, (1983) Nuclear envelope permeability measured by fluorescence
microphotolysis of single liver cell nuclei, ]. Biol. Chem, 258, 11427-11429.



165

134. lLang, I, Schelz, M., and Peters, R., (1986) Molecular mobility and
nucleocyteplasmic flux in hepatoma cells. L. Cell Biol. 102, 1183-1190.

135. Paine, P.L., Moore, L.C., and Horowitz, S.B., (1975) Nuclear envelope
permeability. Nature 254, 109-114.

136. Chugani, D.C., Rome, L.H., and Kedersha, N.L., (1993} Evidence that vault
ribonucleoprotein particles localize to the nuclear pore complex. ], Cell Sci. 1006, 23-
29.

137. Feldherr, C.M. and Akin, D., (1990) The permeability of the nuclcar envelope in
dividing and nondividing cell cultures. [. Cell Biol. 111, 1-8.

138. Feldherr, C.M., (1988) The pore complex in nucleocytoplasmic exchange. Cell
Biol. Int. Rep. 12, 791-808.

139. Dobberstein, B., (1994) On the beaten pathway. Nature 367, 599-600.

140. Hannavy, K., Rospert, S., and Schatz, G., (1993) Protein import into
mitochondria: a paradigm for the translocation of polypeptides across membrances,
Curr. Opin. Ceil Biol. 5, 694-700.

141. Kiebler, M., Pfaller, R., Séllner, T., Griffiths, G., Horstmann, Il., Planner, N., and
Neupert, W., (1990) Identification of a mitochondrial receptor complex required for
recognition and membrane insertion of precursor proteins. Nature 348, 610-616,

142, Simon, S.M. and Blobel, G., (1991) A protein-conducting channel in the
endoplasmic reticulum. Cell 65, 371-380.

143. Gilmore, R., (1993) Protein translocation across the endopiasmic reticulum: a
tunnel with toll booths at entry and exit. Cell 75, 589-592.

144. Johnson, A.E, (1993) Protein translocation across the LR membrane: a
fluorescent light at the end of the tunnel. Trends Biochem. Sci. 18, 456-458.

145. Meyer, D.L, (1991) Protein translocation into the endoplasmic reticulum: a
light at the end of the tunnel. Trends Cell Biol. 1, 154-159.

146. Pfanner, N., Rassow, ]., van der Klei, 1.]., and Neupert, W., (1992) A dynamic
model of the mitochondrial protein import machinery. Cell 68, 999-1002.

147. Verner, K., (1993) Co-translational protein import into mitochondria: an
alternative view. Trends Biochem. Sci. 18, 366-371.

148. Wienhues, U. and Neupert, W., (1992) Protein translocation across
mitochondrial membranes. BioEssays 14, 17-23.

149. Mehlin, H., Skoglund, U., and Danehoit, B., (1991) Transport of Balbiani ring
granules through nuclear pores in Chircnomus tentans. Exp. Cell Res. 193, 72-77.



166

150.  Mchlin, 1., Dancholt, B., and Skoglund, U., (1992) Translocation of a specific
premessenger ribonucleoprotein particle through the nuclear pore studied with
clectron microscope tomography. Cell 69, 605-613.

151. Citovsky, V. and Zambryski, P., (1993) Transport of nucleic acids through
membrane channels: snaking through small holes. Ann. Rev. Microbiol. 47, 167-197.

152, Dingwall, C., Sharnick, S.V., and Laskey, R.A,, (1982) A polypeptide domain that
specifics migration of nucleoplasmin into the nucleus. Cell 30, 449-458.

153. lanford, R.E and Butel, ].S., (1984) Construction and characterization of an
SV40 mutant defective in nuclear transport of T antigen. Cell 37, 801-813.

154. Kalderon, D., Roberts, B.L., Richardson, W.D., and Smith, A.E., (1984) A short
amino acid scquence able to specify nuclear location. Cell 39, 499-509.

155. Kalderon, D., Richardson, W.D., Markham, A.F., and Smith, A.L,, (1984) Sequence
requirements for nuclear location of simian virus 40 large-T antigen. Nature 311, 33-
38.

156. Breeuwer, M. and Goldfarb, D.S., (1990) Facilitated nuclear transport of histone
11 and other small nucleophilic proteins. Cell 60, 999-1008.

157. Dworetzky, S.I., Lanford, R.E., and Feldherr, C.M., (1988) The effects of
variations in the number and sequence of targeting signals on nuclear uptake. ].
Cell Biol. 107, 1279-1287.

158. Harootunian, A.T., Adams, S.R., Wen, W., Meinkoth, J.L., Taylor, S.5., and Tsien,
R.Y., (1993) Movement of the free catalytic subunit of cAMP-dependent protein
kinase into and out of the nucleus can be explained by diffusion. Mol. Biol. Cell 4,
993-1002.

159. Akey, C.W. and Goldfarb, D.S., (1989) Protein import through the nuclear pore
complex is a multistep process. ]. Cell Biol. 109, 971-982.

160.  Newmeyer, D.D. and Forbes, D.]., (1988) Nuclear import can be separated into
distinct steps in vitro: nuclear pore binding and translocation. Cell 52, 641-653.

161. Richardson, W.D., Mills, A.D., Dilworth, S.M., Laskey, R.A., and Dingwall, C.,
(1988) Nuclear protein migration involves two steps: rapid binding at the nuclear
envelope followed by slower translocation through nuclear pores. Cell 52, 655-664.

162. Vancarova, L., Lou, W,, Maloney Paine, T., and Paine, P.L., (1993) Nucleoplasmin
uptake by facilitated transport and intranuclear binding. Eur. ]. Cell Biol. 62, 22-33,.

163.  Dingwall, C. and Laskey, R.A., (1986) Protein import into the cell nucleus. Ann.
Rev. Cell Biol. 2, 367-390.

164 Goldfarb, D. and Michaud, N., (1991) Pathways for the nuclear transport of
proteins and RNAs. Trends Cell Biol. 1, 20-24.




167
165. Dingwall, C., (1991) Transport across the nuclear envelope: enigmas and
explanations. BioEssavs 13, 213-218.

166. Nicotera, P., McConkey, D.]., Jones, D.P,, and Orrenius, S., (1989) ATP stimulates

Ca?+ uptake and increases the free Ca?* concentration in isolated rat liver nuclei.
Proc. Natl. Acad. Sci. USA 86, 453-457.

167. Bustamante, J.O., (1992) Nuclear ion channels in cardiac myocytes. Pfliigers
Arch. 421, 473-485.

168. Bustamante, J.O., (1993) Restricted ion flow at the nuclear envelope of cardiac
myocytes. Biophyvs. I. 64, 1735-1749,

169.  Brini, M., Murgia, M., Pasti, L., Picard, D., Pozzan, T., and Rizzuto, R., {1993)

Nuclear Ca®* concentration measured with specifically targeted recombinant
aequorin. EMBO J. 12, 4813-4819.

170. Al-Mohanna, F.A., Caddy, K.W.T., and Bolsover, S.R., (1994) The nucleus is
insulated from large cytosolic calcium ion changes. Nature 367, 745-750.

171. laskey, R.A. and Dingwall, C., (1993) Nuclear shuttling: the default pathway for
nuclear proteins? Cell 74, 585-586.

172. Schmidt-Zachmann, M.S., Dargemont, C., Kithn, L.C., and Nigg, LA., {1993)
Nuclear export of proteins: the role of nuclear retention. Cell 74, 493-504.

173. Borer, R.A,, Lehner, C.F., Eppenberger, H.M., and Nigg, EA., (1989) Major
nucleolar proteins shuttle between nucleus and cytoplasm. Cell 56, 379-390.

174.  Mandell, R.B. and Feldherr, C.M., {1990) Identification of two HSP70-related
Xenopus oocyte proteins that are capable of recycling across the nuclear envelope. L.
Cell Biol. 111, 1775-1783.

175. Mandell, R.B. and Feldherr, C.M., (1992) The effect of carboxyl-terminal
deletions on the nuclear transport rate of rat hsc70. Exp. Cell Res. 198, 164-169.

176. Madan, A.P. and DeFranco, D.B., (1993) Bidirectional transport of glucocorticoid
receptors across the nuclear envelope. Proc. Natl. Acad. Sci. USA 90, 3588-3592.

177.  Chandran, U.R. and DeFranco, D.B., (1992} Internuclear migration of chicken
progesterone receptor, but not simian virus-40 large tumor antigen, in transient
heterokaryons. Mol. Endo. 6, 837-844.

178 Guiochon-Mantel, A., Lescop, P., Christin-Maitre, S., Loosfelt, H., Perrot-
Applanat, M., and Milgrom, E., (1991) Nucleocytoplasmic shuttling of the
progesterone receptor. EMBQO [. 10, 3851-3859.

179. Pificl-Roma, S. and Dreyfuss, G., (1992) Shuttling of pre-mRNA binding
proteins between nucleus and cytoplasm. Nature 355, 730-732,

180. Georgopoulos, C. and Welch, W.]., (1993) Role of the major heat shock proteins
as molecular chaperones. Annu. Rev. Cell Biol. 6, 601-634.



168

181. Gething, M.-]. and Sambrook, J., (1992) Protein folding in the cell. Nature 355,
33-45.

182. liendrick, J.P. and Hartl, F.-U., (1993) Molecular chaperone functions of heat-
shock proteins. Ann. Rev. Biochem. 62, 349-384.

183. Haru, F.-U., Hlodan, R., and Langer, T., (1994) Molecular chaperones in protein
folding - The art of avoiding sticky situations. Trends Biochem. Sci. 19, 20-25.

184. Kang, P.-J., Ostermann, J., Shilling, J., Neupert, W., Craig, EA,, and Pfanner, N.,
(1990) Requircment for hsp70 in the mitochondrial matrix for translocation and
folding of precursor proteins. Nature 348, 137-142.

185. Koll, H., Guiard, B., Rassow, J., Ostermann, J., Horwich, A., Neupert, W, and
Hartl, F.-U., (1992) Antifolding activity of hsp60 couples protein import into the
mitochondrial matrix with export 1o the intermembrane space. Cell 68, 1163-1175.

186. Chirico, W.J., Waters, M.G., and Blobel, G., (1988) 70K heat shock related
proteins stimulate protein translocation into microsomes. Nature 332, 805-810.

187. Deshaies, R.]., Koch, B.D., Werner-Wasburne, M., Craig, EA., and Schekman, R,
(1988) A subfamily of stress proteins facilitates translocation of secretory and
mitochondrial precursor polypeptides. Nature 332, 800-805.

188. Jeoung, D.-L, Chen, S., Windsor, J., and Pollack, R.E,, (1991) Human major HSP70
protein complements the localization and functional defects of cytoplasmic mutant
SV40 T antigen in Swiss 3T3 mouse fibroblast cells. Genes Dev. 5, 223 5-2244.,

189. Imamoto, N., Matsuoka, Y., Kurihara, T., Kohno, K., Miyagi, M., Sakiyama, F.,
Okada, Y., Tsunasawa, S., and Yoneda, Y., (1992) Antibodies against 70kD heat shock
cognate protein inhibit mediated nuclear import of karyophilic proteins. ]._Cell Biol.
119, 1047-1061.

19%0. Yoneda, Y., Imamoto-Sonobe, N., Matsuoka, Y., Iwamoto, R., Kiho, Y., and
Uchida, T., (1988) Antibodies to Asp-Asp-Glu-Asp can inhibit transport of nuclear
proteins into the nucleus. Science 242, 275-278.

191. Imamoto-Sonobe, N., Matsuoka, Y., Semba, T., Okada, Y., Uchida, T., and Yoneda,
Y., (1990) A protein recognized by antibodies to Asp-Asp-Asp-Glu-Asp shows specific
binding actlivity to heterogeneous nuclear transport signals. [, Biol. Chem. 265,
16504-16508.

192.  Okuno, Y., Imamoto, N., and Yoneda, Y., (1993) 70-kDa heat-shock cognate
protein colocalizes with karyophilic proteins into the nucleus during their transport
in vitro. Exp. Cell Res. 206, 134-142.

193. Shi, Y. and Thomas, J.0., (1992) The transport of proteins into the nucleus
requires the 70-kilodalton heat shock protein or its cytosolic cognate. Mol. Cell. Biol.
12, 2186-2192.



169

194,  White, EM., Allis, C.D., Goldfarb, D.S., Srivastva, A., and Weir, J.W., (1989)
Nucleus-specific and temporally restricted localization of proteins in Tetrahyvmena
macronuclei and micronuclei. ]. Cell Biol, 109, 1983-1992,

195. Wagner, P. and Hall, M.N,, (1993) Nuclear protein transport is functionally
conserved between yeast and higher eukaryotes. FEBS Leuts. 321, 261-260.

196. Nehrbass, U. and Hurt, E.C., (1992) Nuclear transport and nuclear pores in
yeast. Antonie van Leeuwenhoek 62, 3-14,

197. Alnemri, E.S., Maksymowych, A.B., Robertson, N.M., and Litwack, G., (1991)
Characterization and purification of a functional rat glucocorticoid receptor
overexpressed in a baculovirus system. ]. Biol. Chem. 266, 3925-3930.

198. Raikhel, N., (1992) Nuclear targeting in plants. Plant Physiol. 100, 1627-1632.

199. Garcia-Bustos, ]J., Heitman, ]., and Hall, M.N., (1991) Nuclear protein
localization. Biochim. Biophys. Acta 1071, 83-101.

200. Hanover, J.A., (1992) The nuclear pore: at the crossroads, FASLEB |. 6, 2288-2295,

201. Newmeyer, D.D., (1993) The nuclear pore complex and nucleocytoplasmic
transport. Curr. Opin, Cell Biol. 5, 395-407.

202.  Osborne, M.A. and Silver, P., (1993) Nucleocytoplasmic transport in the yeast
Saccharomyces Cerevisiae. Annu. Rev, Biochem. 62, 219-254.

203. Roberts, B., (1989) Nuclear location signal-mediated protein transport.
Biochim. Biophvs. Acta 1008, 263-280.

204. Whiteside, S.T. and Goodbourn, S., (1993) Signal transduction and nuclear
targeting: regulation of transcription factor activity by subcellular localisation. |.
Cell Sci. 104, 949-955.

205. Booher, R.N., Alfa, C.E., Hyams, }.5., and Beach, D.H., (1989) The fission ycast
cdc2/cdcl13/sucl protein kinase: regulation of catalytic activity and nuclear
localization. Cell 58, 485-497.

206. Chida, K. and Vogt, P.K., (1992) Nuclear translocation of viral jun but not of
cellular Jun is cell cycle dependent. Proc. Natl. Acad. Sci. USA 89, 4290-4294,

207. Nasmyth, K., Adolf, G., Lydall, D., and Seddon, A., (1990) The ideglif'ication of a
second cell cycle control on the HO promoter in yeast: cell cycle regulation of SWIS
nuclear entry. Cell 62, 631-647.

208. Li, X. and Etkin, L.D., (1993) Xenopus nuclear factor 7 (xnf7} posscsses an N1S
that functions efficiently in both oocytes and embryos. ]. Cell Sci. 105, 389-395.

209. MeBRmer, B. and Dreyer, C., (1993) Requirements for nuclear translocation and
nucleolar accumulation of nucleolin of Xenopus laevis. Eur. 1. Cell Biol. 61, 369-382.




170

210.  Roth, S, Stein, D., and Nusslein-Volhard, C., (1989) A gradient of nuclear
localization of the dorsal protein determines dorsoventral pattern in the Drosophila
cembryo. Cell 59, 1189-1202.

211. Standiford, D.M. and Richter, ].D., (1992) Analysis of a developmentally
regulated nuclear localization signal in Xenopus. ]. Cell Biol. 118, 991-1002.

212,  Steward, R., (1989) Relocalization of the dorsal protein from the cytoplasm to
the nucleus correlates with its function. Cell 59, 1179-1188.

213. Roux, P., Blanchard, J.-M., Fernandez, A., Lamb, N., Jeanteur, P., and
Piechaczyk, M., (1990} Nuclear localization of c-Fos, but not v-Fos proteins, is
controlled by extracellular signals. Cell 63, 341-351.

214.  Lyons, R.H., (1991) Serum-regulated nuclear localization is signal specific.
Mol. IIndo. 5, 1897-1902.

215. Lenormand, P., Sardet, C,, Pagés, G., L'Allemain, G., Brunet, A., and Pouysségur,
J., (1993) Growth factors induce nuclear translocation of MAP kinases (p42MaPk gnd

p44MaPKy hut not of their activator MAP kinase kinase (p45MaPKK) in fibroblasts. [.
Cell Biol. 122, 1079-1088.

216.  Akner, G., Mossberg, K., Sundqvist, K.-G., Gustafsson, J.-A., and Wikstrém, A.-C.,
(1992) Evidence for reversible, non-microtubule and non-microfilament-dependent
nuclear translocation of hsp90 after heat shock in human fibroblasts. Eur. ]. Cell
Biol. 58, 356-364.

217.  Baler, R, Dahl, G., and Voellmy, R., {1993) Activation of human heat shock
genes is accompanied by oligomerization, modification, and rapid translocation of
heat shock transcription factor HSF1. Mol. Cell. Biol. 13, 2486-2496.

218.  Sarge, K.D., Murphy, S.P., and Morimoto, R.I., (1993) Activation of heat shock
gene transcription by heat shock factor 1 involves oligomerization, acquisition of

DNA-binding activity, and nuclear localization and can occur in the absence of
stress. Mol. Cell. Biol. 13, 1392-1407.

219.  Sheldon, L.A. and Kingston, R.E.,, (1993) Hydrophobic coiled-coil domains
regulate the subcellular localization of human heat shock factor 2. Genes Dev. 7,
1549-1558.

220.  lida, K., Matsumoto, S., and Yahara, 1., (1992) The KKRKK sequence is involved
in heat shock-induced nuclear translocation of the 18-kDa actin-binding protein,
cofilin. Cell Struct. Funct, 17, 39-46.

221. Roberts, B.L., Richardson, W.D., and Smith, A.E., (1987) The effect of protein
context on nuclear location signal function. Cell 50, 465-475.

222, Nelson, M. and Silver, P., (1989) Context affects nuclear protein localization in
Saccharomyces cerevisiae. Mol. Cell. Biol. 9, 384-389.

223. Nigg, EA., Baeuerle, P.A,, and Lithrmann, R., (1991) Nuclear import-export: in
search of signals and mechanisms. Cell 66, 15-22.



171
224, Stochaj, U. and Silver, P., (1992) Nucleocytoplasmic traffic of proteins. Lur, .
Cell Bigl. 539, 1-11.

225. Dingwall, C. and Llaskey, R.A., (1991) Nuclear targeting scquences - a
consensus? Trends Biochem. Sci. 16, 478-481.

226.  Dang, C.V. and Lee, W.M.F,, {1989) Nuclear and nucleolar targeting sequences
of c-erb-A, c-myb, N-myc, p53, HSP70, and HIV tat proteins. L. Biol. Chem. 264, 18019-
18023.

227.  Boulikas, T., (1994) Putative nuclear localization signals (NLS) in protein
transcription factors. ]. Cell. Biochem. 55, 32-58.

228. Chelsky, D., Ralph, R, and Jonak, G., (1989) Sequence requirements for
synthetic peptide-mediated translocation to the nucleus. Mol. Cell. Biol, 9, 2487-2492,

229. Boulikas, T., (1993) Nuclear localization signals. CRC Crit. Rev. Fuk. Gene Expr.
3, 193-227.

230. Dingwall, C., Robbins, J., Dilworth, S.M., Roberts, B., and Richardson, W.D.,
(1988) The nucleoplasmin nuclear location sequence is larger and more complex
than that of SV-40 large T antigen. ]. Cell Biol. 7, 841-849.

231. Robbins, J., Dilworth, S.M., Laskey, R.A., and Dingwall, C., (1991} Two
interdependent basic domains in nucleoplasmin nuclear targeting sequence:
identification of a class of bipartite nuclear targeting sequence. Cell 64, 615-623.

232, lanford, R.E., Feldherr, C.M., White, R.G., Dunham, R.G., and Kanda, P., (1990)
Comparison of diverse transport signals in synthetic peptide-induced nuclear
transport. Exp. Cell Res. 186, 32-38.

233.  Hall, M.N., Hereford, L., and Herskowitz, 1., (1984) Targecting of E. coli p-
Galactosidase to the nucleus in veast. Cell 36, 1057-1065.

234.  Hall, N.M,, Craik, C., and Hiraoka, Y., (1990) Homeodomain of yecast repressor
alpha2 contains a nuclear localization signal. Proc. Natl. Acad. Sci. USA 87, 6954-6958.

235. Shieh, M.W., Wessler, S.R., and Raikhel, N.V., (1993) Nuclear targeting of the
maize R protein requires two nuclear localization sequences. Plant Physiol. 101, 353-
36l.

236. Hamm, ]J., Darzynkiewicz, E., Tahara, S.M., and Mattaj, L.W., (1990) The
trimethylguanosine cap structure of Ul snRNA is a component of a bipartite nuclear
targeting signal. Cell 62, 569-577.

237. Fischer, U.,, Sumpter, V., Sekine, M., Satoh, T., and Lithrmann, R., (1993) Nucleo-
cytoplasmic transport of U snRNPs: definition of a nuclear location signal in the Sm
core domain that binds a transport receptor independently of the m3G cap. EMBO |.
12, 573-583.



172

238. Michaud, N. and Goldfarb, D.S., (1992) Microinjected U snRNAs are imported to
oocyte nuclei via the nuclear pore complex by three distinguishable targeting
pathways. J.Cell Biol. 116, 851-861.

239,  van Zee, K., Dickmanns, A., Fischer, U., Lithrmann, R., and Fanning, E., (1993} A
cytoplasmically anchored nuclear protein interferes specifically with the import of
nuclcar proteins but not Ul snRNA. ]. Cell Biol. 121, 229-240,

240.  Marshallsay, C. and luhrmann, R., (1994) In vitro nuclear import of snRNPs;
cytosolic {actors mediate m 3G-cap dependence of Ul and U2 snRNP transport. EMBO 1.

13, 222-231.

241.  Burgess, W.H., Bizik, J., Mehlman, T., Quarto, N., and Rifkin, D.B., (1991) Direct
cvidence for methylation of arginine residues in high molecular weight forms of
basic fibroblast growth factor. Cell Reg. 2, 87-93.

242.  Cao, Y., Ekstrom, M., and Pettersson, R.F., (1993) Characterization of the nuclear
translocation of acidic fibroblast growth factor. 1. Cell Sci. 104, 77-87.

243,  Bugler, B., Amalric, F., and Prats, H., (1991) Alternative initiation of translation
determines cytoplasmic or nuclear localization of basic fibroblast growth factor.
Mol. Cell. Biol. 11, 573-577.

244.  Malim, H.H., Béhnlein, S., Hauber, J., and Cullen, B.R., (1989) Functional
dissection of the HIV-1 Rev trans-activator - Derivation of a trans-dominant
repressor of Rev function, Cell 58, 205-214.

245.  Zhao, L.-j. and Padmanabhan, R., (1988) Nuclear transport of adenovirus DNA
polymerase is facilitated by interaction with preterminal protein. Cell 55, 1005-1015.

246.  Duverger, E., Carpentier, V., Roche, A.-C., and Monsigny, M., (1993) Sugar-
dependent nuclear import of glycoconjugates from the cytosol. Exp. Cell Res. 207,
197-201.

247,  Smith, M.R. and Greene, W.C., (1992) Characterization of a novel nuclear
localization signal in the HTLV-1 Tax transactivator protein. Virology 187, 316-320.

248.  Silver, P.A,, Keegan, L.P,, and Ptashne, M., (1984) Amino terminus of the yeast
GAL4 gene product is sufficient for nuclear localization. Proc. Natl. Acad. Sci. USA 81,
5951-5955.

249.  Davey, J., Dimmock, N.]J., and Colman, A., (1985) Identification of a sequence
respeonsible for the nuclear accumulation of the influenza virus nucleoprotein in
Xenopus oocytes. Cell 40, 667-675.

250.  Siomi, H., Shida, H., Nam, S.H., Nosaka, T., Maki, M., and Hatanaka, M., (1988)
Sequence requirements for nucleolar localization of human T cell leukemia virus
type 1 px protein which regulates viral RNA processing. Cell 55, 197-209.

251.  White, K.N,, Nosaka, T., Kanamori, H., Hatanaka, M., and Honjo, T., (1991) The
nucleolar localisation signal of the HTLV-1 protein p27rex is important for



173

stabilisation of IL-Z receptor a subunit mRNA by pZ27rex. Biochem. Biophvs. Res.
Commun. 175, 98-103.

252.  Grassmann, R., Berchtold, S., Aepinus, C., Ballaun, C., Bochnlein, 1., and
Fleckenstein, B., (1991) In vitro binding of human T-cell leukemia virus rex proteins
to the rex-response element of viral transcripts. . Virol. 65, 3721-3727.

253.  McDonald, D., Hope, T.J., and Parslow, T.G., (1992) Postranscriptional regulation
by the human immunodeficiency virus type 1 Rev and human T-cell leukemia virus
type 1 Rex protein through a heterologous RNA binding site. 1. Virol. 66, 7232-7238.

254. Bohnlein, E., Berger, ]., and Hauber, J., (1991) Functional mapping of the
human immunodeficiency virus type 1 Rev RNA binding domain: new insights into
the domain structure of Rev and Rex. 1. Virol. 65, 7051-7055.

255. Adachi, Y., Copeland, T.D., Hatanaka, M., and Oroszlan, S., (1993) Nucicolar
targeting signal of Rex protein of human T-cell leukemia virus type | specifically
binds to nucleolar shuttle protein B-23. J. Biol. Chem. 268, 13930-13934.

256. Schmidt-Zachmann, M.S. and Nigg, EA., {1993) Protein localization 1o the
nucleolus: a search for targetting domains in nucleolin. [. Cell Sci. 105, 799-800.

257. Yan, C. and Mélese, T., (1993) Multiple regions of NSR1 arc sufficient for
accumulation of a fusion protein within the nucleolus. [. Cell Biol. 123, 1081-1091.

258. Maeda, Y., Hisatake, K., Kondo, T., Hanada, K.-i., Song, C.-Z., Nishimura, 'T., and
Muramatsu, M., (1992) Mouse rRNA gene transcription factor mUBF requires both
HMG-box1 and an acidic tail for nucleolar accumulation: molecular analysis of the
nucleolar targeting mechanism. EMBO [. 11, 3695-3704.

259.  Murakami, M., (1991) Occurrence of p-turn potentials around nuclear and
nucleolar localization sequences. [. Prot. Chem. 10, 469-473.

260. Rihs, H.-P. and Peters, R., (1989) Nuclear transport kinztics depend on
phosphorylation-site-containing sequences flanking the karyophilic signal of the
Simian virus 40 T-antigen. EMBO [. &, 1479-1484.,

261. Rihs, H.-P., Jans, D.A,, Fan, H., and Peters, R., (1991) The rate of nuclcar
cytoplasmic protein transport is determined by the cascin kinase I site flanking the
nuclear localization sequence of the SV40 T-antigen. EMBQ [. 10, 633-639.

262. Jans, D.A., Ackermann, M.],, Bischoff, J.R., Beach, D.Il., and Peters, R., (1991)

p34de mediated phosphorylation at T124 inhibits nuclear import of SV-40 T antigen
proteins. [. Cell Biol. 115, 1203-1212.

263. Reyes, H., Reisz-Porszasz, S., and Hankinson, O., (1992) Identification of the Ah
receptor nuclear translocator protein (Arnt) as a component of the DNA binding
form of the AH receptor. Science 256, 1193-1195.

264. Guiochon-Mantel, A, Lossfelt, H., Lescop, P., Sar, S., Atger, M., Perrot-Applanat,
M., and Milgrom, E., (1989) Mechanisms of nuclear localization of the progesteronc
receptor: evidence for interaction between monomers. Cell 57, 1147-1154.



174

265. Wilhelmsson, A., Cuthill, S., Denis, M., Wikstrém, A.-C., Gustafsson, J.-A., and
Poellinger, L., (1990) The specific DNA binding activity of the dioxin receptor is
modulated by the 90 kd heat shock protein. EMBO . 9, 69-76.

266. Pongratz, 1., Mason, G.G.F., and Poellinger, L., (1992) Dual roles of the 90-kDa
heat shock protein hsp90 in modulating functional activities of the dioxin receptor -
Evidence that the dioxin receptor functionally belongs to a subclass of nuclear
receptors which require hsp90 both for ligand binding activity and repression of
intrinsic DNA binding activity. ]. Biol. Chem. 267, 13728-13734.

267. Whitelaw, M.L., Géttlicher, M., Gustafsson, J.-A., and Poellinger, L., (1993)
Definition of a novel ligand binding domain of a nuclear bHLH receptor: co-
localization of ligand and hsp90 binding activities within the regulable inactivation
domain of the dioxin receptor. EMBO ]. 12, 4169-4179.

268. Hoffman, EC., Reyes, H., Chu, F.F., Sander, F., Conley, L.H., Brooks, B.A., and
Hankinson, O., (1991) Cloning of a factor required for activity of the Ah (Dioxin)
receptor. Science 252, 954-958.

269. Hunt, T., (1989) Cytoplasmic anchoring proteins and the control of nuclear
localization. Cell 59, 949-951.

270. Claman, H.N., (1972) Corticosteroids and lymphoid cells. New Eng. [. Med. 287,
388-397.

271. Lippman, M., (1982) Clinical implications of glucocorticoid receptors in human
leukemia. Am. . Physiol. 243, E103-E108.

272.  DeVita, V.T., Molloy Hubbard, S., and Longo, D.L., (1987) The chemotherapy of
lymphomas: looking back, moving forward-the Richard and Hinda Rosenthal
Foundation Award lecture. Cancer Res. 47, 5910-5824.

273. Lippman, S.M., Benner, S.E., and Hong, W.K., (1993) Chemoprevention.
Strategies for the control of cancer. Cancer 72, 984-990.

274.  McBurney, M.\W,, Costa, S., and Pratt, M.A.C,, (1993) Retinoids and cancer: a basis
for differentiation therapy. Cancer Invest. 11, 590-598.

275.  Mulshine, ]J.L., Jett, M., Cuttitta, F., Treston, A.M., Quinn, K., Scott, F., Iwai, N.,
Avis, |, Linnoila, I., and Shaw, G.L., (1993) Scientific basis for cancer prevention.
Cancer 72, 978-983,

276. Tallman, M.S. and Wiernik, P.H., {1992) Retinoids in cancer treatment. J]. Clin.
Pharmacaol. 32, 868-888.

277.  Jordan, V.C. and Murphy, C.S:;(1990) Endocrine pharmacology of antiestrogens
as antitumor agents. Endo. Rev. 11, 578-610.

278.  Gronemeyer, H., Benhamou, B., Berry, M., Bocquel, M.T., Gofflo, D., Garcia, T.,
Lerouge, T., Metzger, D., Meyer, M.E,, Tora, L., Vergezac, A., and Chambon, P., (1992)
Mechanism of antihormone action. ]. Steroid Biochem. Molec. Biol. 41, 217-221.




175

279.  Sartorius, C.A., Tung, L., Takimoto, G.S., and Horwitz, K.B., (1993) Antagonist-
occupied human progesterone receptors bound to DNA are functionally switched 10
transcriptional agonists by cAMP. ], Biol. Chem. 268, 9262-9266.

280. Beck, C.A., Weigel, N.L,, Moyer, M.L.,, Nordeen, S.K., and Fdwards, D.P., (1993) The
progesterone antagonist RU486 acquires agonist activity upon stimulation of cAMP
signaling pathways. Proc. Natl. Acad. Sci. USA 90, 4441-4445.

281. Reese, ].C. and Katzenellenbogen, B.S., (1992) Examination of the DNA-binding
ability of estrogen receptor in whole cells: implications for hormone-independent
transactivation and the actions of antiestrogens. Mol. Cell. Biol. 12, 4531-4538.

282.  Bukrinsky, M.1., Haggerty, S., Dempsey, M.P., Sharova, N., Adzhubel, A., Spity,
L., Lewis, P., Goldfarb, D., Emerman, M., and Stevenson, M., (1993) A nuclear

localization signal within HIV-1 matrix protein that governs infection of non-
dividing cells. Nature 365, 666-669.

283. Antakly, T. and Eisen, H.]., (1984) Immunocvtochemical localization of
glucocorticoid receptor in target cells. Endocrinology 115, 1984-1989.

284, Fuxe, K., Wikstrom, A.-C., Okret, S., Agnati, L.F., Harfstrand, A., Yu, 7Z.-Y.,
Granholm, L., Zoli, M., Vale, W., and Gustafsson, }.-A., (1985) Mapping of
glucocorticoid receptor immunoreactive neurons in the rat tel- and diencephalon

using a monoclonal antibody against rat liver glucocorticoid receptor.
Endocrinology 117, 1803-1812.

285, Lukola, A., Akerman, K., and Pessa, T., (1985) Human lymphocyte glucocorticoid
receptors reside mainly in the cytoplasm. Biochem. Biophys. Res. Commun. 131, 877-
882.

286. Baxter, J.D. and Tomkins, G.M., {1971) Specific cytoplasmic glucocorticoid
hormone receptors in hepatoma tissue culture cells. Proc. Natl. Acad. Sci. USA 08,
932-937.

287. Antakly, T., Wang, X,, and Lefebvre, Y., (1989) The glucocorticoid receptor in

the nuclear envelope: electron microscope immunogold Jocalization and biochemical
characterization. ]. Cell. Biol. 109, 135a.

288. Howell, G.M. and Lefebvre, Y.A., (1989) Characterization of high and low
affinity dexamethasone binding sites on male rat liver nuclear envelopes. 1. Steroid
Biochem. 33, 977-986.

289. Howell, G.M., Gustafsson, J.-A., and Lefebvre, Y.A., (1990) Glucocurticoid
receptor identified on nuclear envelopes of male rat livers by affinity labelling and
immunochemistry. Endocrinology 127, 1087-1096.

290. Beato, M., Kalimi, M., Beato, W., and Feigelson, P., (1974) Interaction of
glucocorticoids with rat liver nuclei: effect of adrenalectomy and cortisol
administration. Endocrinology 94, 377-387.

291.  Antakly, T., Suzuki, K., Howell, G.M., and Lefebvre, Y.A., Steroid-dependent
localization of the glucororticeid receptor on the nuclear pores. (in preparation)



176

292. Jjenster, G., Trapman, ]., and Brinkmann, A.O., (1993) Nuclear import of the
human androgen receptor. Biochem [. 293, 761-768.

293, 7hou, 7.-x., Sar, M., Simental, ., Lane, M.V., and Wilson, EM., (1994) A ligand-
dependent bipartite nuclear targeting signal in the human androgen receptor.
Requirement for the DNA-binding domain and modulation by NH,-terminal and

carboxy-terminal sequences. 1. Biol. Chem. 269, 13115-13123.

294. Cadepond, F,, Gasc, J.-M., Delahaye, F., Jibard, N., Schweizer-Groyer, G., Segard-
Masurel, 1., Evans, R., and Baulieu, E.-E., (1992) Hormonal regulation of the nuclear
localization signals of the human glucocorticosteroid receptor. Exp. Cell Res. 201, 99-
108.

295. Ylikomi, T., Bocquel, M.T., Berry, M., Gronemeyer, H., and Chambon, P., (1992)
Cooperation of proto-signals for nuclear accumulation of estrogen and progesterone
receptors. EMBO 1. 11, 3681-3694.

296. Simental, J.A., Sar, M., Lane, M.V,, French, FE.S., and Wilson, EM., (1991)
Transcriptional activation and nuclear targeting signals of the human androgen
receptor. ], Biol. Chem. 266, 510-518.

297.  Jenster, G., van der Korput, H.A.G.M., van Vroonhoven, C., van der Kwast, T.,
Trapman, J., and Brinkmann, A.O., (1991) Domains of the human androgen receptor
involved in steroid binding, transcriptional activation, and subcellular localization.
Mol. Endo. 5, 1396-1404.

298. Hamy, F., Helbecque, N., and Henichart, J.-P., (1992) Comparison between
synthetic nuclear localization signal peptides from the steroid thyroid hormone
receptors superfamily. Biochem. Biophys. Res. Commun. 182, 289-293.

299. Boucher, P., Koning, A., and Privalsky, M.L., (1988) The avian erythroblastosis
virus erbA oncogene encodes DNA-binding protein exhibiting distinct nuclear and
cytoplasmic subcellular localizations, ], Virol. 82, 534-544.

300. Boucher, P. and Privalsky, M.L.,, (1990) Mapping of functional domains within
the v-erb A oncogene protein: the remnants of the hormone binding domain play
muitiple, vital roles in protein action. Oncogene 5, 1303-1311.

301. Lee, Y. and Mahdavi, V., (1993) The D domain of the thyroid hormone receptor
al specifies positive and negative transcriptional regulation functions. [. Biol. Chem.
268, 2021-2028.

302. Robertson, N.M., Schulman, G., Karnik, S., Alnemri, E., and Litwack, G., (1993)
Demonstration of nuclear translocation of the mineralocorticoid receptor (MR) using
an anti-MR antibody and confocal laser scanning microscopy. Mol. Endo. 7, 1226-
1239

303. Grillo, C., Vallee, S.M., Piroli, G., McEwen, B.S., and De Nicola, A.F., (1992)
Transformation and nuclear translocation of brain type I corticosteroid receptors
complexed with the mineralocorticoid antagonist ZK 91587, aldosterone or

dexamethasone. ). Steroid Biochem. Molec. Biol. 42, 515-520.



177

304. Kemppainen, J.A., Lane, M.V., Sar, M., and Wilson, EM., (1992) Androgen
receptor phosphorylation, turnover, nuclear transport, and transcriptional
activation. ]. Biol. Chem. 267, 968-974.

305. Jackson, P., Baltimore, D., and Picard, D., (1993) Ilormone-conditional

transformation by fusion proteins of c-Abl and its transf orming variants. EMBQO ]. 12,
2809-2819.

306,  Scherrer, L.C., Picard, D., Massa, E., Harmon, ].M., Simons ]Jr., S.S., Yamamoto,
K.R., and Pratt, W.B., (1993) Evidence that the hormone binding domain ol steroid
receptors confers hormonal control on chimeric proteins by determining their
hormone-regulated binding to heat-shock protein 90. Bigchemistry 32, 5381-5380.

307. Boehmelt, G., Walker, A., Kabrun, N., Mellitzer, G., Beug, H., Zenke, M., and
Enrietto, P.J., (1992) Hormone-regulated v-rel estrogen receptor fusion protein:

reversible induction of cell transformation and cellular gene expression. EMBO . 11,
4641-4652,

308. Capobianco, A.J. and Gilmore, T.D., (1993} A conditional mutant of vRel
containing sequences from the human estrogen receptor. Virology 193, 160-170).

309. de Thé, H., Chomienne, C., Lanotte, M., Degos, L., and Dejean, A., (1990) The
t(15;17) rtranslocation of acute promyelocytic leukemia fuses the retinoic acid
receptor a gene to a novel transcribed locus. Nature 347, 558-561.

310. Kastner, P., Perez, A., Lutz, Y., Rochette-Egly, C., Gaub, M.-P., Durand, 5.,
Lanotte, M., Berger, R., and Chambon, P., (1992) Structure, localization and
transcriptional properties of two classes of retinoic acid receptor « fusion proteins in
acute promyelocytic leukemia (APL): structural similarities with a new family of
oncoproteins. EMBO L. 11, 629-642.

311.  Weis, K., Rambaud, S., Lavau, C., Jansen, J., Carvalho, T., Carmo-lonscca, M.,
Lamond, A., and Dejean, A., (1994) Retinoic acid regulates aberrant nuclear
localization of PML-RARa in acute promyelocytic leukemia cells. Cell 76, 345-356.

312, Dyck, J.A., Maul, G.G., Miller, W.H., Chen, J.D., Kakizuka, A., and Evans, R.M.,
(1994) A novel macromolecular structure is a target of the promyclocyte-retinoic
acid receptor oncoprotein. Cell 76, 333-343.

313.  Perez, A., Kastner, P., Sethi, S., Lutz, Y., Reibel, C., and Chambon, P., (1993)
PMLRAR homodimers, distinct DNA binding properties and heteromeric interactions
with RXR. EMBO |. 12, 3171-3182.

314. Power, R.F., Mani, S.K., Codina, J., Conneely, O.M., and O'Malley, B.W., (1991)

Dopaminergic and ligand-independent activation of steroid hormone receplors,
Science 254, 1636-1639.

315. Munck, A., Wira, C., Young, D.A., Mosher, K.M., Hallahan, C., and Bell, P.A.,
(1972) Glucocorticoid-receptor complexes and the earliest steps in the action of
glucocorticoids on thymus cells. ], Steroid Biochem. 3, 567-578.



178

316, Guiochon-Mantel, A. and Milgrom, E., (1993) Cytoplasmic nuclear trafficking
of steroid hormone receptors. Trends Endo. Met. 4, 322-328.

317. Ralston, E and Hall, Z.W., (1989) Transfer of a protein encoded by a single
nucleus to nearby nuclei in multinucleated myotubes. Science 244, 1066-1069.

318. Nigg, LA, Kitten, G.T., and Vorburger, K., (1992} Targeting lamin proteins to
the nuclear envelope: the role of CaaX box modifications. Biochem. Soc. Trans. 20,
500-504.

319,  Holiz, D., Tanaka, R.A., Hartwig, J., and McKeon, F., (1989) The CaaX motif of
lamin A functions in conjunction with the nuclear localization signal to target
assembly to the nuclear envelope. Cell 59, 969-977.

320. Qi, M., Hamilton, B.]., and DeFranco, D,, {1989) v-mos oncoproteins affect the
nuclear retenticn and reutilization of glucocorticoid receptors. Mol. Endo. 3, 1279-
1288.

321,  Defranco, D.B., Qj, M., Borror, K., Garabedian, M.]., and Brautigan, D.L., (1991)
Protein phosphatase types 1 (PP-1} and/or 2A (PP-2ZA) regulate nucleocytoplasmic
shuttling of glucocorticoid receptors. Mol. Endo. 5, 1215-1228.

322, Sanchez, ER., (1992) Heat shock induces translocation to the nucleus of the
unliganded glucocorticoid receptor. [. Biol. Chem. 267, 17-20.

323. Sanchez, ER., Hu, J.-L., Zhong, S., Shen, P., Greene, M.]., and Housley, P.R,,
{1994) Potentiation of glucocorticoid receptor-mediated gene expression by heat and
chemical shock., Mol. Endo. 8, 408-421,

324.  Sanchez, ER., Hirst, M., Scherrer, L.C., Tang, H.-Y., Welsh, M.],, Harmon, J.M.,
Simons Jr., S.S., Ringold, G.M., and Pratt, W.B., (1990) Hormone-free mouse
glucocorticoid receptors overexpressed in chinese hamster ovary cells are localized
to the nucleus and are associated with both hsp70 and hsp90. ]. Biol. Chem. 265,
20123-20130.

325, Martins, V.R,, Pratt, W.B., Terracio, L., Hirst, M.A,, Ringold, G.M., and Housley,
P.R., (1991) Demonstration by confocal microscopy that unliganded overexpressed
glucocorticoid receptors are distributed in a nonrandom manner throughout all
planes of the nucleus. Mol. Endo. 5, 217-225.

326. Mendel, D.B., Bodwell, J.E, and Munck, A., (1986) Glucocorticoid recey .ors
lacking hormone-binding activity are bound in nuclei of ATP-depleted cells. Nature
324, 478-480.

327. Hu, L.-M,, Bodwell, J., Hu, J.-M,, Ort, E., and Munck, A., (1994) Glucocorticoid
receptors in ATP-depleted cells - Dephosphorylation, loss of hormone binding, hsp90
dissociation, and ATP-dependent cycling. 1. Biol. Chem. 269, 6571-6577.

328. Somers, J.P. and DeFranco, D.B., (1992} Effects of okadaic acid, a protein
phosphatase inhibitor, on glucocorticoid receptor-mediated enhancement. Mol.
Endo. 6, 26-34.



179

329. Kido, H., Fukusen, N., and Katunuma, N., (1987) Inhibition by 1-(5-
isoquinolinesulfonyl)-2-methylpiperazine, an inhibitor of protein kinase €, of
enzyme induction by glucocorticoid and of nuclear translocation of glucocorticoid-
receptor complexes. Biochem. Biophvs. Res. Commun. 144, 152-159.

330. Papamichail, M., loannidis, C., Tsawdaroglou, N.1l., and Sekeris, C.E., ({1981
Translocation of glucocorticoid receptor from the cytoplasm into the nucleus of
phytohemagglutinin-stimulated human lymphocytes in the absence of the hormone.
Exp. Cell Res. 133, 461-465.

331. Ning, Y.-M. and Sanchez, E.R., (1993) Potentiation of glucocorticoid receptor-
mediated gene expression by the immunophilin ligands FK506 and ropamyvin, .
Biol. Chem. 268, 6073-6076.

332, Beck, C.A, Bstes, P.A,, Bona, B.]., Muro-Cacho, C.A., Nordeen, S.K., and Edwards,
D.P., (1993) The steroid antagonist RU486 exerts different effects on the
glucocorticoid and progesterone receptors. Endocrinology 133, 728-740.

333. Hsu, S.-c,, Qj, M., and DeFranco, D.B., (1992) Cell cycle regultion of
glucocorticoid receptor function. EMBO . 11, 3457-3468.

334.  Qi, M., Stasenko, L.]., and DeFranco, D.B., (1990) Recycling and desensitization
of glucocorticoid receptors in v-mos transformed cells depend on the ability of
nuclear receptors to modulate gene expression. Mol, Endo. 4, 455-464.

335. Dahmer, M.K., Housley, P.R., and Pratt, W.B., (1984) Effects of molybdate and
endogenous inhibitors on steroid-receptor inactivation, transformation, and
translocation. Annu. Rev. Physiol. 46, 67-81.

336. Okamoto, K., Hirano, H., and Isohashi, F., (1993) Molecular cloning of rat liver
glucocorticoid-receptor translocation promoter. Biochem. Biophyvs. Res. Commun,
193, 848-854.

337. Liu, G., Okamoto, K., and Isohashi, F., (1993) Purification and characterization
of a macromolecular-translocation inhibitor Il of activated glucocorticoid-receptor-
complex binding to nuclei from rat liver. Eur. |. Biochem. 218, 679-687.

338. Bodine, P.V. and Litwack, G., {1990) Modulator: the missing link. Mol. Cell.
Endo. 74, ¢77-c81.

339. Hsu, T.-C., Bodine, P.V,, and Litwack, G., (1991) Endogenous modulators of
glucocorticoid receptor function also regulate purified protein kinase C. }. Biol.
Chem. 266, 17573-17579.

340.  Orti, E,, Mendel, D.B., Smith, LI., Bodwell, J.E., and Munck, A., (1989) A dynamic
model of glucocorticoid receptor phosphorylation and cycling in intact cells. [
Steroid Biochem. 34, 85-96.

341.  Ort, E, Hu, L-M,, and Munck, A., (1993) Kinetics of glucocorticoid receptor
phosphorylation in intact cells evidence for hormone-induced
hyperphosphorylation after activation and recycling of hyperphosphorylated
receptors. ]. Biol. Chem. 268, 7779-7784.



180

342, Bodwell, J.E, Hu, L.M., Hu, .M., Orti, L., and Munck, A., {1993) Glucocorticoid
receptors - ATP-dependent cycling and hormone-dependent hyperphosphorylation.
|. Steroid Biochermn. Molec. Biol. 47, 31-38.

343. Mason, S.A. and Housley, P.R., (1993) Site-directed mutagenesis of the
phosphorylation sites in the mouse glucocorticoid receptor. ]. Biol. Chem. 268, 21501-
21504,

344.  Weigel, N.L., Carter, T.H., Schrader, W.T., and O'Malley, B.W., (1992) Chicken
progesterone receptor is phosphorylated by a DNA-dependent protein kinase during
in vitro transcription assays. Mol. Endo. 6, 8§-14.

345. Finlay, D.R., Newmeyer, D.D., Price, T.M., and Forbes, D.]., (1987) Inhibition of
in vitro nuclear transport by a lectin that binds to nuclear pores. 1. Cell Biol. 104,
189-204).

346.  Dabauvalle, M.-C., Benavente, R., and Chaly, N., {1988) Monoclonal antibodies to
a M. 68000 pore complex glycoprotein interfere with nuclear protein uptake in

Xenopus cocytes. Chromosoma 97, 193-917.

347. TFeatherstone, C,, Darby, M.K,, and Gerace, L., (1988) A monoclonal antibody
against the nuclear pore complex inhibits nucleocytoplasmic transport of protein
and RNA in vivo. ]. Cell Biol. 107, 1289-1297.

348. Newmeyer, D.D. and Forbes, D.J., (1990) An N-ethylmaleimide-sensitive
cytosolic factor necessary for nuclear protein import: Requirement in signal-
mediated binding to the nuclear pore. [. Cell Biol. 110, 547-557.

349. Adam, S.A. and Gerace, L., (1991) Cytosolic proteins that specifically bind
nuclear location signals are receptors for nuclear import. Cell 66, 837-847.

350. Schlenstedt, G., Hurt, E,, Doye, V., and Silver, P.A., (1993) Reconstitution of
nuclear protein transport with semi-intact yeast cells. ]. Cell Biol. 123, 785-798.

351.  Yamamoto, K.R., Gehring, U., Stampfer, M.R., and Sibley, C.H. (1976) Genetic
approaches to steroid hormone action. Rec. Prog. Horm. Res. 32, 3-32.

352.  Gluzman, Y., (1981) SV40-transformed simian cells support the replication of
carly SV40 mutants. Cell 23, 175-182,

353.  Markwell, M.A.K. and Fox, C.F., {1978) Surface specific iodination of membrane
proteins of viruses and eucaryotic cells using 1,3,4,6-tetrachioro-3a,6a-
diphenylglycouril. Biochemistry 17, 4807-4817.

354 Widnell, C.C. and Tata, ].R.,, (1964) A procedure for the isolation of
cnzymatically active rat-liver nuclei. Biochem. I. 92, 313-317.

355.  Kay, RR,, Fraser, D., and Johnston, J.R., (1972) A method for the rapid isolation
of nuclear membranes from rat liver. Characterisation of nuclear membrane
preparation and its associated DNA polymerase. Eur. . Biochem. 30, 145-154.



181
356.  Fleischer, S. and Kervina, M., (1974) Subcellular fractionation of rat liver,
Meth. Enzvmol. 31, 6-41.

357. Adam, S.A,, Lobl, T.]., Mitchel, M.A., and Gerace, L., (1989) Identification of
specific binding proteins for a nuclear location sequence. Nature 337, 276-279.

358.  Laemmli, U.K., (1970) Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227, 680-685.

359. Laskey, R.A. and Mills, A.D., (1977) Enhanced autoradiographic detection of 34p
and 125] using intensifying screens and hypersensitized film. FIBS Lett. 82, 314-316.

360. Birnboim, H.C. and Doly, J., (1979) A rapid alkaline extraction procedure for
screening recombinant plasmid DNA. Nucleic Acids Res. 7, 1513.

361. Birnboim, H.C., (1983) A rapid alkaline extraction method for the isolation of
plasmid DNA. Meth. Enzvmol. 100, 243-255.

362. Chung, C.T. and Miller, R.H., {1988) A rapid and convenient method for the
preparation and storage of competent bacterial cells. Nucleic Acids Res. 16, 3580).

363.  Radloff, R., Bauer, W.W., and Vinograd, J., (1967} A dye-buoyant-density method
for the detection and isolation of closed circular duplex DNA; the closed circular DNA
in Hela cells. Proc. Natl. Acad. Sci. USA 57, 1514-1521.

364 Willman, T. and Beato, M., (1986) Sterocid-free glucocorlicoid receptlor binds
specifically to mouse mammary tumour virus DNA. Nature 324, 688-691.

365. Marivoet, S., Van Dijck, P.; Verhoeven, G., and Heyns, W., (1992) Interaction of
the 90-kDa heat shock protein with native and in vitro translated androgen receplor
and receptor fragments. Mol. Cell. Endo. 88, 165-174.

366. Stone, A.B., (1974) A simplified method for preparing sucrose gradients.
Biochem. ]. 137, 117-118.

367. Martin, R.G. and Ames, B.N.,, (1961) A method for determining the
sedimentation behaviour of enzymes: application to protein mixtures. J. Biol. Chem,
236, 1372-1379.

368 Stancel, G.M. and Gorski, J., (1975) Analysis of cytoplasmic and nuclear
estrogen-receptor proteins by sucrose density gradient centrifugation. Mecth,
Enzymol. 36, 166-176.

369. Skinner, M.K. and Griswold, M.D., (1983) Fluorographic dectection of
radioactivity in polyacrylamide gels with 2,5-diphenyloxazole in acetic acid and its
comparison with existing procedures. Biochem. ]. 209, 281-284.

370. Freedman, L.P., Luisi, B.F., Korszun, Z.R., Basavappa, R., Sigler, P.B., and
Yamamoto, K.R., (1988) The function and structure of the metal coordination sites
within the glucocorticoid receptor DNA binding domain. Nature 334, 543-546.




182

371. Schena, M., Freedman, L.P., and Yamamoto, K.R., (1989) Mutations in the
glucocorticoid receptor zinc finger region that distinguish interdigitated DNA
binding and transcriptional enhancement activities. Genes Dev. 3, 1590-1601.

372, Adam, S.A., Marr, R.S., and Gerace, 1., (1990) Nuclear protein import in
permeabilized mammalian cells requires soluble cytoplasmic factors. 1. Cell Biol. 111,
807-816.

373. Adam, S.A., Sterne-Marr, R., and Gerace, L., (1991) In vitro nuclear protein
import using permeabilized mammalian cells. Methods Cell Biol. 35, 469-481.

374  Adam, S.A., Sterne-Marr, R., and Gerace, L., (1992) Nuclear protein import
using digitonin-permeabilized cells. Meth, Enzymol. 219, 97-110.

375. Towbin, H., Staehelin, T., and Gordon, ]., (1979) Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: procedures and some
applications. Proc. Natl. Acad. Sci. USA 76, 4350-4354,

376.  Lowry, O.H., Rosebrough, N.]., Farr, A.L., and Randall, R.]., (1951) Protein
mcasurement with the Folin phenol reagent. I Biol. Chem. 193, 265-275.

377. Kalderson, D., Richardson, W.D., Markham, A.F., and Smith, A.E., (1984)
Sequence requirements for nuclear localisation of SV4Q large-T antigen. Nature 311,
33-38.

378. Hollenberg, S.M., Weinberger, C., Ong, LS., Cerelli, G., Oro, A., Lebo, R,
Thompson, E.B., Rosenfeld, M.G., and Evans, RM., (1985) Primary structure and
expression of a functional human glucocorticoid receptor cDNA. Nature 318, 635-641.

379. Arriza, J.L., Weinberger, C., Cerelli, G., Glaser, T.M., Handelin, B.L., Houseman,
D.E., and Evans, R.M., (1987) Cloning of human mineralocorticoid receptor
complementary DNA: structural and functional kinship with the glucocorticoid
receptor. Science 237, 268-275.

380. Misrahi, M., Atger, M., d'Auriol, L., Loosfelt, H., Meriel, C., Fridlansky, F.,
Guiochon-Mantel, A., Galibert, F., and Milgrom, E., (1987) Complete amino acid
sequence of the human progesterone receptor deduced from cloned cDNA. Biochem.

Riophys. Res, Commun. 143, 740-748.

381. Green, S., Walter, P.,, Kumar, V., Krust, A., Bornert, J.-M., Argos, P., and
Chambon, P., (1986) Human oestrogen receptor cDNA: sequence, expression and
homology to v-erb-A. Nature 320, 134-139.

382. Chang, C., Kokontis, J., and Liao, S., (1988) Molecular cloning of human and rat
complementary DNA encoding androgen receptors. Science 240, 324-326.

383. Lubahn, D.B., Joseph, D.R., Sar, M., Tan, J.-A., Higgs, H.N., Larson, R.E., French,
[.S., and Wilson, EM., (1988) The human androgen receptor: complementary

deoxyribonucleic acid cloning, sequence analysis and gene expression in prostate.
Mol. Endo. 2, 1265-1275.



183

384. Benbrook, D. and Pfahl, M., {1987) A novel thyroid hormone receptor encoded
by a cDNA clone from a human testis library. Science 233, 788-791.

385. Nakai, A,, Seino, S., Sakurai, A., Szilak, L., Bell, G.I., and DeGroot, 1.]., {1988)
Characterization of a thyroid hormone receptor expressed in human Kidney and
other tissues. Proc. Natl. Acad. Sci, USA 85, 2781-2785.

386. Yamamoto, K.R,, Stampfer, M.R., and Tomkins, G.M., (1974) Receptors from
glucocorticoid-sensitive lymphoma cells and two classes of insensitive clones:
Physical and DNA-binding properties. Proc. Natl. Acad. Sci. USA 71, 3901-3905.

387. Yoneda, Y., Semba, T., Kandea, Y., Nobel, R.L., Matsuoka, Y., Kurihara, T., Okada,
Y., and Naoko, L, (1992) A long synthetic peptide containing a nuclear localization
signal and its flanking sequences of SV40 T-antigen directs the transport of IgM into
the nucleus efficiently., Exp. Cell Res. 201, 313-320.

388. Coggins, P.J. and Zwiers, H., (1989) Evidence for a single protein kinase C-
mediated phosphorylation site in rat brain protein B-50. . Neurochen. 53, 1895-1901.

389. Yamasaki, L., Kanda, P., and Lanford, R.E., (1989) Identification of four nuclear
transport signal-binding proteins that interact with diverse transport signals, Mol.
Cell. Biol. 9, 3028-3036.

390. Imamoto-Sonobe, N., Yoneda, Y., Iwamoto, R., Sugawa, H., and Uchida, T., (1988)
ATP-dependent association of nuclear proteins with isolated rat liver nuclei. Proc.
Natl. Acad. Sci. USA 85, 3426-3430.

391.  Pratt, W.B., Czar, M.],, Stancato, LF., and Owens, LK., (1993) The hsp56
immunophilin component of steroid receptor heterceomplexes: could this be the
elusive nuclear localization signal-binding protein? |. Steroid Biochem. Molce. Biol.
46, 269-279.

391A. Lebeau, M.C., Massol, N., Herrick, J., Faber, L.E., Renoir, J.-M., Radanyi, C., and
Baulieu, E.-E., (1992) P59, an hsp90-binding protein - Cloning and sequencing of its
cDNA and preparation of a peptide-directed polyclonal antibody. ]. Biol. Chem. 267,
4281-4284.

392. Nakao, K., Myers, J.E., and Faber, LE., (1985) Development of a monoclonal
antibody to the rabbit 8.5S uterine progestin receptor. Can. |. Biochem. Cell. Biol. 03,
33-40.

393. Tai, P.-K.K., Maeda, Y., Nakao, K., Wakim, N.G., Duhring, ]J.1., and Faber, L.,
(1986) A 59-kilodalton protein associated with progestin, estrogen, and glucocorticoid
receptors. Biochemistry 25, 5269-5275.

394. Roth, B.L., Iadarola, M.]., Mehegan, J.P., and Jacobowitz, D.M,, (1989)
Immunohistochemical distribution of p-protein kinase C in rat hippocampus
determined with an antibody against a synthetic peptide sequence. Brain Res. Bull.
22, 893-897.

395. Makowske, M., Ballester, R., Cayre, Y., and Rosen, O.M., (1988) Immunochemical
evidence that three protein kinase C isozymes increase in abundance during HI-60)



184

differentiation induced by dimethyl sulfoxide and retinoic acid. ]. Biol. Chem. 263,
3402-34140.

396. Silver, P.A., (1991) How proteins enter the nucleus. Cell 64, 489-497.

397. laCasse, E.C. and Lefebvre, Y.A., (1991) Nuclear and nuclear envelope binding
proteins of the glucocorticoid receptor nuclear localization peptide identified by

crosslinking. [. Steroid Biochem Molec. Biol. 40, 279-285.

398. LaCasse, E.C., Lochnan, H.A., Walker, P., and Lefebvre, Y.A., (1993}
Identification of binding proteins for nuclear localization signals of the
glucocorticoid and thyroid hormone receptors. Endocrinology 132, 1017-1025.

399. Meier, U.T. and Blobel, G., (1990) A nuclear localization signal binding protein
in the nucleolus. ]. Cell Biol. 111, 2235-2245.

400. Benditt, J.O., Meyer, C., Fasold, H., Barnard, F.C., and Riedel, N., (1989)
Interaction of a nuclear location signal with isolated nuclear envelopes and
identification of signal-binding proteins by photoaffinity labeling. Proc. Natl. Acad.
Sci. USA 86, 9327-9331.

401. Haino, M., Kawahire, S., Omata, S., and Horigome, T., (1993) Purification of a 60
kDa nuclear localization signal binding protein in rat liver nuclear envelopes and
characterization of its properties. ]. Biochem. 113, 308-313.

402. Goldfarb, D.S., (1988) Karyophilic peptides: applications to the study of nuclear
transport. Cell Biol. Int. Rep. 12, 809-832.

403. Li, R. and Thomas, ].O., (1989) Identification of a human protein that interacts
with nuclear localization signals. ]. Cell Biol. 109, 2623-2632.

404. Li, R., Shi, Y., and Thomas, J.0., {1992} Intracellular distribution of a nuclear
localization signal binding protein. Exp. Cell Res. 202, 355-365.

405. Xue, Z., Shan, X., Lapeyre, B., and Mélése, T., (1993) The amino terminus of
mammalian nucleolin specifically recognizes SV40 T-antigen type nuclear
localization sequences. Eur. ]. Cell Biol. 62, 13-21.

406. Silver, P., Sadler, 1., and Osborne, M.A., (1989) Yeast proteins that recognize
nuclear localization sequences. [. Cell Biol. 109, 983-989.

407. Stochaj, P., Osborne, M., Kurihara, T., and Silver, P., (1991) A yeast protein that
binds nuclear localization signals: purification localization, and antibody inhibition
of binding activity. ]. Cell Biol. 113, 1243-1254,

408. Llee, W.-C,, Xue, Z., and Melese, T., (1991) The NSR1 gene encodes a protein that
specifically binds nuclear localization sequences and has two RNA recognition
motifs. ]. Cell Biol. 113, 1-12,

409. Lee, W.-C. and Melese, T., (1989) Identification and characterization of a
nuclear localization sequence-binding protein in yeast. Proc. Natl. Acad. Sci. USA 86,
8808-8812.




185

410.  Goday, A., Jensen, A.B., Culianez-Macia, F.A., Alba, M.M., Figueras, M., Serratosa,
J., Torrent, M., and Pages, M., (1994) The maize abscisic acid-responsive protein Rab17
is located in the nucleus and interacts with nuclear localization signals. Plant Cell 6,
351-360.

411. Yamasaki, L. and Lanford, R.E., (1992) Nuclear transport: A guide to import
receptors. Trends Cell Biol. 2, 123-127.

412.  Michaud, N. and Goldfarb, D.S., {1993) Most nuclear proteins are imported by a
single pathway. Exp. Cell Res. 208, 128-130.

413. Stochaj, U. and Silver, P.A., (1992) A conserved phosphoprotein that
specifically binds nuclear localization sequences is involved in nuclear import. ],
Cell Biol. 117, 473-482,

414 Pandey, S. and Parnaik, V.K,, (1991) Identification and characterization of
nuclear location signal-binding proteins in nuclear envelopes.  Biochim,. Biophys.
Acta 1063, 81-89.

415.  Wang, C.C. and Tsou, C.L, (1993) Protein disulfide isomerase is both an enzyme
and a chaperone. FASEB I. 7, 1515-1517.

416. Kato, M., Hagiwara, M., and Hidaka, H., (1992) Identification of a 80 kDa

calmodulin-binding protein as a new Ca2+/calmodulin-dcpcnden1 kinasc by
renaturation blotting assay. Biochem. . 281, 339-342.

417.  Leddy, ].J., Murphy, B.]., Doucet, J.-P., Pratt, C., and Tuana, B.S., (1993) A 60 kDa
polypeptide of skeletal-musile sarcoplasmic reticulum is a calmodulin-dependent
protein kinase that associates with and phosphorylates several membrane proteins.
Biochem. . 295, 849-856.

418. Horowitz, Z.D., Yang, C.-R., Forman, B.M., Casanova, J., and Samuecls, ILI1., (1989)
Characterization of the domain structure of chick c-erbA by deletion mutation: in
vitro translation and cell transfection studies. Mol. Endo. 3, 148-156.

419. Simental, J.A., Sar, M., and Wilson, EM., (1992) Domain functions of the
androgen receptor. [. Steroid Biochem. Molec. Biol. 43, 37-41.

420. Smith, D.F., Sullivan, W.P., Marion, T.N., Zaitsu, K., Madden, B., McCormick, 1.].,
and Toft, D.O., (1993) Identification of a 60-kilodalton stress-related protein, p6oO),
which interacts with hsp90 and hsp70. Mol Cell. Biol. 13, 869-876.

421. Sanchez, E.R.,, Faber, L.E., Henzel, W.]., and Pratt, W.B., (1990) The 56-59-
kilodalton protein identified in untransformed steroid receptor complexes is a unique
protein that exists in cytosol in a complex with both the 70- and 90-kilodalton heat
shock proteins. Biochemistry 29, 5145-5152.

422 Tai, P.-K.K., Chang, H., Albers, M.W., Schreiber, S.L., Toft, D.O., and Faber, L.L,,
(1923) P59 (FK506 binding protein 59) interaction with heat shock proteins is highly
conserved and may involve proteins other than steroid receptors. Biochemistry 32,
8842-8847.




186

423. Perdew, G.H. and Whitelaw, M.L., (1991) Evidence that the 90-kDa heat shock
protein (hsp90) exists in cytosol in heteromeric complexes containing hsp70 and
three other proteins with M, of 63,000, 56,000, and 50,000. 1. Biol. Chem. 266, 6708-

6713.

424, Blumberg, H. and Silver, P.A., (1991) A homologue of the bacterial heat-shock
gene Dna] that alters protein sorting in yeast. Nature 349, 627-630.

425. Caplan, A.]., Cyr, D.M., and Douglas, M.G., (1993) Eukaryotic homologues of
Ischerichia coli dna]: a diverse protein family that functions with HSP70 stress
proteins. Mol. Biol. Cell 4, 555-563.

426. Ohtsuka, K., (1993) Cloning of a ¢DNA for heat-shock protein-hsp40, a
homologue of bacterial Dnaj. Biochem. Biophys. Res. Commun, 197, 235-240.

427. Nehrbass, U., Kern, H., Mutvei, A., Horstmann, H., Marshallsay, B., and Hurt,
E.C., (1990) NSP1: a yeast nuclear envelope protein localized at the nuclear pores
exerts its essential function by its carboxy-terminal domain. Cell 61, 979-989.

428.  Nehrbass, U., Fabre, E., Dihlmann, S., Herth, W., and Hurt, E.C., (1993) Analysis
of nucleo-cytoplasmic transport in a thermosensitive mutant of nuclear pore protein
NSP1. Eur. I. Cell Biol. 62, 1-12.

429. Wimmer, C., Doye, V., Grandi, P., Nehrbass, U., and Hurt, E.C., (1992) A new
subclass of nucleoporins that functionally interact with nuclear pore protein NSP1.
EMBQ J. 11, 5051-5061.

430. Sadler, 1., Chiang, A., Kurihara, T., Rothblatt, J., Way, J., and Silver, P., (1989) A
yeast gene important for protein assembly into the endoplasmic reticulum and the
nucleus has homology to Dna], an Escherichia coli heat shock protein. ]. Cell Biol.
109, 2665-2675.

431,  Bossie, M.A., DeHoratius, C., Barcelo, G., and Silver, P., (1992) A mutant nuclear
protein with similarity to RNA binding proteins interferes with nuclear import in
yeast, Mol. Biol. Cell 3, 875-893.

432,  Gu, Z., Moerschell, R.P., Sherman, F., and Goldfarb, D.S., (1992) NIP1, a gene
required for nuclear transport in yeast. Proc. Natl. Acad. Sci. USA 89, 10355-10359.

433. Wente, S.R. and Blobel, G., (1993) A temperature-sensitive NUP116 null mutant
forms a nuclear envelope seal over the yeast nuclear pore complex thereby blocking
nucleocytoplasmic traffic. . Cell Biol. 123, 275-284.

434. Dalman, E.C., Bresnick, EH,, Patel, P.D., Perdew, G.H., Watson, S.]J.J., and Pratt,
W.B., (1989) Direct evidence that the glucocorticoid receptor binds to hsp90 at or near
the termination of receptor translation in vitro. ]. Biol. Chem. 264, 19815-19821.

435. Denis, M. and Gustafsson, J.-A., (1989) Translation of glucoccrticoid receptor
mRNA in vitro yields a nonactivated protein. ]. Biol. Chem. 264, 6005-6008.

436. Scherrer, L.C., Hutchison, K.A., Sanchez, E.R., Randall, S.K., and Pratt, W.B,,
(1992) A heat shock protein complex isolated from rabbit reticulocyte lysate can



187

reconstitute a functional glucocorticoid receptor-hsp90 complex. Biochemistry 31,
7325-7329,

437. Atger, M. and Milgrom, E., (1976) Mechanism and Kkinetics of the thermal
activation of glucocorticoid hormone-receptor complex, L. Biol. Chem, 251,

438. Demonacos, C., Tsawdarogou, N.C., Djordjevic-Markovic, R., Papalopoulou, M.,
Galanopoulos, V., Papadogeorgaki, S., and Sekeris, C.E., (1993) Import of the
glucocorticoid receptor into rat liver mitochondria in vivo and in vitro. ]._Steroid
Biochem. Molec. Biol. 46, 401-413.

439. Parnaik, V.K. and Kennady, P.K., (1990) Nuclear transport of proteins
translated in vitro from SP6 plasmid-generated mRNAs. Mol. Cell. Biol. 10, 1287-1292.

440.  Kalinich, J.F. and Douglas, M.G., (1989) In vitro translocation through the yeast
nuclear envelope. Signal-dependent transport requires ATP and calcium. [ Biol.
Chem. 264, 17979-17989.

441. Miyashita, Y., Miller, M., Yen, P.M., Harmon, ].M., Hanover, J.A., and Simons Jr.,
3.8., {1993) Glucocorticoid receptor binding to rat liver nuclei occurs without nuclear
transport. ]. Steroid Biochem. Molec. Biol. 46, 309-320.

441A. Dean, D.A., and Kasamatsu, H. (1994) Signal- and energy-dependent nuclear
transport of 5V40 Vp3 by isolated nuclei. Establishment of a filtratien assay for
nuclear protein import. ]. Biol. Chem. 269, 4910-4916.

442, Newmeyer, D.D., Lucocq, ]., Biirglin, T.R., and De Robertis, E.M., (1986) Assembly
in vitro of nuclei active in nuclear protein transport: ATP is required for
nucleoplasmin accumulation. EMBO |. 5, 501-510.

443, Newmeyer, D.D., Finley, D.R., and Forbes, D.]., (1986) In vitro transport of a

fluorescent nuclear protein and exclusion of non-nuclear proteins. . Cell Biol, 103,
2091-2102.

444, Melchior, F., Paschal, B,, Evans, ]., and Gerace, L., (1993) Inhibition of nuclear
protein import by nonhydrolyzable analogues of GTP and identification of the small
GTPase Ran/TC4 as an essential transport factor. ]. Cell Biol. 123, 1649-1659.

445.  Alnemri, E.S. and Litwack, G., (1993) The steroid binding domain influcnces
intracellular solubility of the baculovirus overexpressed glucocorticoid and
mineralocorticoid receptors. Biochemistry 32, 5387-5393.

446.  Schmitt, J. and Stunnenberg, H.G., (1993) The glucocorticoid receptor hormone
binding domain mediates transcriptional activation in vitro in the absence of ligand.
Nucleic Acids Res. 21, 2673-2681.

447.  Moore, M.S. and Blobel, G., (1993) The GTP-binding protein Ran/TC4 is required
for protein import into the nucleus. Nature 365, 661-663.

448. Finlay, D.R. and Forbes, D.]., (1990) Reconstitution of biochemically altered
nuclear pores: transport can be eliminated and restored. Cell 60, 17-29.



188

449.  Finlay, D.R., Meier, E., Bradley, P., Horecka, ]., and Forbes, D.]., (1991) A complex
of nuclear pore proteins required for pore function. ]._Cell Biol, 114, 169-183.

450.  Sterne-Marr, R., Blevitt, J.M., and Gerace, L., {1992) O-linked glycoproteins of
the nuclear pore complex interact with a cytosolic factor required for nuclear
protein import. J. Cell Biol. 116, 271-280.

451.  Greber, U.F. and Gerace, L., (1992} Nuclear protein import is inhibited by an
antibody to a Jumenal epitope of a nuclear pore complex glycoprotein. ]. Cell Biol.
116, 15-30.

452.  Adam, E.J.H. and Adam, S.A., (1994) Identification of cytosolic factors required
for nuclear location sequence-mediated binding to the nuclear envelope. ]. Cell Biol.
125, 547-555.

453. Rothman, JLE. and Orci, L., (1992) Molecular dissection of the secretory
pathway. Nature 355, 409-415.

454.  Bairoch, A., (1992) PROSITE: a dictionary of sites and patterns in proteins.
Nucleic Acids Res. 20 (suppl.), 2013-2018.

455.  Gilmore, T.D., (1990) NF-«B, KBF1, dorsal, and related matters. Cell 62, 841-843.

456. Theill, L.E., Castrillo, J.-L., Wu, D., and Karin, M., {1989) Dissection of functional
domains of the pituitary-specific transcription factor GHF-1. Nature 342, 945-948.

457.  Schreiber, V., Molinete, M., Boeuf, H., de Murcia, G., and Ménissier-de Murcia,
J., (1992) The human poly (ADP-ribose) polymerase nuclear localization signal is a
bipartite element functionally separate from DNA binding and catalytic activity.
EMBO 1. 11, 3263-3269.

458. Gashler, A.L, Swamanathan, S., and Sukhatme, V.P., (1993) A novel repression
module, an extensive activation domain, and a bipartite nuclear localization signal
defined in the immediate-early transcription factor Egr-1. Mol. Cell. Biol. 13, 4556~
4571,

459.  Matheny, C., Day, M.L, and Milbrandt, J., (1994) The nuclear localization signal
of NGFI-A is located within the zinc finger DNA binding domain. ]. Biol. Chem. 269,
8176-8181.

460.  Moll, T., Tebb, G., Surana, U., Robitsch, H., and Nasmyth, K., (1991) The role of
phosphorylation and the CDC28 protein kinase in cell cycle - regulated nuclear
import of the S. cerevisiae transcription factor SWIS. Cell 66, 743-758.

4601.  Miyamoto, L., Miura, N., Niwa, H., Miyazaki, J., and Tanaka, K., (1992) Mutational
analysis of the structure and function of the Xeroderma Pigmentosum group A
complementing protein. ]. Biol. Chem. 267, 12182-12187.

462, Yang, Z., Gu, L., Romeo, P.-H., Bories, D., Motohashi, H., Yamamoto, M., and
Engel, J.D., (1994) Human GATA-3 trans-activation, DNA-binding, and nuclear
localization activities are organized into distinct structural domains. Mol. Cell. Biol.
14, 2201-2212.



189

463. Mikaélian, [, Emmanuel, D., Marechal, V., Denoyel, G., Nicolas, ].-C., and
Sergeant, A., (1993) The DNA-binding domain of two bZIP transcription factors, the
Epstein-Barr virus switch gene product EB1 and Jun, is a bipartite nuclcar targeting
sequence. [. Virol. 67, 734-742,

464. Min, S., Mascarenhas, N.T., and Taparowsky, EJ., (1993) Functional analysis of
the carboxy-terminal transforming region of v-Myc: binding to Max is necessary,
but not sufficient, for cellular transformation. Oncogene 8, 2691,

465. Dang, C.V. and Lee, W.M.F., (1988) [dentification of the human c-my¢ protein
nuclear translocation signal. Mol. Cell. Biol. 8, 4048-4054.

466. Prendergast, G.C., Hopewell, R., Gorham, B.J., and Ziff, L.B., (1992) Biphasic
effect of Max on Myc cotransformation activity and dependence on amino- and
carboxy-terminal Max functions. Genes Dev. 6, 2429-2439.

467. Kato, G.]., Lee, W.M.F,, Chen, L, and Dang, C.V., (1992) Max: functional domains
and interaction with c-Myc. Gene Dev. 6, §1-92.

468. Waeber, G. and Habener, J.F., (1991) Nuclear translocation and DNA recognition
signals colocalized within the bZIP domain of cyclic adenosine 3',5'-monophosphate
response element-binding protein CREB. Mol. Endo. 5, 1431-1438.

469. van der Krol, A.R. and Chua, N.-H., (1991) The basic domain of plant B-ZIP
proteins facilitates import of a reporter protein into plant nuclei. Plant Cell 3, 667-
675.

470. Varagona, M.]., Schmidt, R.]., and Raikhel, N.V., (1992) Nuclear localization

signal(s) required for nuclear targeting of the maize regulatory protein opaque-2,
Plant Cell 4, 1213-1227.

471.  Macleod, K., Leprince, D., and Stehelin, D., (1992) The ets gene family. Trends
Biochem. Sci. 17, 251-256.

472.  Boulukos, K.E., Pognonec, P,, Rabault, B., Begue, A., and Ghysdael, J., (1989)
Definition of an ets] protein domain required for nuclear localization in cells and
DNA-binding activity in vitro. Mol. Cell. Biol. 9, 5718-5721.

473. Dimitrov, S.I., Bachvarov, D., and Moss, T., (1993) Mapping of a sequence
essential for the nuclear transport of the Xenopus ribosomal transcription factor

XUBF using a simple coupled translation-transport and acid extraction approach.
DNA Cell Biol. 12, 275-281.

474.  Gilmore, T.D. and Temin, H.M., (1988) v-rel Oncoproteins in the nucleus and in
the cytoplasm transform chicken spleen cells. I. Virol. 62, 703-714.

475. Hannink, M. and Temin, H.M., (1989) Transactivation of gene expression by
nuclear and cytoplasmic rel proteins. Mol. Cell. Biol. 9, 4323-4336.

476. Ganchi, P.A., Sun, S.-C., Greene, W.C., and Ballard, D.W., (1993) A novel NI-xB
complex containing p65 homodimers: Implications for transcriptional control at the
level of subunit dimerization. Mol. Cell. Biol. 13, 7826-7835.



190

477. Ramotar, D., Kim, C., lillis, R., and Demple, B., (1993) Intracellular localization
of the Apnl DNA repair enzyme of Saccharomyces cerevisiae. ]. Biol. Chem. 268,
20533-20539.

478. Clever, J. and Kasamatsu, H., (1991) Simian virus 40 Vp2/3 small structural
proteins harbor their own nuclear transport signal. Virol. 181, 78-90.

479. Clever, J., Dean, D.A., and Kasamatsu, H., (1993) Identification of a DNA binding
domair. in simian virus 40 capsid proteins Vp2 and Vp3. ]. Biol. Chem. 268, 20877-
20883.

480. Gharakhanian, E., Takahashi, J., and Kasamatsu, 1., (1987) The carboxyl 35
amino acids of SV40 Vp3 are essential for its nuclear accumulation. Virol. 157, 440-
448,

481. Citovsky, V., Zupan, J., Warnick, D., and Zambryski, P., (1992) Nuclear
localization of Agrobacterium VirE2 protein in plant cells. Science 256, 1802-1805.

482. Howard, A.H., Zupan, LR., Citovsky, V., and Zambriski, P.C., (1992) The VirD2
protein of A tumefaciens contains a C-terminal bipartite nuclear localization signal:
implication for nuclear uptake of DNA in plant cells. Cell 68, 109-118.

483. Tinland, B., Koukolikova-Nicola, Z., Hall, M.N., and Hohn, B., (1992) The T-DNA
linked VirD2 contains two distinct functional nuclear localization signals. Proc. Natl,
Acad. Sci. USA 89, 7442-7446.

484. Chang, D., Haynes II, ]I, Brady, J.N., and Consigli, R.A., (1992) Identification of
a nuclear localization sequence in the polyomavirus capsid protein VP2, Virology
191, 978-983.

485.  Chang, D., Cai, X., and Consigli, RA., (1993) Characterization of the DNA binding
properties of polyomavirus capsid proteins. ]. Virol. 67, 6327-6331.

486. Lentz, M.R,, Pak, D., Mohr, I., and Botchan, M.R., (1993) The El replication
protein of bovine papillomavirus type 1 contains an extended nuclear localization

signal that includes a p34°9c2 Phosphorylation Site. [, Virol, 67, 1414-1423.

487.  Seino, H., Hisamoto, N., Uzawa, S., Sekiguchi, T., and Nishimoto, T., (1992) DNA-
binding domain of RCC1 protein is not essential for coupling mitosis witli DNA
replication. ]. Cell Sci. 102, 393-400.

488. Toh, Y., Liu, Y., Tanaka, S., and Mori, R., (1993) Nucleotide sequence of a major
DNA-binding protein gene of herpes simplex virus type 2 and a comparison with the
type 1 counterpart. Arch. Virol. 129, 183-196.

489.  Gao, M. and Kuipe, D.M., (1992) Distal protein sequences can affect the function
of a nuclear localization signal. Mol. Cell. Biol. 12, 1330-1339.

490. Foord, O.S., Bhattacharya, P., Reich, Z., and Rotter, V., (1991) A DNA binding
domain is contained in the C-terminus of wild type p533 protein. Nucleic Acids Res. 19,
5191-5198.



191

491.  Shaulsky, G., Goldfinger, N., Tosky, M.S., Levine, A., and Rotter, V., (1991)

Nuclear localization is essential for the activity of p53 protein, Oncogene 6, 2055-
2065.

492.  Wang, Y., Reed, M., Wang, P., Stenger, J.E., Mayr, G., Anderson, M.E., Schwedes,
J.E., and Tegtmeyer, P., (1993) p53 domains-identification and characterization of 2
autonomous DNA-binding regions. Genes Dev. 7, 2575-2580.

493. Addison, C., Jenkins, J.R., and Sturzbecher, H.-W., (1990) The p53 nuclear

localisation signal is structurally linked to a p349¢2 kinase motif. Oncogene 5, 423-
426.

494.  Powers, J.A. and Eissenberg, ].C., (1993) Overlapping domains of the
heterochromatin-associated protein HP1 mediate nuclear localization and
heterochromatin binding. J. Cell Biol. 120, 291-299,

495, Morin, N., Delsert, C., and Klessig, D.F., (1989) Nuclear localization of the
adenovirus DNA-binding protein: requirement for two signals and complementation
during viral infection. Mol. Cell. Biol. 9, 4372-4380.

496. Cleghorn, V., Voelkerding, K., Morin, N., Delsert, C., and Klessig, D.E., (1989)
Isolation and characterization of a viable adenovirus mutant defective in nuciear
transport of the DNA-binding protein. ]. Virol. 63, 2289-2299.

497.  van Wijk, L, Burfeind, J., and Pieler, T., (1992) Nuclear transport and
phosphorylation of the RNA binding Xenopus zinc finger protein XFG 5-1. Mech. Dev.
39, 63-72.

498. Xia, Y.-P., Yeh, C.-T., Qu, J.-H., and Lai, M.M.C., (1992) Characterization of
nuclear targeting signal hepatitis deita antigen: nuclear transport as a protein
complex. ]. Virol. 66, 914-921.

499.  Poisson, F., Roingeard, P., Baillou, A., Dubois, F., Bonelli, F., Calogero, R.A., and
Goudeau, A., (1993) Characterization of RNA-binding domains of hepatitis defa
antigen. J. Gen. Virol. 74, 2473-2477.

500. Chang, M.-F,, Chang, S.C., Chang, C.-I., Wu, K., and Kang, H.-Y., (1992) Nuclear
localization signals, but not putative leucine zipper motifs, are essential for nuclear
transport of hepatitis delta antigen. 1. Virol. 66, 6019-6027.

501. Nath, S.T. and Nayak, D.P., (1990) Function of two discrete regions is required

for nuclear localization of polymerase basic protein 1 of A/WSN/33 influcnza virus
(H1 N1). Mol. Cell. Biol. 10, 4139-4145.

502. Qjan, X.-Y., Alonso-Caplen, F., and Krug, R.M,, (1994) Two functional domains of

the influenza virus NS1 protein are required for regulation of nuclear export of
mRNA. ]. Virol. 68, 2433-2441.

503. Schaap, P.]., van't Riet, ]., Woldringh, C.L., and Raué, H.A., (1991) Identification
and functional analysis of the nuclear localization signals of ribosomal protein 125
from Saccharomyces cerevisiae. 1. Mol. Biol. 221, 225-237.



192

504.  Churcher, M.]., Lamont, C,, Hamy, F., Dingwall, C., Green, S.M., Lowe, A.D.,
Butler, P.J.G., Gait, M.J., and Karn, J., (1993) High affinity binding of TAR RNA by the
human immunodeficiency virus type-1 tat protein requires base-pairs in the RNA
stem and amino acid residues flanking the basic region. ]. Mol. Biol. 230, 90-110.

505. Molinete, M., Vermeulen, W., Biirkle, A., Ménissier-de Murcia, J., Kiipper, J.H.,
Hoeijmakers, J.H., and de Murcia, G., (1993) Overproduction of the poly(ADP-ribose)
polymerase DNA-binding domain blocks alkylation-induced DNA repair synthesis in
mammalian cells, EMBO 1. 12, 2109-2117.

506. Vogel, AM. and Das, A., (1992) Mutational analysis of Agrobacterium
tumefaciens virD2: tyrosine-29 is essential for endonuclease activity. ]. Bacteriol.
174, 303-312.

507.  Krug, R.M., (1993) The regulation of export of mRNA from nucleus to
cytoplasm. Curr, Opin. Cell Biol. 5, 944-949,

508.  Gao, M. and Knipe, D.M., (1993) Intragenic complementation of herpes simplex
ICP8 DNA-binding protein mutants. . Virol. 67, 876-885.

509. Varagona, M.J. and Raikhel, N.V., (1994) The basic domain in the bZIP
regulatory protein OpaqueZ serves two independent functions: DNA binding and
nuclear localization. Plant [. 5, 207-214.

510. Kissinger, C.R., Liu, B., Martin-Blanco, E., Kornberg, T.B., and Pabo, C.0., (1990)
Crystal structure of an engrailed homeodomain-DNA complex at 2.8 A resolution: a
framework for understanding homeodomain-DNA interactions. Cell 63, 579-590.

511.  Laughon, A,, (1991) DNA binding specificity of homeodomains. Biochemistry
30, 11357-11367.

512, li, P, He, X,, Gerrero, M.R,, Mok, M., Aggarwal, A., and Rosenfeld, M.G., (1993)
Spacing and orientation of bipartite DNA-binding motifs as potential functional
determinants for POU domain factors. Genes Dev. 7, 2483-2496.

513.  Treacy, M.N,, Neilson, LI, Turner, EE., He, X., and Rosenfeld, M.G., (1992} Twin
of I-POU: a two amino acid difference in the I-POU homeodomain distinguishes an
activator from an inhibitior of transcription. Cell 68, 491-505.

514 Benezra, R., Davis, R.L.,, Lockshon, D., Turner, D.L., and Weintraub, H., (1990)
The protein 1d: a negative regulator of helix-loop-helix DNA binding proteins. Cell
61, 49-59.

515. Fairman, R., Beran-Steed, R.K., Anthony-Cahill, S.J., Lear, ;.D., Stafford III, W.F.,
DeGrado, W.F,, Benfield, P.A., and Brenner, S.L., (1993) Multiple oligomeric states
regulate the DNA binding of helix-loop-helix peptides. Proc. Natl. Acad. Sci. USA 90,
10429-10433.

516. Ellis, H.M., Spann, D.R., and Posakony, J.W., {1990) extramacrochaetae, a
negative regulator of sensory organ development in Drosophila, defines a new class
of helix-loop-helix proteins. Cell 61, 27-38.



193

517.  Garrell, J. and Modolell, ]., (1990) The Drosophila extramacrochaetae locus, an
antagonist of proneural genes that, like these genes, encodes a helix-loop-helix
protein. Cell 61, 39-48.

518.  Jones, N., (1990) Transcriptional regulation by dimerization: two sides 1o an
incestuous relationship. Cell 61, 9-11.

519.  Urda, L.A,, Yen, P.M., Simons Jr., S.S., and Harmon, ].M., (1989} Region-specific
antiglucocorticoid receptor antibodies selectively recognize the activated form of the
ligand-occupied receptor and inhibit the binding of activated complexes 1o
deoxyribonucleic acid. Mol. Endo. 2, 251-260.

520. Arsenault, H. and Weber, J.M., (1993) Mapping of the mAb73 epitope on Ad2 E1A
proteins with random peptide libraries and deletion mutants. FEMS Microbiol. 1etts.
114, 37-40.

521. Schmitz, M.L., Henkel, T., and Baeuerle, P.A., (1991) Proteins controlling the
nuclear uptake of NF«B, Rel and dorsal. Trends Cell Biol. 1, 130-137.

522. Doolittle, R.F. and Bork, P., (1993) Evolutionarily mobile modules in proteins.
Scient. Amer. October, 50-56.

523. Green, S. and Chambon, P., (1987) Oestradiol induction of a glucocorticoid-
responsive gene by a chimaeric receptor. Nature 3253, 75-78.

524.  Fukami-Kobayashi, K., Tomoda, S., and Go, M., (1993) Evolutionary clustering
and functional similarity of RNA-binding pr teins. FEBS Lett. 335, 289-293.

525. Doolittle, RF., (1994) Convergent ¢ 'ution - the neced to be explicit. Trends
Biochem. Sci. 19, 15-18.

526. DuBose, R.F. and Hartl, D.L., (1989) An experimental approach to testing
modular evolution: directed replacement of a-helices in a bacterial protein. Proc,
Natl. Acad. Sci. USA 86, 9966-9970.

527.  Yamamoto, K.R., (1985) Steroid receptor regulated transcription of specific
genes and gene networks. Ann. Rev. Genet. 19, 209-252.

528. Kuhn, RW.,, (1988) Corticosteroid-binding globulin interactions with target
cells and plasma membranes. Ann. N.Y. Acad. Sci, 538, 146-158.

529.  Hryb, D.J., Khan, M.S., Romas, N.A., and Rosner, W., (1986) Specilic binding of
human corticosteroid-binding globulin to cell membranes. Proc. Natl. Acad. Sci. USA
83, 3253-3256.

530. Bourgeois, S., Gruol, D.]., Newby, R.F., and Rajah, F.M., (1993) Ixpression of an
mdr gene is associated with a new form of resistance to dexamethasone-induced
apoptosis. Mol. Endo. 7, 840-851.

531. Harrison, R.W.L, Fairfield, S., and Orth, D.N., (1975) Evidence for glucocorticoid
transport into AtT-20/D-1 cells. Biochemistry 14, 1304-1307.



194

532, Jant, M.E., Yeakly, J., and Harrison, R.W., {1983) Evidence for carrier-mediated
transport of glucocorticoids by human placental membrane vesicles. Biochim.
Biophys. Acta 731, 415-420.

533. Allera, A. and Rao, G.S., (1986) Characteristics and specificity of the
glucocorticoid "carrier" of rat liver plasma membrane. Adv. Exp. Med. Biol. 196, 53-
05.

534. Blondeau, J.-P., Osty, J., and Francon, ]., (1988) Characterization of the thyroid
hormone transport system of isolated hepatocytes. ]. Biol. Chem. 263, 2685-2692.

535. Suyemitsu, T. and Terayama, H., {19753) Specific binding sites for natural
glucocorticoids in plasma membranes of rat liver. Endocrinology 96, 1499-1508.

536. Ozegovic, B., Schon, E., and Milkovic, S., (1977) Interaction of [3H]-a1dosterone
with rat kidney plasma membranes. ]. Steroid Biochem. 8, 815-819.

537. Koch, B., Lutz-Bucher, B., Briaud, B., and Mialhe, C., (1978} Specific interactions
of corticosteroids with binding sites in the plasma membranes of the rat anterior
pituitary gland. . Endocrinol. 79, 215-222.

538. Towle, A.C. and Sze, P.Y., (1983) Steroid binding to synaptic plasma membrane:
differential binding of glucocorticoids and gonadal steroids. ]. Steroid Biochem. 18,
135-143.

539. Savart, M. and Cabillic, Y., (1985) Specific binding of dexamethasone to plasma
membranes from skeletal muscle. Biochim. Biophys. Acta 813, 87-95.

540. Quelle, F.W., Smith, R.V., Hrycyna, C.A., Kaliban, T.D., Crooks, J.A., and O'Brien,

J.A., (1988) [3H]Dexamethasone binding to plasma membrane-enriched fractions
from liver of nonadrenalectomized rats. Endocrinology 123, 1642-1651.

S41.  Howell, G.M., Po, C., and Lefebvre, Y.A., (1989) Identification of dexamethasone-
binding sites on male rat liver plasma membranes by affinity labelling. Biochem. ].
2060, 435441,

542. Trueba, M., Vallejo, A.L, Rodriguez, 1., Ibarrola, 1., Sancho, M.]., Marino, A., and
Macarulla, J.M., (1989) Evidence for the presence of specific binding sites for
corticoids in mouse liver plasma membranes. ]. Membrane Biol. 108, 115-124,

543. Nenci, I, Marchetti, E.,, Marzola, A., and Fabris, G., (1981) Affinity
cytochemistry visualizes specific estrogen binding sites on the plasma membrane of
breast cancer cells. [. Steroid Biochem. 14, 1139-1146.

544 Pietras, R.]. and Szego, C.M., (1979} Estrogen receptors in uterine plasma
membrane. . Steroid Biochem. 11, 1471-1483.

545. Ibarrola, L., Alejandro, A., Marino, A., Sancho, M.J., Macarulla, J.M., and Trueba,
M., {1992) Characterization by photoaffinity labeling of a steroid binding protein in
rat liver plasma membrane. [. Membrane Biol. 125, 185-191.




195

546. Bression, D., Michard, M., LeDafniet, M., Pagesy, P., and Peillon, F., (1980)
Evidence for a specific estradiol binding site on rat pituitary membranes.
Endocrinology 119, 1048-1051.

547.  Chirino, R., Lépez, A., Navarro, D., Cabrera, J.J., Rivero, J.F., and Diaz-Chico,
B.N., (1989} Steroid induction of low-affinity glucocorticoid binding sites in rat liver
microsomes. ]. Steroid Biochem. 34, 97-105.

548. LaCasse, E.C., Howell, G.M., and Lefebvre, Y.A., {1990) Microsomal

dexamethasone binding sites identified by affinity labelling. ]. Steroid Biochem. 35,
47-54.

549. Yamada, M., Indo, K., Nishigami, T., Nakasho, K., and Miyaji, 1., {(1990)
Progesterone-binding site of adult male rat liver microsomes. [. Biol. Chem. 205,
11035-11043.

550. Mayewski, R.J. and Litwack, G., (1969) 3H-cortisol radioactivity in hepatic
smooth endoplasmic reticulum. Biochem. Biophys. Res. Commun. 37, 729-735.

551, James, D.W., Rabin, B.R., and Williams, D.S., {1969) Role of steroid hormone in

the interaction of plasma membrane with endoplasmic reticulum. Nature 224, 371-
372,

552.  Parchman, L.G., Cake, M.H., and Litwack, G., (1978) Functionality of the liver

glucocorticoid receptor during the life cycle and development of a low-affinity
membrane binding site. Mech, Ageing Dev. 7, 227-240.

553. Ambellan, E, Swanson, M., and Davidson, A., (1981) Glucocorticoid binding to
rat liver microsomal fraction in vitro. . Steroid Biochem. 41, 421-428.

354.  Jackson, V. and Chalkey, R., (1974) The binding of estradiol-178 to the bovine
endometrial nuciear membrane. 1. Biol. Chem. 249, 1615-1626.

555.  Kaufman, S.H. and Shaper, J.H., (1984) Binding of dexamethasone to rat liver
nuclei in vivo and in vitro: Evidence for two distinct binding sites. J. Steroid
Biochem. 20, 699-708.

556. Lefebvre, Y.A., Venkatraman, ].T., Golsteyn, E.J., and Howell, G.M., {19806)
Interaction of steroids with the nuclear envelope. Can. I. Biochem. Cell. Biol. 64, 594-
600.

557.  Szego, C.M. and Pietras, R.J. (1981) Membrane recognition and effector sites in
steroid hormone action. In: Biochemical Actions of Hormones. Ed(s).: G. Litwack.
(Academic Press, New York) pp. 307-463.

558.  Steinsapir, J., Evans ]Jr., A.C., Bryhan, M., and Muldoon, T.G., (1985) Androgen
receptor dynamics in the rat ventral prostate. Biochim. Biophys. Acta 842, 1-i1,

559. Steinsapir, J., Bryhan, M., and Muldoon, T.G., (1989) Relative binding
properties of microsomal and cytosolic androgen receptor species of the ventral
prostate. Endocrinology 125, 2297-2311.




19

560. Muldoon, T.G., Watson, G.H., Evans Jr., A.C., and Steinsapir, J., (1988) Microsomal
receptor for steroid hormones: functional implications for nuclear activity. 1.
Steroid Biochem. 20, 23-31.

561. Pvans Jr., A.C. and Muldoon, T.G., (1991) Characterization of estrogen-binding
sites associated with the endoplasmic reticulum of rat uterus. Steroids 56, 59-65.

562. Sadler, S.E, Bower, M.A., and Maller, }.L., (1985) Studies of a plasma membrane
steroid receptor in Xenopus oocytes using the synthetic progestin RU 486. ]. Steroid
Biochem. 22, 419-426.

563. Blackmore, P.F., (1993) Rapid non-genomic actions of progesterone stimulate

Ca2* influx and the acrosome reaction in human sperm. Cellular Signalling 5, 531-
538.

564. Nebert, D.W., (1994) Drug-metabolizing enzymes in ligand-modulated
transcription. Biochem. Pharmacol. 47, 25-37.

565. Gameichu, B., (1987) Glucocorticoid receptor-like antigen in lymphoma cell
membranes: correlation to cell lysis. Science 236, 456-460.

566. Gametchu, B. and Harrison, R.W., (1984) Characterization of a monoclonal
antibody to the rat liver glucocorticoid receptor. Endocrinology 114, 274-279.

567. Gametchu, B., Watson, C.S., and Pasko, D., (1991) Size and steroid-binding
characterization of membrane-associated glucocorticoid receptor in S-49 lymphoma
cells. Steroids 56, 402-410.,

568. Gametchu, B., Watson, C.S., Shih, C.C.-Y., and Dashew, B., (1991) Studies on the
arrangement of glucocorticoid receptors in the plasma membrane of S-49 lymphoma
cells. Steroids 50, 411-419.

569. Gametchu, B., Watson, C.S., and Wu, S., (1993) Use of receptor antibodies to

demonstrate membrane glucocorticoid receptor in cells from human leukemic
patients. FASEB [. 7, 1283-1292.

570. Grote, H., Icannou, I., Voigt, ]., and Sekeris, C.E, (1993) Localization of the
glucocorticoid receptor in rat liver cells: evidence for plasma membrane bound
receptor. Int. [. Biochem. 25, 1593-1599.

571. Liposits, Z. and Bohn, M.C., (1993) Association of glucocorticoid receptor
immunoreactivity with cell membrane and transport vesicles in hippocampal and
hypothalamic neurons of the rat. ]. Neurosci. Res. 35, 14-19.

572. Hargrove, ].L., Hulsey, M.G., and Beale, E.G., (1991) The kinetics of mammalian
gene expression. BioEssavs 13, 667-674.

573.  Duval, D., Durant, S., and Homo-Delarche, F., (1983) Non-genomic effects of
steroids: Interactions of steroid molecules with membrane structure and functions.
Biochim. Biophvs. Acta 737, 409-442,



197

574.  McEwen, B.S., {1991) Non-genomic and genomic effects of steroids on neural
activity. Trends Pharmacol. Sci. Rev. 140, 141-147.

575. Nemere, I. and Norman, AW., (1991) Steroid hormone actions at the plasma
membrane: Induced calcium uptake and exocytotic events. Mol. Cell. Fndocrinol. 80,
C165-C169.

576. Schumacher, M., (1990} Rapid membrane effects of steroid hormones: An
emerging concept in neuroendocrinology. Trends Neurosci. 13, 359-362.

577. Ramirez, V.D., (1992) Characterization of membrane action of steroids.
Neuroprotocols 1, 35-41.

578. Wehling, M., Eisen, C., and Christ, M., (1993) Membrane receptors for
aldosterone - A new concept of nongenomic mineralocorticoid action. News Physiol,
Sci. 8, 241-244.

579. lLan, N.C., Bolger, M.B., and Gee, K., (1991) Identification and characterization
of a pregnane steroid recognition site that is functionally coupled to an expressed
GABA , receptor. Neurochem. Res. 16, 347-350.

580. Majewska, M.D., Harrison, N.L.,, Schwartz, R.D., Barker, J.L., and Paul, S.M.,
(1986) Steroid hormone metabolites are barbituate-like modulators of the GABA
receptor. Science 232, 1004-1007.

581. Wuy, F,, Gibbs, T.T., and Farb, D.H., (1990) Inverse modulation of y-aminobutyric
acid- and glycine-induced currents by progesterone. Mol, Pharmacol. 37, 597-602.

582. Baulieu, E.-E., Godeau, F., Schorderet, M., and Schorderet-Slatkine, S., (1978)
Steroid-induced meiotic division in Xenopus laevis cocytes. Nature 275, 593-598.

583. Godeau, J.F., Schorderet-Slatkine, S., Hubert, P., and Baulicu, L.-L., (1978)

Induction of maturation in Xenopus laevis oocytes by a steroid linked to a polymer.
Proc. Natl. Acad. Sci. USA 75, 2353-2357.

584. Ishikawa, K., Hanaoka, Y., Kondo, Y., and Imai, K., (1977} Primary action of
steroid hormone at the surface of amphibian oocytes in the induction of germinal
vesicle breakdown. Mol. Cell. Endocrinol. 9, 91-100.

585. Masui, Y. and Markert, C.L., (1971) Cytoplasmic control of nuclear behavior
during meiotic maturation of frog oocytes. [. Exp. Zool. 177, 129-146.

586. Smith, L.D. and Ecker, R.E, (1971) The interaction of steroids with Rana pipicns
oocytes in the induction of maturation. Dev. Biol. 25, 233-247.

587. Wistrom, C.A. and Meizel, S., (1993) Evidence suggesting involvement of a

unique human sperm steroid receptor/Cl” channel complex in the progesterone-
initiated acrosome reaction. Dev. Biol. 159, 679-690.

588. lefebvre, Y.A., Howell, G.M.,, and Golsteyn, E.J. (1985) Androgen interactions
with the nuclear envelope. In: Regulation of Androgen Action. [Ld(s).: N,
Bruchovsky, A. Chapdelaine, andF. Neumann. (Congressdruck, Berlin) pp. 155-159.



198

589, Venkatraman, J.T. and Lefebvre, Y.A., (1985) Multiple thyroid hormone
binding sites on rat liver nuclear envelope. Biochem. Biophys. Res. Commun. 132, 35-
41.

590. Omrani, G.R., Furukawa, H., Sherwood, J.A., and Loeb, ]J.N., (1983)

[3ll]Dexamethasone binding by rat liver microsomes: effects of age, sex, and adrenal
status. Endocrinology 112, 178-186.

591. Courtin, F., Pelletier, G., and Walker, P., (1985) Subcellular localization of
thyroxine 3'-dejodinase activity in bovine anterior pituitary. Endocrinology 117,
2527-2533.

592.  Goldfine, L.D., Smith, G.J., Wong, K.Y., and Jones, A.L., (1977) Cellular uptake and
nuciear binding of insulin in human cultured lymphocytes: evidence for potential
intracellular site of insulin action. Proc, Natl. Acad. Sci. USA 74, 1368-1372.

593. Ames, B.N., (1966) Assay of inorganic phosphate, total phosphate and
phosphatases. Meth. Enzymol. 8, 115-117.

594. Zbarsky, L.B., (1978) An enzyme profile of the nuclear envelope. Int. Rev.
Cyvtol. 54, 295-360.

595. Swanson, M.A., (1955) Glucose-6-phosphatase from liver. Meth. Enzymol. 2,
541-543.

596. Eisen, H.]., Schleenbaker, R.E., and Simons Jr., S.S., (1981) Affinity labelling of
the rat liver glucocorticoid receptor with dexamethasone 21-mesylate. ]. Biol. Chem.
256, 12920-12925.

597. Okret, S., Wikstom, A.C., Wrange, O., Andersson, B., and Gustafsson, J.-A., (1984)
Monoclonal antibodies against the rat liver glucocorticoid receptor. Proc. Natl. Acad.
Sci. USA 81, 1609-1613.

598. Hauri, H.-P. and Bucher, K., (1986) Immunoblotting with monoclonal
antibodies: Importance of the blocking solution. Anal. Biochem. 159, 386-389.

5§99, Grower, M.F. and Bransome, E.D. (1970) Liquid scintillation counting
macromolecules in acrylamide gel. In: The Current Status_of Liquid Scintillation
Counting. Ed(s).: ED. Bransome. (Grune and Stratton, New York) pp. 263-269.

600. de Duve, C. (1967) General principles of enzyme cytology. In: Enzyme
Cytology. Ed(s).: D.B. Roodyn. (Academic Press, New York) pp. 1-26.

601. Roodyn, D.B. (1965) The classification and partial tabulation of enzyme studies
on subcellular fractions isolated by differential centrifuging. In: International
Review of Cvtology. Ed(s).: G.H. Bourne and J.F. Danielli. (Academic Press, New York)
pp. 99-190.

602. Dahlberg, E., Thalen, A., Brattsand, R., Gustafsson, J.-A., Johansson, U.,
Roempke, K., and Saartok, T., (1984) Correlation between chemical structure, receptor
binding and biological activity of some novel, highly active, 16a-17a-acetyl-
substituted glucocorticoids. Mgol. Pharmacol. 25, 70-78.




199

603. Scatchard, G., (1949) The attractions of proteins for small molecules and ions.
Ann. N.Y. Acad. Sci. 51, 660-672.

604.  Lessard, J.L., (1988) Two monoclonal antibodies to actin: one generally reactive
and one muscle selective. Cell Mot. Cytoskel. 10, 349-362,

605. Norman, A.W., Nemere, L, Zhou, L.-X., Bishop, J.E., Lowe, K.E., Maivar, A.C.,
Collins, E.D., Taoka, T., Sergeev, I, and Farach-Carson, M.C., (1992) 1,25(Ol1),~vitamin

D3, a steroid hormone that produces biologic effects via both genomic and
nongenomic pathways. 1. Steroid Biochem. Molec. Biol. 41, 231-240.

606. Sadler, S.E., Schechter, A.L., Tabin, C.I., and Maller, ]J.1., (19806) Antibodies to the

ras gene product inhibit adenylate cyclase and accelerate progesterone induced cell
division in Xenopus laevis oocytes. Mol. Cell, Biol. 6, 719-722.

607. Hua, S.Y. and Chen, Y.Z., (1989} Membrane receptor-mediated clectro-
physiological effects of glucocorticoids on mammalian neurones. Endocrinology 124,
687-691.

608. Akeson, M. and Deamer, D.W. (1991) Anesthetics and membranes: A critical
review. In: Drug and Anesthetic Effects on Membrane Structure and lunction.

Ed(s).: R.C, Aloia, C.C. Curtain, and L.M. Gordon. {Wiley-Liss, New York) pp. 71-89.

609. Rousseau, G.G. and Schmidt, J.-P., (1977) Structure activity relationships for
glucocorticoids. I: Determinations of receptor binding and biological-activity. J.
Steroid Biochem. 8, 911-919.

610. Simons Jr., S.S., Pumphrey, ].G., Rudikoff, S., and Eisen, [I.]., (1987)
Identification of cysteine 656 as the amino acid of hepatoma tissue culture cell
glucocorticoid receptors that is covalently labeled by dexamethasone 21-mesylate. ],
Biol. Chem. 262, 9676-9680.

611. Chirino, R., Fernandez, L., Lopez, A., Navarro, D., Rivero, J.F., Diaz-Chico, J.C.,
and Diaz-Chico, B.N., (1991) Thyroid hormones and glucocorticoids act synergistically
in the regulation of the low affinity glucocorticoid binding sites in the male rat
liver. Endocrinology 129, 3118-3124,

612. Chirino, R., Fernandez, L., Lépez, A., Navarro, D., Rivero, ].F., Diaz-Chico, J.C.,
and Diaz-Chico, B.N., (1992} The estradiol induction of the microsomal low-alfinity
glucocorticoid binding sites (Lags) in the male rat liver is independent of the
endocrine status. J. Steroid Biochem. Molec. Biol. 41, 757-760.

613. Cleveland, D.W., Fischer, S.G., Firschner, M.W., and Laemmli, U.K., (1977)
Peptide mapping by limited proteolysis in sodium dodecyl sulfate and analysis by gel
electrophoresis. ]. Biol. Chem. 252, 1102-1106.

614. Matsudaira, P., (1987} Sequence from picomole quantities electroblotied onto
polyvinylidene difluoride membranes. ]. Biol. Chem. 262, 10035-10038.

615. Wolf, D.C. and Horwitz, S.B., (1992) P-glycoprotein transports corticosterone
and is photoaffinity-labeled by the steroid. Int. [. Cancer 52, 141-146.



200

616. Simons Jr., S.S., (1987) Selective covalent labelling of cysteines in bovine
serum albumin and in hepatoma tissue culture cells of glucocorticoid receptors by
dexamethasone 21-mesylate. ]. Biol. Chem. 262, 9669-9675.

617. Waxman, D.]. and Azaroff, L., (1992} Phenobarbital induction of cytochrome P-
450 gene expression. Biochem. 1. 281, 577-592.

618. Monneron, A. and d'Alayer, J., (1978) Isolation of plasma and nuclear
membranes of thymocytes. I. Enzymatic composition and ultrastructure. ]. Cell Biol.
77,211-231.



201
GENERAL CONCLUSION TO PARTS I AND if

While defining the mechanism of nuclear import of the cytoplasmic GR, |
identified a 45-kDa membrane binding site for glucocorticoids, and two cytosolic and
nuclear 60- and 76-kDa binding proteins for the GR NIS. These binding proteins
likely play key roles in the nuclear impert of GR by regulating the intraceliular
concentration of glucocorticoid hormone, and chaperoning the receptor into the
nucleus.

We may be able to isolate enough 45-kDa protein from microsomes or its
subfraction P2 for microsequencing. The procedure involves taking the flow-
through from a triamcinolone acetonide affinity column (to which the protein does
not bind) and passing it over a dexamethasonc affinity column (1o which it does
bind) and collecting the eluate fraction. This will separate the 45-kDa binding
protein from other glucocorticoid binding proteins present in the microsomes.

It appears from my results that the 60- and 76-kDa NLS-binding protcins are
common components in the nuclear protein import pathway as various NIS peptides
compete for GR NLS binding to these sites, and other groups have identified similar
molecular weight NLS-binding proteins. The function of NLS-binding proteins will
be studied once the proteins have been purified and added to an in vitro nuclear
import system. A purification scheme is underway in the laboratory and involves
conjugating biotin to the cysteinyl residue of the peptide, followed by crosslinking of
the peptide to the binding proteins and purification of the complex on a streptavidin
column. Alternatively, antibodies generated against these binding proteins can be
used to deplete cytosol, or to neutralize the nuclear sites for study of their function in
import.

The most striking feature of GR nuclear import is that it is hormone

dependent. The ligand-induced nuclear translocation regulates the activity of GR
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since GR must be in the nucleus to act. Future studies will address the role of the

hormone-dependent NLS in GR nuclear import, using both the permeabilized cell
system, and cell transfection studies. These studies will help provide answers to the
following questions central to glucocorticoid hormone action. Why is GR cytoplasmic
while most other nuclear receptors are nuclear? What is the relevance of GR or
accessory factor phosphorylation/dephosphorylation to receptor recycling and the
continued action of hormone in the cell? These challenges may be met with the

knowledge and tools at hand.



APPENDIX A. Chemical Structure of Glucocorticoid Agonists and Antagonists
This figure provides the chemical structure of the principal steroids
used in this thesis (dexamethasone and dexamethasone 21-mesylate). The

figure was taken from Clark, Schrader and O'Malley, 1992 [10].
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APPENDIX B. Abbreviations

Throughout this thesis the standard one-letter code is used for amino acid

abbreviations. Two-letter abbreviations are used for provinces and states.

ADX adrenalectomized

Ah receptor arylhydrocarbon receptor

ammediol 2-amino-2-methyi-1,3-propanediol

AMP adenosine monophosphate

AR androgen receptor

Arnt arythydrocarbon receptor nuclear translocator
ATP___ adenosine triphosphate

ATSP ATP-stimulated GR translocation promoter
ATCC American Type Culture Collection

bFGF basic fibroblast growth factor

bHLH basic region helix-loop-helix

Bmax maximum binding capacity

BS3 bis(sulfosuccinimidyl)suberate

BSA bovine serum albumin

bZIP basic region leucine zipper

€] four cysteinyl residues

C2H2 two cysteinyl residues and two histidyl residues
CaaX motif of cysteine with two aliphatic amino acids

followed by any amino acid

CBG corticosteroid-binding globulin (transcortin)
cDNA complimentary deoxyribonucleic acid
D distal (in Tables 13 and 14 only)

DED DNA-binding domain




ddH0

dexamethasone
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doubly-distilled and deionized water

dexamethasone 21-mesylate_

1,4-pregnadjen-9a-fluoro-16a-methyl-118,17a,21-
triol-3,20-dione
1,4-pregnadien-9a-fluoro-16a-methyl-118,17¢,21-

triol-3,20-dione-21-methylsulfonate

DMEM Dulbecco's modified Eagle's medium

DMSO dimethylsulfoxide )

DNA deoxyribonucleic acid

DNAase deoxyribonuclease

brr dithiothreitol

LCL enhanced chemiluminescence

EDTA ethylenediaminetetraacetic acid

LEGFR epidermal growth factor receptor

iR estrogen receptor (or endoplasmic reticulum, only
in Tables 10 and 11)

ERL estrogen-response element

I3 flanking (in Tables 13 and 14 only)

FCS/I'BS fetal calf serum/fetal bovine serum

FITC fluorescein isothiocyanate

FK506 a macrolide drug/immunosuppressant

FKBP FK506-binding protein

GABA y-aminobutyric acid

Zave average g force

GlcNAC N-acetylglucosamine

GR glucocorticoid receptor

GRE glucocorticoid-response element

G1P guanosine triphosphate



GTPase
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guanosine triphosphatase

H-7

HEPES

HIV

HMG

hnRNP

HPLC

hsp

HTH

HTLV

HSF

1-(5-isoquinolinesulfonyl)-2-methyl piperazine
N-[2-hydroxyethyl]|piperazine-N'-| 2-ethanesullonic
acid]

human immunodeficiency virus

high mobility group

heteronuclear ribonucleoprotein particle

high performance liquid chromatography
heat-shock protein

helix-turn-helix

human T-cell leukemia virus

heat-shock factor

IODO-GEN

1,3,4,6-tetrachloro-3a,6a-diphenylglycouril

IPTG

isopropyl p-D-thiogalactopyranoside

Kd

dissociation constant

LAGS

low-affinity glucocorticoid-binding site

mGER

membrane-associated GR

MMTV-CAT

mouse mammary tumor virus promoter driving the

MR

expression of the chloramphenicol acety!
transferase gene

mineralocorticoid receptor

MTI-I1I

NBRF-PIR

macromolecular-translocation inhibitor 1]

National Biomedical Research Foundation Protecin

NE

Identification Resource

nuclear envelope

NEM

N-ethylmaleimide

NL1

nuclear localization signal 1 of GR



NLZ ..
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nuclear localization signal 2 of GR

NLSBP

“nuclear localization signal
_NLS-binding protein

long form NIS

NLS-T

NLS with a threonyl substitution

NPC

nuclear pore complex

NRD_

NF-«B.’Rel/dorsal motif

O

overiapping (in Tables 13 and 14 only)

0] (ST

l)

P1, P2, P3, P4

_octyl-p-D-thioglucopyranoside
proximal (in Tables 13 and 14 only)

pellet of microsomal subfraction 1, 2, 3 or 4

PARP

poly(ADP-ribose) polymerase

PBS

phosphate-buffered saline

PDI

protein disulfide isomerase

PHA

phytohemagglutinin

Pj

orthophosphate (inorganic)

PKA

protein kinase A

PKC

polil U snRNA

protein kinase C

uracil-rich small nuclear RNA transcribed by RNA

POU

polymerase [I

Pit-Oct-Unc (common) motif

PPO

2,5-diphenyloxazole

PR

progesterone receptor

PVDF

polyvinylidine difluoride

RAR

RH

retinoic acid receptor

Rel homology

RNA

ribonucleic acid




RNAase
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ribonuclease

RNP

ribonucleoprotein particle

RRM

RNA recognition motif

rRNA

RU486/RU38486

__ribosomal RNA

SA

17p-hydroxy-11g-(4-dimethylaminophenyl)-17a-
(prop-1-vnyl)-estra-4,9-dien-3-one

specific activity

SD

standard deviation

SDS

sodium dodecy! sullate

SDS-PAGE

SV4( large T-antigen
TAPS

SDS-polyacrylamide gel electrophoresis

_.simian virus 40 large tumor-antigen

N-tris-[hydroxymethyl]methyl-3-aminopropance-

sulfonic acid

2,3,7,8-tetrachlorodibenzo-p-dioxin

T-DNA

transferred DNA (in plants)

N,N,N',N'-tetramethylethylene-diaminc

TES

N-tris[hydroxymethyl|methyl-2-aminoecthane-

TR

sulfonic acid

thyroid hormone receptor

triamcinolone acetonide

Tris

Y d-pregnadien-9a-fluoro-11p,16a,17a,21-tetrol-3,20-

dione-16,17-acetonide

trislhydroxymethyllaminomethane or 2-amino-

tRNA

2-hydroxy-methylpropane-1,3-diol

transfer RNA

U snRNP

u.v.

uracil-rich small nuclear ribonucleoprotein

ultraviolet

VDR

vitamin D receptor
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