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Chapter 1. Introduction

The nuclear envelope consists of the nuclear membranes, the nuclear pore
complexes (NPCs) and the nuclear lamina. The nuclear membranes are divided into three
domains: the outer nuclear membrane continuous with the rough endoplasmic reticulum
(ER), the inner nuclear membrane adjacent to the nuclear lamina, and the nucle& pore
membranes connecting the outer and inner nuclear membranes at the NPCs. Each nuclear
membrane domain has unique integral membrane proteins with different functions. The
NPCs are the channels and machinery for both passive and active bidirectional transport
between the nucleus and the cytoplasm. Underlying the inner nuclear membrane is the
nuclear lamina, a meshwork of intermediate filament proteins called lamins. The nuclear
lamina provides a framework to support and organize the structure of nuclear envelope

(Goldberg, 1995).

Eukaryotic cells undergo dramatic structural changes in the transition from
interphase to mitosis during cell division. The most evident is the condensation of
chromatin to form mitotic chromosomes. In most eukaryotic cells, this event is
accompanied by the breakdown of the nuclear envelope. The cytoplasmic structures are
also altered when the cell enters mitosis. The changes include the vesicularization of ER
and Golgi stacks, the disassembly of actin, the rearrangement of intermediate filaments,
and the formation of mitotic spindles. At the end of mitosis, two nuclear envelopes are
reassembled around the separated two sets of chromosomes. All other cellular structures

are also reformed and the cell is divided into two daughter cells (Alberts et al., 1989).

The development of the nuclear envelope in eukaryotic life has two major biological
implications. First, the process of gene expression is temporally and spatially segregated
by the nuclear envelope. The transcription and maturation of mRNA occur in the nucleus

while the translation of mRNA into protein is restricted in the cytoplasm. Second, the



nuclear envelope encloses and organizes chromatin three-dimensionally in the nucleus. The
highly condensed, transcriptionally inactive heterochromatin localizes adjacent to the
nuclear membrane and in the nuclear core while the less condensed and transcription-
capable euchromatin is localized close to the NPCs or the interior of the nucleus. Both of
these aspects are thought to be critical for the complicated regulation of eukaryotic gene
expression (Blobel, 1985; Darnell et al., 1990).

A. The Nuclear Pore Complexes
1. The Morphology and Proteins of the NPC

Early electron micrographs of the nuclear envelope revealed that NPCs have
cytoplasmic, nuclear, and luminal aspects. This tripartite structure has been found
evolutionarily conserved in all eukaryotic cells examined (Muller, 1977). The NPCis a
symmetric structure with a central cylindrical body sandwiched between a cytoplasmic ring
and a nucleoplasmic ring. This core structure is 120 nm in diameter and 70 nm in length.
The central body consists of a plug and eight radiating spokes connected with the eight
globular components of both the cytoplasmic and nucleoplasmic rings. Between the
spokes there are10 nm-diameter channels that could allow for passive diffusion. There are
some NPC peripheral structures including short cytoplasmic filaments and cytoplasmic
particles associated with the cytoplasmic ring and a basket-like structure connected to the

nucleoplasmic ring (Forbes, 1992; Farbe and Hurt, 1994).

The vertebrate NPC has an estimated size of 125 MDa, containing more than one
thousand total and more than one hundred different proteins (Forbes, 1992). The protein
gp210 was the first major pore complex protein to be identified (Gerace et al., 1982). The
deduced protein primary structure (Wozniak et al., 1989), biochemical studies (Greber and
Gerace, 1990) and immunological studies (Courvalin et al., 1990a; Nickowitz and

Worman, 1993) demonstrated that gp210 has a 58 amino acids carboxyl-terminus exposed



at the pore, a 20 amino acids transmembrane domain spanning at the nuclear pore
membrane, and a 1783 amino acids glycosylated domain residing in the perinuclear space.
The other characterized vertebrate pore membrane protein is Pom121p (Hallberg et al.,
1993). In contrast to gp210, Pom121p has the "FXFG" motifs which are present in most
non-membranous nucleoporins. The term nucleoporin was first introduced to describe
proteins of NPCs that are not anchored in pore membranes (Davis and Blobel, 1986), but it
has been used to refer all NPC proteins recently. Rat p62 was the first nucleoporin to be
identified (Davis and Blobel, 1986) and its encoding DNA was later isolated (Starr et al.,
1990). So far, at least sixteen nucleoporins have been molecularly cloned and characterized
from yeast and vertebrates (Rout and Wente, 1994, Aitchison et al., 1995). Most of the
nucleoporins contain the characteristic repetitive peptide motifs including "FXFG" or
"GLFG" or both. These repetitive sequences can form significant hydrophobic domains
that may be involved in protein-protein interactions (Rout and Wente, 1993; Dingwall,
1993). While the integral proteins of pore membrane are more likely to be involved in the
structural organization of the NPC, many of the non-membranous nucleoporins are

involved in bi-directional nucleo-cytoplasmic material transport (Rout and Wente, 1994).
2. NPCs and Nucleo-Cytoplasmic Traffic

Ions, small molecules, and small proteins can diffuse freely through the 10 nm
diameter aqueous channels of the NPC. Transport of proteins larger than 20-40 kDa
depends on nuclear localization sequences (NLSs) (Kalderon et al., 1984) for import and
nuclear export sequences (NESs) (Wen et al., 1995) for export. Export of RNAs requires
certain structures such as the CAP of small nuclear RNA (Dargemont and Kuhn, 1992).

The nucleo-cytoplasmic traffic requires both NPC components and soluble
cytoplasmic or nucleoplasmic factors. For nuclear protein import, cytosolic factors first
recognize and bind to NLS-bearing proteins as complexes. These complexes are

subsequently docked on the nuclear pore and translocated into the nucleus (Silver, 1991).



The lectin wheat germ agglutinin (WGA), which binds the N-actylglucosamine residues of
NPC proteins, can block nuclear protein transport (Finlay et al., 1987). Antibodies against
p62 and gp210 can inhibit transport in vitro and in vivo (Featherstone et al., 1988; Cordes,
et al., 1991; Panté et al., 1993). Most yeast nucleoporin (Nup) gene mutants are lethal and
their nuclei have defects in nuclear transport in vitro (Farbe and Hurt, 1994). P62 was
found in a complex with two human cytosolic import factors NTF2 and Ran/TC4 (Moore
and Blobel, 1994). A protein named RanBP with characteristics of nucleoporins has
recently been identified to be able to interact with Ran/TC4, a GTP-binding protein
involved in nuclear import (Moore and Blobel, 1993; 1994; Wu et al., 1995; Yokoyama et
al., 1995). A nucleoporin-like polypeptide, named hRIP, can interact with the human
immunodeficiency virus protein Rev which binds and facilitates the nuclear export of
unspliced and partly spliced viral RNAs (Fritz et al., 1995). These studies demonstrate that
nucleoporins are directly or indirectly involved in nuclear import and export of proteins and

RNAs.
3. Chromatin Binding of NPCs and Gene gating

The distribution of NPCs at the nuclear envelope is not random. NPCs appear to
localize as clusters that correlate with the distribution of chromatin attached to specific
membrane areas (Franke et al., 1981; Nicolini et al., 1984). Blobel (1985) has proposed in
the “gene gating” hypothesis that distinct DNA-binding subunits of NPCs binds to specific
DNA sequences that are repeated in all transcription-capable genes, thereby physically
locating, or "gating”, them to the NPCs. This may facilitate the specific export of
transcripts from the gated genes. Conversely, the non-transcribéd heterochromatin is
located adjacent to the lamina and the inner nuclear membrane at the nuclear envelope. The
isolation of the cDNA for a rat nucleoporin Nup153, which is localized exclusively on the
nucleoplasmic side of the NPC, revealed that this protein has four ziné finger motifs

characteristic of DNA-binding proteins (Sukegawa and Blobel, 1993). Nup153 may



indeed interact with DNA in cells as bacterially expressed Nup153 binds to DNA in a zinc-
dependent fashion (Sukegawa and Blobel, 1993). Thus Nup153 is a candidate protein
with a function consistent with the “gene gating” hypothesis, although it is not known
whether it recognizes any specific DNA sequences (Dingwall, 1993; Sukegawa and Blobel,
1993).

B. The Nuclear Lamina
1. The Structure and Expression of Lamins

Lamins are the protein components of the nuclear lamina. Lamins A, B, and C
were first identified as the three major lamin proteins expressed in rat liver cells (Gerace et
al., 1978). Protein sequence deduced for human lamins A and C cDNA clones first
demonstrated that lamins belong to the intermediate filaments protein family (Fisher et al.,
1986; McKeon et al., 1986). At the same time, it was shown that purified lamins can
polymerize to form 10 nm filaments (Aebi et al., 1986). The cDNAs encoding lamins have
since been cloned from various organisms from insects to mammals demonstrating that all
lamins have highly conserved primary and secondary structures (Nigg, 1992). Vertebrate
lamins have been classified into two types: the neutral A-type lamins and the weakly acidic
B-type lamin (Gerace and Blobel, 1980; Krohne et al., 1987). Lamins have not been
molecularly characterized in some lower eukaryotes (eg. yeast and plants) (Nigg, 1992),
although proteins recognized by anti-lamin antibodies that can interact with vertebrate

lamina components have been found in yeast (Georgatos et al., 1990).

As is the case for all intermediate filament proteins, lamins consist of a central o—
helical rod domain flanked by an amino-terminal head domain and a carboxyl-terminal tail
domain (Stewart, 1990). In vitro lamin assembly studies indicate that the central rod
domain is responsible for the formation of lamin dimers and the head and tail domains may

be involved in the formation of lamin polymers (Heitlinger et al., 1991). The lamins are



different from cytoplasmic intermediate filament proteins in that they have nuclear
localization signals and (in most lamins) a motif known as the "CaaX" box (“C” as
cysteine, “a” as aliphatic, “X” as any amino acid) at the carboxyl-terminal. The CaaX motif
is the signal for isoprenylation at the cysteine residue (Nigg, 1992). Two major B-type
lamin isoforms (lamins B1 and B2) are expressed in vertebrate somatic cells (Vorburger et
al., 1989; Weber et al., 1990). Both lamin B1 and lamin B2 have permanently
isoprenylated carboxyl-terminal tails, which may increase the affinity of these proteins for
the membrane (Kitten and Nigg, 1991). Lamin A and lamin C are the products of the same
gene and arise by alternative splicing (Lin and Worman, 1993). The amino-terminal 566
amino acids of lamins A and C are identical. At their carboxyl-termini, lamin A has unique
98 amino acids and lamin C has unique 6 amino acids. After incorporation into the lamina,
the isoprenylated carboxyl-terminus of lamin A is trimmed off by an unknown proteinase
(Weber et al., 1989; Beck et al., 1990). In contrast, lamin C does not contain a CaaX box
and is never isopreneylated (Fisher et al., 1986). Whether there are differences between

the functions of lamin A and lamin C is not known.

The expression of different lamins are not uniform in different tissues or
developmental stages of organisms. In the cells of early mouse embryos, only B-type
lamins are expressed (Stewart and Burke, 1987). Lamins A, B and C are expressed in
different ratios in different rat tissues (Worman et al., 1988a). In some tumor cells, lamins
A and C are absent (Guilly et al., 1987; Stewart and Burke, 1987; Worman et al., 1988a).
In human lung cancer cell lines, the expression of lamins A and C are absent or greatly
decreased while the expression of B-type lamins remains similar (Broers et al., 1993;
Kaufmann et al., 1994). A specific B-type lamin isoform has been found to be expressed
in rat germ cells (Furukawa et al., 1994). The differential expression of lamins is not
limited to mammals. A newly discovered Drosophila lamin C is found to be expressed

only in late stages of development while the other Drosophila 1amin, Dmo, is constitutively



expressed (Riemer et al., 1995). These observations suggest that the differential
expression of lamins, especially the expression of the A-type lamins, may be involved in

the regulation of differentiation and development of higher eukaryotes.
2. Interaction of the Nuclear Lamina with Chromatin

The physical localization of the lamina suggests it as a plausible site for attachment
of chromatin to the nuclear envelope. The structural association between lamins and
chromatin has been observed by three dimensional fluorescence microscopy. In
Drosophila embryo cells, a fraction of peripheral chromatin (15-20%) appears to have
physical contact with the lamina (Paddy et al., 1990). Localization of lamin B highly
correlates with the chromatin distribution under the nuclear envelope in CHO cells
(Belmont et al., 1993). The first biochemical evidence to support the lamin-chromatin
interaction was the demonstration that when nuclei were treated with Triton X-100 to
solubilize nuclear membranes, the lamina remained closely associated with peripheral
heterochromatin (Aaronson and Blobel, 1974). Subsequently, it was shown that purified
rat lamins A and C can coat the surfaces of mitotic chromosomes in vitro (Glass and
Gerace, 1990) and lamin A is able to bind to polynucleosomes (Yuan ez al., 1991). The
o~helical domain of lamins A and C seems to be sufficient for their chromosome binding
(Glass et al., 1993). The tails of lamins A, B and C have also been shown to bind to
chromatin fragments plated on microtiter wells, probably through interactions with core
histones (Taniura et al., 1995). Trypsin treatment abolishes the interactions between
lamins and chromatin (Glass and Gerace, 1990; Yuan et al., 1991), suggesting that lamins
may bind to the protein components of the chromatin. Lamins can also directly interact
with DNA (Luderus et al., 1992; Shoeman and Traub, 1990). DNA sequences named
matrix attachment regions (MARs), which are involved in the attachment site of the 80-90
kilobases (kb) chromatin "loops" at the nuclear matrix, can specifically bind to lamin B1

and lamin A polymers in vitro (Luderus et al., 1992; 1995). These findings suggest that



the nuclear lamina could be the attachment sites for chromatin loops (Luderus et al., 1992;
1995). It is therefore possible that the lamina interacts with both the DNA and protein

components of the chromatin.
3. Lamina and Nuclear Envelope Breakdown during Mitosis

It has been widely accepted that the depolymerization of the nuclear lamina plays
an important role in nuclear envelope breakdown during mitosis (Nigg, 1992). Lamins are
depolymerized at the onset of the mitosis. Subcellular fractionation studies have shown
lamins A and C in mammalian cells are dispersed throughout the cytoplasm in mitosis
(Gerace and Blobel, 1980). In contrast, about 50% B-type lamins are remained associated
with vesicles, presumably derived from the fragmented nuclear membranes (Gerace and
Blobel, 1980; Burke and Gerace, 1986). Studies have shown that lamins are
phosphorylated at a higher level during mitosis than during interphase (Gerace and Blobel,
1980; Miake-Lye and Kirschner, 1985; Ottaviano and Gerace, 1985; Smith and Fisher,
1989), suggesting that hyperphosphorylation is responsible for the mitotic
depolymerization of the lamina and the disassembly of the nuclear envelope. This
hypothesis is strongly supported by the demonstration that p34cdc2, the protein kinase that
promotes mitosis, is responsible for the mitotic phosphorylation of lamins. Lamin B2 was
shown to be phosphorylated by p34°dc2 kinases both in vitro and in vivo and incubation of
isolated nuclei with purified p34¢dc2 kinase results in lamina disassembly (Peter et al.,
1990). In addition, p34<dc2 kinases can phosphorylate and cause lamin polymers to
disassemble in vitro (Peter et al., 1990; Dessev et al., 1991; Goss et al., 1994).
Phosphorylation by p34¢<dc2 kinases may affect the higher order organization of the nuclear
lamina as ir vitro phosphorylation of chicken lamin B2 by p34¢dc2 kinase can interfere With
the head-to-tail polymerization of the lamins but not formation of the dimer itself (Heitlinger
et al., 1991). The mitotic phosphorylation sites on lamin proteins are the serine and

threonine residues flanking the central rod domains, which are extremely well conserved



among different members of the lamin family (Peter ef al., 1990; Ward and Kirschner,
1990). Phosphorylation of these sites during mitosis may weaken the interactions between
dimers of higher order structures (Ward and Kirschner, 1990). When these sites are
mutated to amino acid residues that can not be phosphorylated, both lamin polymers form
in vitro and the lamina formed in vivo become resistant to disassembly (Peter et al., 1990;
Heald and McKeon, 1991). Taken together, these results demonstrate that lamin

phosphorylation by p34¢dc2 js essential for lamina disassembly during mitosis.
4. Lamins and Nuclear Envelope Reassembly

At the end of mitosis, the nuclear envelope reforms around each set of daughter
chromosomes to generate two new nuclei. This process utilizes the fragments that derived
from the original mother nucleus and does not depend on new protein synthesis or
cytoplasmic stores of proteins. Nuclear envelope reassembly can be divided into three
distinct stages: binding of nuclear membrane vesicles to the chromosome surfaces, vesicle
fusion and assembly of pore complexes, and further fusion and import of proteins leading
to nuclear envelope growth (Wiese and Wilson, 1993). Most of the knowledge about
nuclear envelope reassembly has been obtained by studying in vitro nuclear envelope
assembly. In in vitro nuclear envelope reassembly assays, extracts and membrane
components prepared from synchronously dividing Chinese hamster ovary (CHO) cells
(Burke and Gerace, 1986), fertilized and activated Xenopus eggs (Lohka and Masui, 1983;
Newport, 1987), or Drosophila embryos (Crevell and Cotterill, 1991) are incubated with
sperm chromatin, mitotic chromosomes or DNA. After incubation, a nucleus-like structure
surrounding the chromatin can be observed under microscope. This reorganized structure

has certain nuclear functions including transcription and DNA replication.

It has been proposed that the nuclear lamins play a pivotal role in the process of
nuclear envelope reassembly. Gerace and Blobel (1980) proposed that during nuclear

reformation, lamins A and C bind to chromatin first and then mediate the binding of B-type
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lamin-containing nuclear membrane vesicles to the chromatin to generate a sealed nuclear
envelope. In support of this model, it has been shown that lamins A and C associate
directly with the surface of condensed chromosomes in CHO cell, and that depletion of
lamins A and C inhibits nuclear envelope assembly (Burke and Gerace, 1986; Glass and
Gerace, 1990). Evidence favoring this model has also been obtained in studies using the
Drosophila embryo system (Smith and Fisher, 1989; Ulitzur et al., 1992). Anti-Drosophila
lamin antibodies can inhibit the attachment of nuclear membrane vesicles to the chromatin
surface and nuclear envelope formation does not occur (Smith and Fisher, 1989; Ulitzur et
al., 1992). However, studies in the Xenopus system demonstrated that lamins were not
essential in the nuclear envelope reassembly and led to another hypothesis of nuclear

envelope reassembly (discussed below).
C. Integral Proteins of the Nuclear Inner Membrane
1. The Structure of Integral Proteins of the Nuclear Inner Membrane

The inner nuclear membrane is connected to the outer nuclear membrane by the
nuclear pore membrane. Several integral membrane proteins localized to the inner nuclear
membrane have been identified. The avian lamin B receptor (LBR) was the first inner
nuclear membrane protein to have been identified (Worman et al., 1988b). LBR is resistant
to extraction with urea and alkali treatment indicating that it is an integral membrane protein.
Indirect immunofluorescence using antibodies raised against LBR gives a nuclear rim
pattern, demonstrating that it is a nuclear envelope protein (Worman et al., 1988b). The
cDNA for chicken LBR was subsequently cloned and the primary sequence of LBR was
deduced (Worman et al., 1990). Chicken LBR has 637 amino acids and a basic 204 amino
acids amino-terminal domain that contains consensus sites for phosphorylation by protein
kinase A and p34¢dc2 kinase and a stretch with putative nucleic acid binding sites.
Following the amino-terminal domain are eight hydrophobic segments that can serve as

transmembrane domains that span the inner nuclear membrane (Worman et al., 1990).
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Both the amino-terminal domain (Soullam and Worman, 1993; 1995) and the first
transmembrane domain (Smith and Blobel, 1993; Soullam and Worman, 1995) of LBR can
target and localize LBR to the inner nuclear membrane, likely by different mechanisms

(Soullam and Worman, 1995).

Four rat proteins with molecular masses of 75 kDa, 68 kDa, 55 kDa and 53 kDa
have also been localized to the inner nuclear membrane by immunoelectron microscopy and
named LAPs 1A, 1B, 1C and LAP2 respectively for “lamina-associated polypeptides”
(Senior and Gerace, 1988; Foisner and Gerace, 1993). Cloning of the cDNA for LAP2
(Furukawa et al., 1995) indicates that it encodes a protein with 452 amino acids that is
identical to a protein previously identified as B-thymopoetin, a presumed precursor of a
thymocyte growth factor (Harris et al., 1994). LAP2 has a latge nucleoplasmic amino-
terminal hydrophilic domain (residues 1-409) and a single putative transmembrane segment
at residues 410-433 (Furukawa et al., 1995). LAP1C is a protein of 506 amino acids with
similar structure feature as LAP2, a hydrophilic nucleoplasmic domain (amino acids 1-310)
and a single membrane-spanning region between residues 311-333 (Martin et al., 1995).
An integral nuclear membrane protein named "otefin" has also been identified in fruit fly
(Harel et al., 1989). Otefin has a nucleoplasmic domain with 452 amino acids and one
potential membrane-spanning domain at the carboxyl-terminus (Padan et al., 1990); the

function of otefin is not known.

The integral membrane proteins that have been characterized to date show no
sequence homology (except that of LAP1 A, B; C that may be derived from the same gene
by differential splicing, Senior and Gerace, 1988). The common features they have are the
presence of one or several transmembrane segments and the p34¢dc2 phosphorylation
consensus sites in the nucleoplasmic domain. These integral membrane proteins are likely
involved in three functions: association with lamins, association with chromatin and nuclear

envelope reassembly at the end of mitosis.
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2. Anchoring of the Nuclear Lamina

The nuclear lamina is tightly associated with the inner nuclear membrane although
the lamins do not have transmembrane domains. During mitosis, while lamins A and C
become soluble and randomly distributed in the cytosol, about 50% of B-type lamins
remain attached to nuclear vesicles during mitosis (Gerﬁce and Blobel, 1980; Burke and
Gerace, 1986). B-type lamins are also more resistant to extraction than lamins A and C
(Gerace et al., 1984). These observations suggested that B-type lamins may interact with
the inner nuclear membrane via an unique mechanism, for example, by attachment to a
transmembrane receptor that binds to B-type lamins (Gerace et al., 1984). The
isoprenylation at the CaaX-cysteine has also been taken to explain the different fates of A-
and B-type lamins during cell division (Kitten and Nigg, 1991), however, the CaaX
modification seems to be necessary but not sufficient for a stable association of lamins with
the membrane. For example, Xenopus lamin III (a B-type lamin), which is permanently
isoprenylated and carboxyl methylated in oocytes, is soluble during mitosis (Firmbach-

Kraft and Stick, 1993).

The first candidate for a B-type lamin binding protein identified was LBR. It has
been shown that rat liver 125I-lamin B but not 125I-lamin A can bind to urea-extracted
turkey erythrocyte nuclear envelopes in a saturatable manner. Lamin B also binds to LBR
in a ligand blot assay (Worman et al., 1988b). We further demonstrated that lamin B1 can
bind to a glutathione S-transferase (GST)-LBR amino-terminal domain fusion protein
(gtLBR-AT) (Ye and Worman, 1994). Indirect evidence has also shown that LBR interacts
with the nuclear lamina in a cell cycle-dependent fashion (Bailer ez al., 1991).
Autoantibodies against LBR are also anti-idiotypic to certain antibodies directed against B-
type lamins (Lassoued et al., 1991) and the autoantibodies recognizing the first 60 amino
acids of LBR (Lin et al., 1996), suggesting that they recognize a part of LBR involved in

the LBR-B-type lamin interaction. An immunoprecipitate complex from chicken cell
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nuclear extracts contains LBR, B-type lamins, a kinase which can modify LBR, and three
other polypeptides with molecular sizes of 150 kDa, 34 kDa, and 18 kDa respectively
(Simos and Georgatos, 1992; Meier and Georgatos, 1994). Partial sequence of the 34 kDa
protein demonstrated it was homologous to the splicing factor 2 (SF2)-associated protein
p32 (Simos and Georgatos, 1994). The biological function of this interaction has not been
demonstrated. The identities of the 150 kDa, 18 kDa polypeptides and the associated ‘
kinase have not been demonstrated. When chicken LBR and human lamin B1 are co-
expressed in yeast and detected by immunoelcetron microscopy, co-localization of lamin B
and LBR were observed in nuclear envelope and membrane stacks (Smith and Blobel,
1994). This observation demonstrated that LBR and B-type lamin interaction can occur in
vivo. LAPs can also bind to lamins. LAPs 1A and 1B bind to both lamins A, C and lamin
B1, while LAP2 associates only with lamin B1 (Foisner and Gerace, 1993). These
findings strongly support the hypothesis that B-type lamins associate with the nuclear
envelope membrane by interacting with specific integral proteins at the nuclear inner
membrane. In addition, other integral membrane proteins such as LAPs 1A, 1B and 1C
that have general lamin binding affinity may also contribute to the attachment of the lamina

to the nuclear inner membrane.
3. Interactions with Chromatin

Morphological and biochemical studies have shown that peripheral heterochromatin
is associated with the inner nuclear membrane. It had been thought that the inner nuclear
membrane may not be accessible to chromatin since the lamina, which may be 20 nm thick
in some cells, could be a barrier for this interaction. However, more recent three-
dimensional optical sectioning light microscopy studies have demonstrated that the lamina
is actually a highly discontinuous network with spacing of about 0.5 um between network
components (Paddy et al., 1990; Belmont et al., 1993). In the spacing regions, inner

nuclear membrane proteins can potentially interact with chromatin.
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The primary structure of LBR showed that it has potential DNA binding motifs,
leading to the hypothesis that LBR may interact with chromatin (Worman et al., 1996).
LBR-containing vesicles are targeted to the decondensing chromatin during mitosis
(Chardhary and Courvalin, 1993). We have demonstrated that the amino-terminal domain
of LBR can indeed bind to double-stranded DNA in vitro (Ye and Worman, 1994; see
Chapter 3) and can interact with heterochromatin associated proteins in vitro and in vivo
(see Chapter 5). These findings demonstrated that LBR can bind to chromatin, most likely
heterochromatin, by both protein-DNA ad protein-protein interactions. Whether LBR
recognizes specific DNA sequences in not known. Purified LAP2 is able to interact
directly with mitotic chromosomes, while LAP1 cannot. LAP2-chromatin interactions also
appear to be regulated by mitotic phosphorylation (Foisner and Gerace, 1993). It has not
been demonstrated whether LAP2 interacts with chromatin proteins, or with DNA, or

whether it can interact with interphase chromatin.

The interactions of integral membrane proteins with chromatin may have two
biological functions. In interphase, they may be involved in the higher order organization
of genome. At the end of mitosis, they may be responsible for the targeting of nuclear

membrane vesicles to the chromatin for the reassembly of the nuclear envelope.
5. Inner Nuclear Membrane Proteins and Nuclear Envelope Disassembly

Increasing evidence implicates phosphorylation of proteins in the disassembly of
the nuclear envelope during mitosis, the best characterized being the phosphorylation of
lamins (Nigg, 1992). However, lamina disassembly seems to be necessary but not
sufficient for nuclear envelope breakdown. The nuclear lamina is absent or only poorly
developed in spermatocytes and spermatids (Stick and Schwarz, 1982) and disappears
during meiotic prophase in chicken oocytes (Stick and Schwarz, 1983), however, the |
nuclear membranes and NPCs remain intact in these cells. Incubation of nuclei with mitotic

cell extracts resulted in the depolymerization of the lamina but the nuclear membranes
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remained unaffected (Newport and Spann, 1987). It has been proposed that
phosphorylation-dephosphorylation of unidentified nuclear membrane components in the
nuclear envelope may induce nuclear envelope breakdown and reassembly (Pfaller et al.,
1991). In agreement with this hypothesis, it has been shown that dephosphorylation of
LBR reduces its lamin B binding ability (Appelbaum et al., 1990) and that the
phosphorylation of LBR by p34¢dc2 kinase is mitotically regulated (Courvalin et al., 1992).
A potential model is that both the hyperphosphorylation of lamins and dephosphorylation-
phosphorylation of LBR at the onset of mitosis account for the breakdown of the nuclear
envelope (Courvalin er al., 1992). The binding affinity of LAP2 to lamin B1 and
chromosomes can also be regulated by mitosis-specific phosphorylation (Foisner and
Gerace, 1993). In these aspects, LAP2 and LBR appear to have redundant functions in

mitosis.
6. Inner Nuclear Membrane Proteins and Nuclear Envelope Reassembly

Although there is evidence that lamins are involved in nuclear envelope reassembly,
there are many findings that argue against the role of the lamins A and C in nuclear
envelope reassembly as proposed (discussed previously). First, in some undifferentiated
cells, lamin A and lamin C are not expressed and B-type lamins are thg only major lamin
proteins in the nuclear envelope (Guilly et al., 1987; Stewart et al., 1987; Lebel e al.,
1987; Worman et al., 1988a, Rober et al., 1989). Second, the nuclei present in cells
during early Xenopus embryogenesis contain only one lamin protein (LIII), which is not
bound to membrane vesicles during mitosis (Benavente et al, 1985; Stick and Hausen,
1985). Depletion of LI from cytosolic fractions of Xenopus egg extracts does not block
nuclear envelope formation around the chromatin, although the resulting nuclei appear
small and fragile (Newport ef al., 1990; Meier et al., 1991). Newport and colleagues
(Wilson and Newport, 1988; Newport et al., 1990) have proposed that the targeting of

nuclear membrane vesicles to chromatin is independent of lamins and is mediated by an
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integral membrane protein component(s) in the vesicles. Lamins may therefore be involved
in the decondensation of the chromatin and in further growth of the nuclear envelope but

not in the vesicle targeting.

In support of a lamin-independent mechanism of nuclear envelope reassembly, it
has been shown that the binding of nuclear membrane vesicles prepared from Xenopus
eggs .to chromosomes is inhibited by trypsin treatment of the vesicles, suggesting that a
protein component on the vesicle membranes is responsible for chromatin binding (Wilson
and Newport, 1988). The protease-sensitive component(s) is resistant to treatments that
disrupt protein-protein interactions, such as high salt, EDTA, or low ionic strength
suggesting that it is an integral membrane protein, or proteins, tightly associated with the
membranes (Wilson and Newport, 1988). The nuclear membrane vesicles that bind to
chromosomes are a specific group of vesicles with diameters of 70 nm that bind to
chromatin sites and sites spaced approximately 100 kb of DNA apart (Newport and
Dunphy, 1992). When sperm chromatin was digested with trypsin, it was not able to bind
membrane vesicles, suggesting that the interaction between decondensed chromatin and
membrane vesicles requires both chromatin-bound and membrane-bound proteins
(Newport and Dunphy, 1992). Several other groups have also demonstrated that nuclear
membrane vesicles can bind to chromatin in the absence of lamins and subsequently fuse to
form nuclear envelope-like structures (Pfaller et al., 1991; Vigers and Lohka, 1991; Boman
et al., 1992).

Neither the lamin-dependent or lamin-independent model for the targeting of nuclear
membrane vesicles to chromatin are definitive. The two different models are derived from
different in vitro reassembly systems and the chromatin-targeting in the different systems
may not be identical. The in vitro nuclear reassembly assays also have technical limits.

For example, lamin depletion may not be complete and, in the case of Xenopus egg

extracts, a new vesicle bound lamin I has been found since Newport’s experiments,
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suggesting that they might not have completely depleted the lamins (Lourim and Krohne,
1993). Second, the in vitro reassembly may not be identical to the nuclear envelope
reassembly in vivo. In addition, the in vitro nuclear reassembly assays cannot define the
order of steps in the pathway of nuclear envelope assembly. It is thus not known which
components, the inner nuclear niembrane proteins (LBR and ILAP2) or the lamins or other

components, initiate the reassembly of the nuclear envelope.

To overcome these difficulties, alternative approaches have been used. One
example has been carried out by studying the behavior of LBR-containing vesicles during
mitosis by indirect immunofluorescence microscopy and biochemical analysis. The
immunofluorescence staining patterns of mitotic cells labeled with anti-LBR antibodies
shows that LBR appears around the edges of chromatin as early as anaphase. The binding
of LBR-containing membranes to chromatin further extends during telophase until a
completed nuclear envelope is formed at the end of mitosis (Chardhary and Courvalin,
1993). When the time course of reassembly of B-type lamins and lamins A and C were
examined during mitosis, they remained in the cytosol until early telophase. A trace
amount of lamins starts to appear around nuclear envelope at late telophase. This
observation strongly suggests that LBR-containing vesicles are targeted early to chromatin
to reconstruct the nuclear envelope, earlier than lamins A and C and B-type lamins. Since
LBR is an integral membrane protein of nuclear envelope, it is a likely candidate for the
protein proposed by Newport that is responsible for the initiation of nuclear envelope

reassembly during mitosis (Chardhary and Courvalin, 1993).
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Chapter 2. Materials and Methods

Bacterial and Yeast Strains and Mammalian Cells

Escherichia coli strain DHSa (F-, recAl, endAl, hsdR17, supE44, thil, gyrA,
relA1) was obtained from Gibco BRL Life Technologies, Inc and used as the bacterial
transformation recipient for all plasmid constructs and expression of GST fusion proteins.
Saccharomyces cerevisiae SFY526 (MATa, ura3-52, his3-200, ade2-101, lys2-801, trp1-
901, leu2-3, 112, canf, gal4-542, gal80-538, URA3::Gall-LacZ) was a gift from Dr. S.
Field (State University of New York, Stony Brook, New York). S. cerevisiae Y190
(MATa, gal4, gal80, his3, trp1-901, ade2-101, ura3-52, leu2-3,-112, URA::Gall-LacZ,
LYS2::GAL(UAS)-HIS3 cyh!) was a gift from Dr. S.J. Elledge (Baylor College of
Medicine, Houston, Texas). SFY526 was used as a recipient for all yeast transformations
in studying lamin-lamin interactions (Chapter 4) and Y190 was used to performed two
hybrid screen (Chapter 5) and the followed protein-protein interaction tests. Human cell

lines used included Hela S3, 293T, NJBC and HepG?2 cells.

Library Screening

A human Hela S3 cell lamnda uni-Zap XR cDNA library (Stratagene) was used to
screen human LBR cDNA using 32P labeled chicken LBR ¢cDNA DJ-5 (Worman et al.,
1990) as a probe by standard methods (Sambrook et al., 1989). Hybridization was carried
out at a specificity activity between 4x105 and 1x106 cpm/m] at 42°C in hybridization
solution (6xSSC, 5xDenhardt's solution, and 0.1% SDS, 18.4 mM NaHPO4, 4mM
NaH7POy4, 50% formamide, and 0.1 mg/ml salmon sperm DNA). Nitrocellulose filters
(Schleicher and Schuell) were finally washed at 55°C in 1xSSC and 0.1% SDS and
exposed to XAR-5 film (Jersey Lab and Glove Supply) at -80°C with an intensifying
screen. The plasmids were isolated according to the library manufacturer's instructions

(Stratagene).
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Northern Blotting

Northern blots of human poly(A+) RNA used to examine the expression of human
LBR were provided by Dr. S. Chen-Kiang's laboratory (Mount Sinai School of Medicine,
New York, NY). Hybridization was performed using 32P-labeled human LBR cDNA as a

probe at the same condition as cDNA library screening.

DNA Sequencing and Analysis

DNA sequencing was performed by the dideoxy chain termination method (Sanger
et al., 1977) using the Sequenase Kit Version 2.0 (U.S. Biochemical Corp.) according to
the manufacturer's instructions. Custom oligonucleotide primers were obtained from
Genset. DNA and protein sequence analysis was performed using the computer facilities
of the Department of Biomathematics of the Mount Sinai School of Medicine (New York,
NY) and version 7.B of the GCG software package (Genetics Computer Group, Inc.)
(Devereux et al., 1984). Database searches were accomplished by using the BLAST
network service at the National Center for Biotechnology Information (Atschul et al.,

1990).
Plasmid Constructions

(a) Plasmids that Express GST-Human LBR Amino-Terminal Domain Fusion Proteins
(Chapter 3)

Different portions of the amino-terminal domain of human LBR were expressed as
GST fusion proteins using the prokaryotic expression vector pPGEX-2T (Pharmacia LKB
Biotechnology Inc.). Polymerase chain reaction (PCR) primers were designed to amplify
cDNA fragments encoding the corresponding portions of amino-terminal domain
polypeptides. Restriction sites were engineered into the 5'-ends of the PCR primers to

facilitate cloning of the amplified products into the BamH1 and EcoRI sites of pGEX-2T.



20

PCR was carried out using the human LBR cDNA QY1 as a template. The PCR products
were digested with the BamH]1 and EcoR1 and ligated into pGEX-2T that was also
digested with BamH1 and EcoR1. The resultant plasmid was introduced into E. coli strain

DH50. by standard transformation methods (Sambrook et al., 1989). The recombinant

plasmids were determined by both restriction analysis and DNA sequencing.

(b) Plasmids for Studying Lamin-Lamin Interactions in the Yeast Two-Hybrid System
(Chapter 4)

To analyze interactions between different human lamins in the yeast two-hybrid
system, complementary DNAs were cloned into plasmids pGBT9 and pGADA424 (provided
by Dr. S. Fields). For cloning of lamin B1 into plasmids of pGBT9 and pGAD424, a full
length cDNA of human lamin B1 in pBluescript (Pollark et al., 1990) was provided by
Drs. K. M. Pollard and E. M.Tan (Scripps Institute, La Jolla, CA). This plasmid was
digested with Styl, treated with the Klenow fragment of DNA polymerase, then digested
with BamH1. The fragment generated was cloned into pGBT9 and pGAD424 which were
digested with EcoR1, treated with Klenow, and then digested with BamH1. These
plasmids were called pGBT9-LmB and pGAD424-LmB, respectively. The fusion proteins
encoded by each contained the respective domains of GAL4 fused in-frame to full length
human lamin B1. To construct the plasmids encoding the GAL4 domains fused to the
lamin B1 head domain, pGBT9-LmB and pGAD424-LmB were digested with Sacl, which
cuts just after the sequence encoding the head domain, and Pstl, which cuts at the 3' end of
the lamin B1 cDNA insert. The resulting linear plasmid was separated from the restriction
endonuclease fragments, treated with T4 DNA polymerase, and ligated with T4 DNA
ligase. The resulting constructs respectively encoded the DNA binding and activation
domains of GALA4 fused to the head domain of lamin B1.

All other constructs were made using the PCR with the appropriate cDNA as the

template to amplify specific sequences encoding various domains of lamin B1, the cDNA
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clone described above was used as the template for PCR. A full-length human prelamin A
cDNA was provided by Dr. N. Chauhary (Aronex Pharmaceutical Corporation, The
Woodlands, TX) for use as a template to amplify sequence encoding prelamin A, lamin A,
and lamin C. Restriction sites for BamH1 and Sall engineered for cloning of the cDNA
fragments into BamH1 and Sall sites of pGBT9 and pGAD424 in-frame. For the
carboxyl-terminal domain of lamin C, nucleotides reverse complementary to those encoding
the last six amino acids that are not present in the prelamin A cDNA were engineered into
the antisense primer. The amplified cDNAs were purified and digested with BamH1 and
Sall for cloning into pGBT9 and pGAD424 that were also digested with BamH]1 and Sall.

(c) Plasmids for Studying LBR-HP1 Interactions (Chapter 5)

Plasmid pGBT9-LBRAT was the bait plasmid used in the yeast two-hybrid library
screening for LBR-interacting proteins. Custom oligonucleotide primers (Geneset) and
plasmid QY1 DNA encoding the amino-terminal domain of human LBR from amino acid 1
to 208, with an EcoRlI restriction site at its 5° end and a BamHI site at its 3’ end, was
amplified by the PCR. The amplified DNA was cloned into the EcoRI and BamHI sites of
the GAL4 DNA binding domain fusion vector pGBT9 to produce pGBT9-LBRAT.

pBFT4-ATBP115 and pBFT4-ATBP8132 used for in vitro transcription and
translation of HP1 proteins were constructed by digesting ATBP115 and ATBP8132 with
PstI and Xhol and cloning the inserts into pBFT4 (supplied by Dr. J. Licht, Mount Sinai
School of Medicine, New York, NY) at the same sites. pBFT4 constructs express
HP1Hso and HP1HsY lacking its first 17 amino acids with FLAG octapeptide (Asp Tyr Lys
Asp Asp Asp Asp Lys) epitope at their amino-termini.

pSVK3-FLAG-ATBP115 and pSVK3-FLAG-ATBP8132 used to transfect Hela S3
cells were constructed by digesting pBFT4-ATBP115 and pBFT4-ATBP8132 with Spel
and Xhol and cloning the inserts into pSVK3 digested with Xbal and Xhol.
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pQE31-ATBP115 and pQE31-ATBP8132 that express 6xHis-HP1 fusion proteins
were constructed digesting pPGADGH-ATBP115 and pGADGH-ATBP8132 by digestion
with BamH1 and Xhol and cloning the inserts into pQE31 (Qiagen) at BamHI and Sall

sites.
pACT2-HP1Hs® and pACT2-HP1HsY constructs express different domains of HP1
proteins fused to GALA4 activation domain were constructed by cloning PCR amplified

cDNA for these domains into pACT2 at EcoR1 and Xhol sites.

Expression and Purification of Recombinant Proteins in E. coli

(a) GST Fusion Proteins -

For synthesis and purification of GST-human LBR amino-terminal domain fusion
proteins, the selected plasmids were transformed into E. coli DH5a.. A single colony was
inoculated and grown in 25 mi LB medium supplemented with 100 pg/ml ampicillin at
37°C overnight. The overnight culture was inoculated into 250 ml LB (ampicillin 100
1g/ml) to grow for 90 minutes and then isopropyl-thiogalactopyranoside (IPTG) was
added to a final concentration of 0.4 mM to induce the expression of fusion proteins. After
3 hours, cells were pelleted and lysed in 10 ml lysis buffer (1xPBS, 1% Triton X-100, 1
mM pMSF). The lysate was briefly sonicated and centrifugated at 15,000 rpm for 10
minutes to collect the supernatant. GST fusion proteins were purified by Glutathione-

Sepharose (Pharmacia) as described (Smith and Johnson, 1988).

(b) 6xHis-Fusion Proteins

Expression and purification of 6xHis-HP1 fusion proteins were carried out
according to the manufacturer’s instructions (Qiagen). Briefly, bacterial transformed with
pQE31-HP1 constructs was grown in LB supplemented with ampicilin (100 pg/ml) and
kanamycin (25 pg/ml) and induced with 2 mM IPTG for 3 hours. Cells were collected and
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resuspended in lysis buffer (8M Urea, 0.1M Na-phosphate, 0.01M Tris-HCI [pH 7.0]).
Ni-NTA beads were added to the supernatant of the bacterial lysate. After extensive wash
with washing buffer (8M Urea, 0.1 M Na-phosphate, 0.01M Tris-HCI [pH 6.3]), proteins
bound on the beads were eluted with washing buffer with 100 mM EDTA.

Protein Electrophoresis and Immunoblotting

For protein analysis, the samples were boiled in electrophoresis sample buffer and
separated on SDS-polyacrylamide gels according to Lacmmli (1970). The proteins on gels
were electrophoretically transferred to nitrocellulose membranes (Schleicher & Schuell)
using a semi-dry protein transfer apparatus (Bio-Rad) at 15 V for 1 hour. Before
application of antibody, the nitrocellulose membranes were saturated with 5% nonfat dry
milk in 1XTBST for 30 minutes at room temperature. The blots were then incubated with
antibodies at appropriate dillution for 2 hours at room temperature and then washed three
times for 15 minutes with 5% nonfat dry milk in IXTBST to remove unbound antibodies.
The blots were subsequently incubated with 125I-labeled protein-A (DuPont NEN) at a
dillution of 1:1000 for 1 hour and finally rinsed 5 times for 30 minutes with 5% nonfat dry
milk in IxXTBST. To obtain autoradiograms, immunoblots were exposed to XAR film
(Jersey Lab and Glove Supply) at -80°C with intensifying screens.

Affinity Purification of Antibodies
Antibodies from human serum were affinity-purified against human LBR fusion
proteins using the method of Smith and Fisher (1984).

In Vitro Protein Binding Assays

(a) B-Type Lamin Binding Assay
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Lamins were extracted with 8 M urea from nuclear envelopes prepared from rat
liver according to the methods described (Dwyer and Blobel, 1976, Worman et al., 1988a,
1988b). Lamin extracts were dialyzed against PBS, cleared by centrifugation and the
suspension was incubated at room temperature for 60 minutes with 1 g of GST-human
LBR amino-terminal domain fusion protein, or control GST fusion protein, attached to
glutathione-Sepharose beads (Pharmacia). The beads were washed three times with PBS
and the proteins that remained bound to the glutathione-Sepharose beads were eluted with
SDS sample buffer. The proteins in the unbound and wash fractions, and a portion of the
lamin fraction before incubation with fusion proteins, were precipitated with 15%
trichloroacetic acid (TCA). The proteins eluted from the glutathione beads and the proteins
collected from the unbound fractions and washing fractions were subjected to SDS-
polyacrylamide gel electrophoresis and analyzed by immunoblotting with anti-lamin B1

antibodies (Cance et al., 1992).

(b) Binding Assays Using In Vitro Translated Proteins

In each binding experiment, 10-20 pl of in vitro translated lysates of HP1 protein
was added to 200 pul of binding buffer (150 mM NaCl, 20 mM Na-Hepes [pH 7.4], 10%
glycerol, 0.05% NP-40) with 20 pul of glutathione-Sepharose coupled to equal amounts
GST or GST-LBR amino-terminal domain fusion proteins. Suspensions were incubated at
4°C with rotation for 2 hours, After incubation, the Sepharose was washed 5 times with
binding buffer and proteins that remained bound were eluted with protein sample buffer
and analyzed by autoradiography of 12.5% SDS-polyacrylamide gels (Laemmli, 1970).

Binding assays using different salt or detergent concentrations were performed as
described above except that the binding buffers contained the salt or detergent
concentrations indicated. After incubation, the Sepharose was washed 5 times with

binding buffers of the indicated salt or detergent concentration. The Sepharose was then:
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washed once with 150 mM NaCl, 20 mM Na-Hepes (pH 7.4), 10% glycerol, 0.05% NP-

40 prior to eluting the bound proteins with protein sample buffer.

(c) Binding of Proteins from Cell Lysates to GST Fusion Proteins

Hela cell extracts were prepared as described below (see Immunoprecipitation) and
400 pl of cell extracts were incubated with 5 pig of the GST-LBR amino-terminal domain
fusion protein or a GST fusion protein containing only the first 100 amino acids of LBR
(Ye and Worman, 1994) or GST alone attached to glutathione-Sepharose beads (20 pul).
Incubation was for 2 hours at 4°C with rotation. After incubation, the Sepharose was
washed 5 times with 150 mM NaCl, 20 mM Na-Hepes (pH 7.4), 10% glycerol, 0.05%
NP-40. The proteins that remained bound to the Sepharose were eluted with protein
sample buffer, separated by electrophoresis on SDS-polyacrylamide gels and transferred to
nitrocellulose sheets for immunoblotting as described (Courvalin et al., 1990).
Autoantibodies from a patient with scleroderma that recognized HP1H5® and related
polypeptides (Saunders et al., 1993; provided by Dr. W. C. Earnshaw, Johns Hophins
University School of Medicine, Baltimore, MD) were used to detect the proteins on the

immunoblots.

Protein-DNA Interaction Assays

(a) DNA Agarose Gel Shift Assay

DNA agarose gel shift assays were performed essentially as described (Sapp et al.,
1986; Wong et al., 1992). 1ug of double-stranded M13mp19 DNA (Pharmacia) was
incubated with various amounts of purified fusion proteins in binding solution (50 mM
NaCl, 20 mM Tris-HCI [pH 7.5], 2 mM EDTA, 5% glycerol). After a 30 minutes
incubation on ice, the samples were loaded and electrophoresed on a 1% agarose gel, and

the DNA was then visualized by staining with ethidium bromide. When heat-denatured.
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protein was used, the protein was heated at 95°C for 5 minutes prior to incubation with
DNA. When proteinase treated protein was used, samples were incubated with 100 pg/ml
proteinase K for 10 minutes at 37°C after incubation with DNA but prior to agarose gel

electrophoresis.

(b) Nitrocellulose DNA Binding Assay

The assay for examining the binding of 32P-labeled lambda DNAs to proteins
immobilized on nitrocellulose ("Southwestern" blotting) was modified from two previously
published procedures (Bowen et al., 1980; Wang et al., 1990). Proteins were separated by
electrophoresis on SDS-polyacrylamide gels (Laemmli, 1970) and transferred to
nitrocellulose. The nitrocellulose filters were first blocked for 30 minutes in 50 mM NaCl,
20 mM Tris-HCI (pH 7.5), 2 mM EDTA, 20 mg/ml BSA, and 5% glycerol (Buffer D) at
room temperature and then incubated with 32P labeled HindIII-digested bacteriophage
lambda DNA (New Eengland Biolabs) with a specific activity of 1x106 cpm/ml in Buffer D
for 1 hour. Nitrocellulose sheets were washed three times with large volume of Buffer D at

room temperature and exposed to XAR-film.

Immunofluorescence Microscopy

For immunolocalization of proteins in cells, transfected cells or untransfected cells
were grown to about 60% confluence on 35 mm-diameter petri dishes (NJBC and HepG2
cells were spun to slides using cytospin), washed three times with PBS, fixed with cold
methanol at -20°C for 6 minutes, and then washed three times with solution A (1xPBS,
0.1% Triton X-100). Cells were then blocked with solution B (1xPBS, 2% BSA, 0.1%
Triton X-100) for 30 minutes and then with the desired antibody diluted in solution B for 1
hour at room temperature. Cells were then washed five times with solution A, incubated
for 1 hour with the desired secondary antibody in solution B plus 2 ig/ml 4,6-diamidino-2-

phenylindole (DAPI), and then washed five times with solution A. Coverslips were
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mounted with a 2% wt/vol solution of 1,4-diazabicyclo-(2.2.2)-ooctane (DABCO) in 85%
glycerol/15% 0.5 M Tris-HCI (pH 8.6). Immunofluorescence microscopy was performed
on either a Axiphot microscope (Carl Zeiss Inc.) or a laser scanning confocal microscope
(TCS 4D; Leica Lasertechnik). To analyze fluorescent images on laser scanning confocal
microscopy of the cells, a series of optical sections was collected at a spacing of 0.36-0.56
um in the Z-axis using both green and red sources. These z-series were transferred to a
Macintosh computer for editing and processing using Photoshop 3.0 Program. Image
contrast and gain were adjusted to avoid signal saturation or reducing background.
Fluorescence images were printed with a Tektronix Phaser II printer.

To detect human LBR in human cells, serum from patients with primary biliary
cirrhosis (PBC) containing anti-LBR autoantibodies (Courvalin et al., 1990; Nickowitz et
al., 1994) were used at 1:500 dilution and rabbit anti human LBR polycolonal antibodies
were used at 1:500 dilution. Anti-FLAG M2 monoclonal antibody (Eastman Kodak
Company) that recognizes the FLAG sequences used at 1:200 dilution in
immunofluorescence to detect expression of FLAG-HP1 fusion proteins in Hela cells.
Fluorescence-conjugated anti-rabbit and anti-mouse immunoglobulin antibodies used as
secondary antibodies for immunofluorescence microscopy were obtained from Jackson

Immuno Research Labs., Inc. and were used at a dilution of 1:100.
Yeast Two-Hybrid System

(a) Yeast Transformation

S. cerevisiae were transformed with plasmid DNA using the lithium acetate

procedure (Ito et al., 1983).

(b) Filter Assay and Liquid Assay of B-Galactosidase Activity
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For the qualitative detection of 3-galactosidase activity, yeast transformants were
patched to solid synthetic complete (SC) medium with appropriate selection, incubated for
2-3 days at 30°C, and then transferred to nitrocellulose filters. Nitrocellulose filters were
immersed in liquid nitrogen for 10 seconds or freezed in -80°C for 30 minutes and then
transferred to filters of blotting paper that had been treated with 5-bromoindoyl-b-D-
galactopyranoside (X-gal) in 100 mM Na-phosphate (pH 7.0), 10 mM KClI, and 1 mM
MgSO4. Filters were then incubated at 30°C for between 1 and 16 hours until the blue
color was developed. |

To quantitate 3-galactosidase activity, yeast were grown in 2.5 ml culture with
appropriate selection media to mid log phase. Cells were then collected and enzyme activity
was measured as described (Guarente, 1983) using O-nitrophenyl-B-D-galactoside as the
substrate. In each enzyme activity assay, 0.2 ml of yeast culture was used and the reaction
was performed at 30°C until the yellow color developed. B-Galactosidase-specific
activities were calculated as described and are given in standard units (Guarente, 1983).
The reported specific activities are the means = standard errors for three independent

transformants.

(c) Yeast Two-Hybrid Screening

Yeast strain Y190 was cotransformed with pGBT9-LBRAT and DNA of a human
Hela cell cDNA library in the GAL4 activation domain fusion vector pPGADGH to give an
approximately 106 recombinant transformants (Clonetech Lifetechnology Inc.). The
transformants were spread on SC solid plates without histidine, leucine and tryptophan
plus 25 mM 3-aminotriaole (3-AT). Colonies grown on the plates within 3 to 6 days were
streaked onto the same selection plates and tested for B-galactosidase activities. The
pGADGH-derived plasmids were rescued from ten yeast cotransformants with positive j3-
galactosidase activity and used to again cotransform yeast strain Y190 with pGBT9-

LBRAT. Only two of these (ATBP115 and ATBP8132) remained positive. The B-
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galactosidase activities of these plasmid clones, when cotransformed with pGBT9-LBRAT

and pGBT9, were again measured using the filter and the liquid assays.

In Vitro Transcription and Translation

The constructs pPBFT4-ATBP115 and pBFT4-ATBP8132 were used in a coupled
transcription and translation assay using the TNT coupled Reticulocyte Lysate System
(Promega Corp.). The transcript was generated with T7 RNA polymerase from the circular
plasmid template and translated in the presence of (39S) Methionine (Amersham) in a

combined reaction.

Cell Culture and Transfection

Hela cells and 293T cells were grown in DME media containing 10% FBS, 50
U/ml penicillin, 50 pg/ml streptomycin, and 2 mM glutamine. Media and other reagents
for cell culture were obtained from GIBCO BRL. Cells were grown to 60% confluency on
10 mm-diameter dishes and transfected with plasmid DNA by phosphate precipitation
method (Sambrook et al., 1989). About 2 pug plasmid DNA was used for each dish. The
precipitate was left on the dishes for 16 hours (overnight) and then rinsed twice with PBS
and supplemented with fresh media and maintained in culture for 12 to 72 hours prior to

preparation for immunofluorescence microscopy.

Immunoprecipitation

Four 100 mm-diameter petri dishes of Hela S3 cells grown to full confluency were
washed 3 times with PBS and the cells harvested by scrapping with a rubber policeman.
Cells were collected by centrifugation at 500xg and resuspended in 2 ml 10 mM Tris-HCl
(pH 7.4), 1 mM MgCl,, 1 mM DTT, 0.2 mM pMSF, incubated on ice for 15 minutes and
broken in a Dounce homogenizer (30 strokes with the B pestle). Broken cells were

centrifugated at 6,000xg for 20 minutes at 4°C and the pellet resuspended in 800 ul of 50
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mM Tris-HCI (pH 8.0), 5 mM EDTA, 2% BSA, 0.5% NP-40, 1 mM DTT, 0.2 mM
pMSF and then disrupted with a tip sonicator. The suspension was centrifuged at 15,000
rpm for 30 minutes at 4°C in a microcentrifuge (Eppendorf). 400 ul of the supernatant
were incubated for 4 hours at 4°C on a rotating mixer with the desired antibody that was
coupled to protein A-Sepharose by using the ImmunoPure IgG Orientation Kit (Pierce).
Anti-LBR antibodies (Nickowitz ef al., 1994; also see Chapter 3) were autoantibodies from
a patient with PBC previously shown to recognize the protein. Control antibodies were

from another patient with PBC but without LBR autoantibodies (Nickowitz et al., 1994).

Other Materials
Unless otherwise indicated, routine chemical reagents were obtained from Sigma

Chemical Co. or Fisher Scientific. Enzymes for DNA cloning were obtained from New

England Biolabs.
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Chapter 3. Primary Structure Analysis and Lamin B
and DNA Binding of Human LBR, an Integral Protein of the Nuclear
Envelope Inner Membrane

Abstract

We have isolated cDNAs for human LBR and determined its primary structure.
Human LBR is 68% identical to chicken LBR and has a basic nucleoplasmic amino-
terminal domain of 208 amino acids followed by a hydrophobic domain with eight putative
- transmembrane segments. The amino-terminal domain contains a Ser-Arg-rich stretch and
consensus sites for phosphorylation by protein kinase A and p34¢<dc2 protein kinase. In
vitro phosphorylation analysis demonstrated that Thr200 of human LBR can be
phosphorylated by p34¢dc2 protein kinase. The amino-terminal domain can affinity purify
autoantibodies from autoimmune sera and these autoantibodies label the nuclear envelope
when examined by immunofluorescence microscopy. GST-LBR amino-terminal domain
fusion protein can bind lamin B in vitro. GST-LBR amino-terminal domain can also bind
to DNA in vitro. The stretch between amino acids 71 and 100, which contains the Ser-
Arg-rich stretch, is necessary for DNA binding. LBR is conserved among vertebrate
species and its nucleoplasmic domain can potentially mediate the interaction of both the

nuclear lamina and the chromatin with the inner nuclear membrane.
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Introduction

The nuclear envelope consists of the nuclear membranes, the nuclear pore
complexes, and the nuclear lamina (Nigg, 1989). The nuclear membrane has three
domains including the outer nuclear membrane, the inner nuclear membrane, and the
nuclear pore membrane. Each nuclear membrane domain has different integral membrane
proteins that are involved in different aspects of the functions of the nuclear envelope. The
outer nuclear membrane is continuous with the rough endoplasmic reticulum (ER) and
these two membranes have no obvious distinguishable biochemical differences (Amar-
Costesec et al., 1974). The inner and outer nuclear membrane are connected by the nuclear
pore membranes, which also have integral membrane proteins that have been proposed to
be involved in the construction of the nuclear pore complexes (Wozniak et al., 1989;
Hallberg, et al., 1993). The inner nuclear membrane is associated with the nuclear lamina
and heterochromatin. These associations are likely mediated by the integral inner nuclear
membrane proteins with lamin binding or chromatin binding affinities (Worman et al.,
1988b, 1990; Senior and Gerace, 1988; Harel et al., 1989; Courvalin et al., 1990; Bailer et
al., 1991; Chaudhary and Courvalin, 1993; Foisner and Gerace, 1993).

LBR, an integral protein of the inner nuclear membrane that can bind lamin B in
vitro, was first characterized in avian cells (Worman et al., 1988b). Chicken LLBR has a
hydrophilic amino-terminal domain of 204 amino acids facing the nucleoplasm and a
carboxyl-terminal domain consisting of eight hydrophobic segments (Worman et al.,
1990). Previous studies have shown that LBR can be phosphorylated by the protein kinase
p34¢de2 in vitro and in vivo (Courvalin et al., 1992) and also can be phosphorylated by
protein kinase A and an unknown kinase called p58 kinase (Appelbaum et al., 1990;
Simons and Georgatos, 1992). In addition, the amino-terminal domain of chicoken LBR s
basic, has several Ser/Thr-Pro-X-X sequences and a Ser-Arg-rich region, features which
are often present in nucleic acid associated proteins, suggesting that LBR may interact with

DNA or chromatin (Worman et al., 1990).
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Because autoantibodies from patients with primary biliary cirrhosis (PBC) that
cross-react with chicken LBR recognize a nuclear envelope protein in Hela cells, we
suspected that a human LBR existed (Courvalin ef al., 1990; Chaudhary and Courvalin,
1993). However, the primary structure and ligand binding properties of this human protein
had not been elucidated. It was also not known from the past studies whether the
nucleoplasmic domain of LBR alone could bind to B-type lamins or whether it could bind
to DNA as hypothesized according to its sequence (Worman et al., 1990). For these
reasons, we isolated the human homologue of chicken LBR, determined its primary

structure and examined its interactions with lamin B1 and DNA.

Results

Cloning of ¢cDNA for Human LBR

To clone the human LBR cDNA, full-length chicken LBR cDNA DJ-5 (Worman et
al., 1990) was used as probe to screen a human Hella cell cDNA library (Stratagene) using
standard procedures (Sambrook et al., 1989). Ten positive clones were obtained after the
tertiary screening. Plasmids isolated from these clones had inserts with sizes ranging from
1.5 to 3.7 kb and all these inserts hybridized with the chicken LBR cDNA in Southern blot
analysis. DNA sequencing analysis demonstrated that all these clones overlapped with
each other and were homologous to chicken LBR cDNA. The longest clone (3732 base
pairs), némed QY-1, had one open reading frame for a polypeptide of 615 amino acids
displaying 68% overall sequence identity with chicken LBR. We concluded that QY-1
encoded the full length human LBR. The DNA sequences, the deduced amino acid
sequences and hydropathy analysis of human LBR are shown in Fig. 3-1.
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CCGGGTTGCTGTGCG -61

ACTATTCTCCGGGAGCCGTTCGTGTCACCGCCGGAACCTGGCGCAGGTTAATTATAGAAA
ATGCCAAGTAGGAAATTTGCCGATGGTGAAGTGGTAAGAGGTCGATGGCCTGGGAGTTCA
M P S R K F A DG EV V RGURWUP G 8 S
CTTTATTATGAAGTAGAAATTCTGAGCCACGACAGCACCTCCCAGCTTTACACTGTGAAG
L ¥ ¥y £V EI L S HD S T S QL Y T V K
TATAAAGATGGAACAGAGCTTGAATTGAAAGAGAATGATATTAAGCCTTTAACTTCCTTT
Y K b 6 T EL EL K EWNDTIIKU©PULT S F
AGGCAAAGGAAAGGTGGCTCAACTTCCAGTTCCCCTTCCAGACGCCGAGGGAGTCGATCA
R Q R K GGG S T™S8 s 8 P S R RURG S R S
AGGTCACGCTCCCGATCCCCTGGTCGACCACCTAAAAGTGCCCGCCGATCTGCTTCTGCT
R S R S R S P GRPUP KIS ARUZ RS ASA
TCCCACCAGGCCGACATTAAGGAAGCAAGGAGGGAAGTGGAAGTTAAATTGACTCCGCTG
S H Q A DTII K EAURUBREVEUV KL TP L
ATTCTGAAGCCATTTGGAAATAGCATCAGCAGATATAATGGGGAGCCTGAGCATATTGAG
I L K P F GNSTI SR Y DNGEUPEHTIE
AGAAATGACGCACCTCATAAAAATACACAGGAAAAATTCAGTTTGTCACAAGAAAGCAGT
R N D A P HI KUNTOQUEI KV F S L S Q E S S
TACATAGCAACACAGTATAGCCTTCGTCCAAGAAGAGAAGAAGTCAAATTAAAAGAAATA
Yy I A T QY S L R PRIREEUV KULIKETI
GATTCTAAGGAAGAAAAATACGTTCGCAAAAGAACTGGCAGTGAGAACCTTTGAAGTGACC
D S K EE K Y Vva K ELAV U RTVFEWVT
CCCATCCGGGCAAAGGACTTGGAGTTTGGAGGAGTACCTGGTGTGTTTCTCATCATGTTT
P I R A K DULEVF G G V P 6 V F L I MF
GGCCTGCCTCTGTTCCTCTTCCTGTTGCTGTTGATGTGTAAACAGAAAGATCCCAGTCTT
G L P VvV F L F L L L L M C K Q KD P S L
CTGAATTTCCCTCCTCCTTTGCCAGCTTTGTATGAGTTATGGGAAACCAGAGTATTTGGG
L N F P P PL P AL Y EL WE TRV F G
GTCTACCTCCTGTGGTTTTTGATTCAAGTCCTGTTCTACCTACTGCCAATTGGAAAGGTT
v Y L L W F L I o0 V L F Y L L P I G K V
GTAGAAGGAACGCCTCTTATTGATGGAAGAAGACTCAAGTATAGATTAAATGGATTCTAT
vV E G T P L I DG R U R L_K Y R L N G F Y
GCTTTTATCCTGACATCTGCAGTCATCGGAACATCTCTCTTCCAGGGCGTAGAGTTTCAT
A _F I I, T S A V I G T S L F O G V E F H
TACGTGTACAGTCATTTTCTTCAGTTTGCACTTGCGGCCACTGTTTTTTGTGTGGTCTTG
Y vV Y s H F_L O F A L A 2 T V F C V V L
AGTGTGTATCTCTACATGCGCTCTTTGAAAGCGCCCCGGAATGACCTGTCGCCTGCCAGC
s v Y L Y M R S L KA P RNDIULS P A S
TCTGGAAATGCTGTCTATGATTTCTTCATTCGGCCGTGAATTAAACCCTCGAATTGGTACT
S G N AV ¥YDVF F I G RE L NP RI G T
TTTGATCTCAAATACTTTTGTGAATTGCGCCCCGGATTGATTGGATGGGTGGTTATTAAC
F D L R Y F ¢ E L R P G L T G W V V I N
TTGGTGATGCTTTTGGCTGARATGAAAATACAGGACCGCGCTGTTCCATCCTTGGCCATG
L v M 1L L A E MK I O D R A V P S L A M
ATTTTAGTTAATAGTTTCCAGCTTCTCTATGTGGTGGATGCTCTCTGGAATGAGGAAGCG
I L VvV N S8 F O L L Y V V D A L WNE E A
TTGTTGACGACCATGGACATCATCCACGATGCGAT TTGGATTCATGCTGGCTTTTGGAGAC
L L TM™MDTITIHDGT FGUFMULATFGD
TTGGTGTGEGTTCCCTTTATTTACAGCTTCCAAGCCTTTTATTTAGTCAGTCATCCAAAT
L V W Vv P F I ¥ s F O A F Y L V S H P N
GAAGTGTCTTGGCCAATGGCTTCTCTAATTATTGTTCTGAAACTTTGTGGTTATGTAATC
E v S w p M A S L I I VL KL CG Y V I
TCCGAGGTGCAAATTCTCAGAAAAATGCATTCCGGAAAAATCCCAGTGATCCAAAGCTT
F R GANSOQI KN AT FIRI KNU®PSDUP KL
GCACATTTAAAAACCATTCATACTTCAACGGGAAAAAATCTTCTAGTTTCTGGATGGTGG
A HL K T1IHTTSTGI KD NULULV S GW W
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340
1080
360
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520
1620
54
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(contunied)
GGCTTTGTTCGCCACCCCAATTACTTGGGTGATCTCATCATGGCCTTGGCGTGGTCCCTC 1680
G F VRHPNVYTULGTDTUL.I MAL AWGS L 560
CCATGTGGTTTTAACCACATTCTGCCTTATTTCTACATAATTTATTTCACCATGTTGCTT 1740
P C G F N H I L P Y F Y I T Y F T™ M L I 580
GTCCACCGAGAAGCTCGTGACGAGTACCACTGTAAGAAGAAATACGGCGTGGCTTGGGAA 1800
VHREA ARUDTETYHTE C U KTZ KT KVYGV AWTE 600
AAGTACTGTCAGCGTGTGCCCTACCGTATATTTCCATACATCTACTAATGCTCTTCTGGC 1860
K Y C Q RV P Y R I F P Y I Y **x 615
TTTCTACAAAATACTCCTGCAATTCCAGCTGCCATTTGCAAAAACAGGARARAAATCCGA 1920
ARCTTTCTTTTGTTGCACTGACAGGGTCTGTACTTTTTTTTTTCTTTTTGAGTCAGGACT 1980
ATGGAGCCGAGTAGTTGATCTTTTAATATAGCCGTGTTTACTTGTATTAACTTACAGTTA 2040
ACATAGGAAAAATACAAGTAAGGATGTGAGAATTTGCATTTTAATGGGARATTTTCAACC 2100
CTTAATCTGAAAACAGAAGACAGTCTTAATATAAATGTACTGTGAAGAATGCTATTGATG 2160
TTTATGGTTTCTGATTACTTTTCAAATTTTGATGTTTTTTTGCCAGTTGGCTTTTCTTAA 2220
ATGAAAACACTGTTCCATTTAAAGTACATTTATGTTTTATTCAGTAAGAGAATAGAATTT 2280
TCATTTGTTTTTCTTTAAATCCTTTACTAATTATATAATTTGAAAGCAARAAGAAGGGCC 2340
TATATTAAATGCTGAAAGTGAAAAGTGATGACATTATTAGCAGACACTGCTTAAAGGAGA 2400
CCATTTGTAGCAGTTGGCTTAACCTCAACTTCTAAAACTACATTGAAAATGTAAATACAT 2460
AGCTTAGTTTTTTGTAATATATGGTGACTTCAGATTTTTTTGTACAGTATTTTGAATGTG 2520
AGATGATTGTCAGGACTAACTGTCTTTTTAACAAAACATTTTCAGTATTTTAAATAAAAT 2580
TTTGTAAAGTAATGTGAATTAAAAATTTTGGAACAATTAGAATTCATTCACTATTGTATA 2640
GAAGATGCTGTTAAAACATAGGAAGGGTATTTTTCTTGATCCAAAGTTTGTGAATTTGGC 2700
TTTGCTACCTCAATTGCAGGTGTTTGTTTGCCTTTATAAACTGTTGCAAATAGAAAAAAA 2760
ATAGAATAAGTATATATTTTTGGAGTAACATCAATATTTAAACATTTTTACACAGATCGG 2820
TGTTTGAAAATTTGCCATTTCAGGCTAATATTTTTATATATTTTTGACTTTTTAAAAGTT 2880
CATCAGTGTTTTTGCTACTGTTAAGCTTATGCAGTTTATACTGTATTTTTTATGTATCCT 2940
TTATATTTACCAAACCTGACTCCCTGTAAAGGAGTGCTGTCTTAAAAACAACTGAAGGGG 3000
TTAAAGTCGTTTCTTTTAGTTTAATAGATGTGCATAAGGTAGCTTTAGCAATTAAATTCT 3060
AGTGAAGTTGATATAGTCTCATTTTTAATTGTCCTGTAATGGAACAGTAGCAAATTCACT 3120
AAACTTTTGTTTCAGAGTTAAATTGTTCTCAGTACTTTCAATGTAGGGGAATGTAATAAA 3180
CATAGTGTGTATGTTTGGGTTTTAATTACACATTTTATATATGAGCCATTTAGATATGCA 3240
GTGTTAATTCTATACTGCATTTGAAGTGTATGTAACTTAGCTTATGTTAATGCAGTCATG 3300
ARGTTGGTTTGCTCCAGCATCCGGTAGTCTTTAAACATTCTTTTAGTGAAATTGTCATTG 3360
TTTTATCAGTGCTAATGTGTGCAAGCAGTTTTTTTATTTTGCTTTTCTCCTGGCATCAGA 3420
AAGTGGTGGCGTTTTCTGTACTGGATTGCACCAAGGAAGCTTTTGGGGAGGAAGGAAGGA 3480
CATTAAATTCTTTCCCTGGTAATGAAAAGAGCCCTTTATCAATACAGTGCTGCAATTTCT 3540
GGATATCAGCTACACTTTGTTTTTAAGTTTGTTT T TGACATGTTTATTTGGCAAATTTTA 3600
TAATGAAGTTTTAAGTTGAAAATAAAATGTAGCAACA 3637

Hydrophilicity Window Size = 19 Scale = Kyte-Doolittle

Human LBR |

t

Hydrophilicity
888
‘ [
&

. e 2200200300 400 _ 500 I
Fig. 3-1. DNA sequence, deduced amino acid sequence and hydropathy
analysis of human LBR. (a) Nucleotide sequence of cDNA and deduced amino acid
sequences of human LBR. The putative transmembrane domains are indicated by
underlines below the amino acid sequences. Three sequences encoding AATAAA
polyadenylation signals are shown in bold letters. Poly (A) tail was found 11 nucleotides
downstream from the third AATAAA sequences. This sequence has been submitted to
GenBank™/EMBL Data Bank with accession number L25931. (b) Kyte-Doolittle
hydropathy plot of amino acid sequence of the human LBR. Analysis was performed
using the MacVector program. The hydrophobic window was set at 19.
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Human LBR has a 208 amino acid amino-terminal domain that is basic (pI 9.75),
contains four Ser/Thr-Pro-X-X motifs (Ser?!, Ser86, Thr!18 and Thr200) and a Ser-Arg-
rich stretch (from amino acids Ser’! to Alal00). Consensus sites for phosphorylation by
p34¢<de2 kinase (Ser’!, Thr!!8, Thr200) and protein kinase A (Ser’8) are also present in the
amino-terminal domain. Hydropathy analysis shows that there are eight hydrophobic
segments in human LBR which may potentially function as transmembrane segments. All
these features are conserved between chicken LBR and human LBR. Alignment of the
amino acid sequences of human and chicken LBR is shown in Fig. 3-2 and a comparison
of structural features of both proteins is summarized in Table 3-1.

Three yeast proteins, Sts1 of Schizosaccharomyces pombe (Shimanuki et al.,
1992), YGLO022 (Chen et al., 1991) and Erg24 (Lorenz and Parks, 1992) of S. cerevisiae,
were found to have more than 25% sequence identity with the hydrophobic domain of
LBR. These three yeast proteins do not contain amino-terminal domains homologous to
those in human and chicken LBR are apparently not localized to the nuclear envelope. This
finding and the genomic organization of the introns and exons of human LBR gene
(Schuler et al., 1994) suggest a hypothesis that the LBR gene may have evolved from an
ancestral gene similar to these yeast genes by recombination of a gene for a soluble nuclear
protein at the 5’ end. -

To examine the expression of LBR in human cells, full length QY-1 cDNA was
used as probe to hybridize with poly(A+) mRNA isolated from human bladder carcinoma
T24 cells, human B lymphocyte CESS cells and human T-lymphocyte NJBC-8 cells (Fig.
3-3). A single band of approximately 4.0 kb was detected in all three cell lines, indicating

that human LBR is expressed in these cells. The RNA was of appropriate length to encode

LBR.
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Fig. 3-2. Alignment of the amino acid sequences of human LBR and
chicken LBR. The sequence of chicken LBR (cLBR) is vertically aligned below that of
human LBR (hLBR). Amino acids are represented by single-letter codes. When an amino
acid in chicken LBR is identical to the one in the corresponding position of human LBR, a

dash is shown. Gaps in alignment are indicated by dots. The putative transmembrane
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60
60

120
117

179
173

237
230

297
289

357
349

416
409

476
469

536
529

596
589

615
637

segments (TM) are underlined. The position of the amino acids that are the consensus sites
for protein kinases or DNA binding motifs (see Table 3-1) are also indicated by the
numbers above (hLBR) or under (cLBR) the corresponding amino acid residue.



Table 3-1. Comparison of human LBR and chicken LBR

Structure Features Human LBR Chicken LBR
Amino-terminal domain

Length (amino acids) 208 204

pl 9.75 9.89

Protein kinase A sites Ser’8 Ser%>, Ser96
(Arg-Arg-X-Ser)

p34¢de2 kinase sites Ser!, Thr!18, Ser1, Thr188
(Ser/Thr-Pro-X-X) Thr200

Nucleic acid binding Motifs
(Ser/Thr-Pro-X-X)

(Ser-Arg rich stretch)
Carboxyl-terminal domain
Length (amino acids)

Putative transmembrane

segments

Ser?1, Ser86,
Thr!18, Thr200

Ser’! to Alal00

407
Eight

Ser’!, Ser84,
Thrl20

Ser’l to Lys107

433
Eight

38
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Fig. 3-3. Northern blot using 32P-labeled human LBR c¢cDNA probe QY1.
RNA is from human bladder carcinoma T24 cells (lane 1), human B-lymphocyte CESS
cells (lane 2), and human T-lymphocyte NJBC-8 cells (lane 3). Positions of the migration
of rRNAs are indicated at left.
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The Amino-Terminal Domain of Human LBR Is Recognized by
Autoantibodies from Patients with PBC

Autoantibodies from patients with PBC that recognize purified amino-terminal
domain of chicken LBR also recognize a mammalian nuclear envelope protein of similar
size (Courvalin et al., 1990). To determine whether these autoantibodies also recognize the
protein encoded by the isolated human LBR cDNA, we expressed the amino-terminal
domain of human LBR from Pro2 to Phe216 as a GST fusion protein (gtLBR-AT) in E.
coli. The purified gtLBR-AT has a molecular mass of 51 kDa estimated by SDS-
polyacrylamide gel electrophoresis (Fig. 3-4, lane 2). Lower bands are the degradation
polypeptides of gtLBR-AT. Sera from two patients with PBC previously shown to
recognize chicken LBR (Courvalin et al., 1990; Nickowitz et al., 1994) were used in
western blots to detect gt BR-AT. Western blotting demonstrated that gtLBR-AT was
recognized by these two sera (Fig. 3-4. lanes 3, 4), but not by a control serum (lane 5).
The degradation products of gtLBR-AT were also recognized by these two autoantibodies.
Thus the isolated cDNA QY-1 encodes the human homologue of chicken LBR identified in
previous studies (Courvalin et al., 1990; Chaudhary and Courvalin, 1993).

We further performed immunofluorescence microscopy to confirm that human

LBR, encoded by QY-1 cDNA, is a nuclear envelope protein. When examined by
immunofluorescence microscopy, serum from one patient with PBC (Nickowitz et al.,
1994) labeled both the mitochondria and the nuclear envelope of HepG2 cells and NJBC
cells (Fig. 3-5, left panel). To determine if gtLBR-AT selectively reacted with the
antibodies that recognize the nuclear envelope, antibodies in this sera were affinity purified
against gtLBR-AT using previously described methods (Smith and Fisher, 1984). When
used in immunofluorescence microscopy, the purified antibodies only labeled the nucleus
of both cell types in a smoothy rim-like pattern. This result is consistent with the

localization of LBR at the nuclear envelope (Fig. 3-5, right panel).
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Fig. 3-4. Autoantibodies from two patients with PBC react with GST
fusion protein containing amino-terminal domain of human LBR. At leftis a
Coomassie blue-stained polyacrylamide slab gel (Coomassie) showing purified GST-LBR
fusion protein (Pro2 to Phe?16) and molecular mass standards (indicated at left in kDa).
The full-length fusion protein migrates with an apparent molecular mass of approximately
51 kDa. At right is an autoradiogram of the corresponding immunoblot (Western) using
serum from two different patients with PBC (Abl and Ab2) with autoantibodies previously
shown to recognize avian LBR and control serum from a normal individual (Ab3). In
addition to full-length fusion protein, Abl and Ab2 also react with degradation products
(lower two bands).
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Fig. 3-5. Immunofluorescence micrographs showing nuclear envelope
labeled by autoantibodies that recognize the amino-terminal domain of
human LBR. At left are HepG2 cells (top panel) and NJBC-8 cells (bottom panel)
labeled with whole serum (unpurified) from a patient with PBC that contains autoantibodies
against both LBR and mitochondiral antigens. At right are HepG2 cells (top panel) and
NIBC-8 cells (bottom panel) labeled with antibodies from the same serum used as at left
that were affinity purified (purified) against gtLBR-AT. Bars indicate 5 um.
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The Amino-Terminal Domain of Human LBR Binds to B-type Lamins
Previous in vitro filter binding assays demonstrate that chicken LBR selectively
interacts with B-type lamins (Worman et al., 1988b). Most likely the amino-terminal
domain of LBR is involved in the interaction with B-type lamins as this domain faces the
nucleoplasm and the rest of this protein is composed primarily of transmembrane segments.
To examine this possibility, we tested the interaction of the amino-terminal domain of
human LBR with B-type lamins in a solution binding assay. Lamins were extracted with 8
M urea from nuclear envelope preparations of rat liver to give a solution enriched in lamins
and trace amounts of other proteins according previous method (Worman et al, 1988a;
1988b). These lamin-enriched extracts were dialyzed against PBS to give a dilute solution
of lamins. The diluted lamin solution was then incubated at room temperature for one hour
with gtLBR-AT, or GST protein as control, attached to glutathione-Sepharose. The
Sepharose and attached proteins were pelleted by centrifugation, washed three times with
PBS and the proteins that remained bound were then eluted with SDS-sample buffer. To
concentrate the proteins, the unbound and wash fractions were precipitated with 15% TCA.
The unbound (F), wash (W) and bound (B) fractions were analyzed by western blotting
using polycolonal anti-lamin B1 antibodies. A fraction of lamin B1 remained bound to the
LBR fusion protein but not to the GST control protein attached to glutathione-Sepharose
(Fig. 3-6). This result demonstrate that the amino-terminal domain of LBR can bind to B-
type lamins in vitro. However, we cannot rule out the possibility that the transmembrane
domains are involved in the B-type lamin binding in vivo, or if other minor components are

involved in LBR’s B-type lamin binding in this experiment.
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Fig. 3-6. LBR amino-terminal domain GST fusion protein binds to lamin
B1. Autoradiogram of immunoblot showing bound and unbound lamin B1 when fractions
were incubated with either GST (gt) or gtLBR-AT attached to glutathione-Sepharose beads.
The blot was probed with anti-lamin B1 antibodies. Lane 1 (load) shows 10% of the load
that was identical in each case. Lanes indicated by F (Flow through) contain proteins that
did not bind to the beads. Lanes indicated by W (wash) contain proteins eluted from the
beads by the PBS wash. Lanes indicated by B (bound) contain proteins eluted from the
beads with SDS-sample buffer.
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- The Amino-Terminal Domain of Human LBR Binds to DNA

The amino-terminal domains of chicken and human LBR are basic and have several
conserved Ser/Thr-Pro-X-X motifs and a Ser-Arg repeats. These features are common in
many nucleic acid binding proteins (Suzuki, 1989). A chromatin or DNA binding function
of LBR had been previously hypothesized (Worman ef al , 1990; Chaudhary and
Courvalin, 1993; Soullam and Worman, 1993). We therefore performed two different in
vitro DNA binding assays to determine if the fusion protein gtLBR-AT can bind to DNA.
DNA binding to the amino-terminal domain of LBR was first examined by a gel-shift assay
utilizing double-stranded M13 DNA according to the methods described (Varshavsky,
1987; Wong et al., 1992). GST fusion protein gtLBR-AT was incubated with DNA at 4°C
for 30 minutes. The DNA-protein complexes was subjected to 1% agarose gel
electrophoresis at a current of 20 mA for 3-4 hours. After electrophoresis, DNA was
observed by ethium bromide staining. As shown in Fig. 3-7, increasing amounts of
gtLBR-AT significantly retarded the migration of DNA while increasing amounts of GST
control protein did not (Fig. 3-7, lanes 5-7). When the protein was denatured by heat
treatment (Fig. 3-7, lane 8) or destroyed by proteinase K digestion (Fig. 3-7, lane 9), its
ability to retard the migration of M13 double-stranded DNA was abolished. The
inactivation by heat suggests that secondary and tertiary structures must be maintained for
the amino-terminal of LBR to bind to DNA.

To further define the DNA binding within LBR’s amino-terminal domain, three
different GST fusion proteins were expressed. The first fusion protein contains the stretch
of LBR from Pro?2 to Ser’, the second from Pro2 to Alal00 and the third from Ser97 to
Phe216, In the second DNA binding assay (“Southwestern” blotting), LBR amino-terminal
fusion proteins of different lengths and control proteins were subjected to SDS-PAGE and
transferred to nitrocellulose (Fig. 3-8). The nitrocellulose sheets were incubated with 32P-
labeled DNA. DNA was shown to associate with the LBR amino-terminal domain fusion

protein and also with histone H1, a known DNA binding protein, but not with cytochrome
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¢, a basic control protein (pI 9.6). Of the three GST fusion proteins that contained regions
of LBR from Pro? to Ser’1, Pro2 to Alal00 and Ser®7 to Phe 216, only the fusion protein
containing from Pro? to Alal%0 associated with DNA (Fig. 3-8). This finding indicates that
the stretch of LBR from amino acid Ser?! to amino acid Alal® is necessary for DNA
binding. This portion of LBR contains two Ser-Pro-X-X motifs and the Ser-Arg-rich

stretch of the potential DNA binding motifs conserved in both human and avian LBR.

Thr200 of Human LBR Is a p34¢dc2 Protein Kinase Site In Vitro

Chicken LBR Thr!88 is a cell cycle-dependent phosphorylation site for p34cdc2
kinase (Courvalin et al., 1992). The potential corresponding p34¢dc2 phosphorylation site
in human LBR is Thr200-Pro-Tle-Arg. To determine whether this site is actually a p34cdc2
kinase phosphorylation site, an oligonucleotide was designed to amplify and express
gtLBR-AT as a mutant protein in which Thr2® is replaced by an alanine that cannot be
phosphorylated. The GST fusion proteins were phosphorylated by p34cdc2 kinase in vitro
and the labeled bands were excised and analyzed by two-dimensional phosphopeptide
mapping as previously described (Courvalin e? al., 1992; in vitro phosphorylation and
phosphopeptide mapping was performed by colleagues in Dr. J.-C. Courvalin's
laboratory). The result is shown in Fig. 3-9. The wild type protein (gtLBR-ATT200) has
four major phosphopeptides while the mutant protein (gtLBR-ATA200) Jacks one of the
phosphopeptides, likely due to the replacement of Thr200 with Ala200, The same
phosphopeptide was phosphorylated in mitosis in 32P-labeled cells when examined by
Immunoprecipitation (Dr. J.-C. Courvalin, personal communication). These results
demonstrate that Thr200 of human LBR is a p34¢d<2 phosphorylation site, and like the
corresponding site of chicken LBR, may be a cell cycle-dependent phosphorylation site.
The cell cycle-dependent phosphorylation of LBR may regulate the affinity of LBR to B-

type lamins and chromatin.
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Fig. 3-7. Human LBR amino-terminal domain fusion protein retards
migration of M13 double-stranded DNA subjected to electrophoresis in
agarose gel . Photograph of ethidium bromide-stained agarose gel is shown. Lane 1 is
control of DNA incubated with binding buffer. Lanes 2-4 show migration of DNA
incubated with increasing amounts of GST (gt). Lanes 5-9 show migration of DNA
incubated with increasing amounts gtLBR-AT. Lane 8 shows migration of DNA incubated
with heat-denatured gtLBR-AT and lane 9 migration of DNA incubated with proteinase K-
treated gtLBR-AT. Numbers above lanes 1-9 indicate micrograms of protein incubated
with DNA
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Fig. 3-8. 32P-labeled bacteriophage lambda-DNA binds to the amino-
terminal domain of human LBR immobilized on nitrocellulose. Coomassie
blue-stained SDS-polyacrylamide slab gel (top) and matching "Southwestern” blot (bottom)
probed with 32P-labeled fragments of bacteriophage lamda DNA are shown. Lane 1 shows
molecular mass standards (indicated at left in kDa). Lane 2 contains GST. Lane 3 contains
GST-LBR fusion protein from Pro? to Phe216 (gtLBR-AT). Lanes 4-6 contain LBR
fusion proteins that contain amino acids from Pro? to Ser’! (lane 4), Pro? to Alal® (lane
5), and Ser%7 to Phe216 (lane 6) of LBR. Lane 7 contains histone H1, and lane 8 contains

cytochrome c.
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Fig. 3-9. Thr200 of the amino-terminal domain of human LBR is a
phosphorylation site for p34¢dc2, Autoradiograms showing two-dimensional
phosphopeptide maps of 32P-labeled fusion proteins gtLBR-ATT200 (left panel) and
gtLBR-ATA200 (right panel). Arrowhead indicates prominent 32P-labeled phosphopeptides
from gtLBR-ATT200 that is absent from fusion protein gtLBR-ATA200, This same
phosphopeptide is also phosphorylated during mitosis in vivo (Dr. J-C. Courvalin,
personal communication). The in vitro phosphorylation and phosphopeptide mapping was
performed by the laboratory of Dr. J-C. Courvalin.
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Decreased Concentrations of Human LBR mRNA Induced by IL-6

When the expression of human LBR was examined on northern blots containing
mRNA isolated from human cells treated with interleukin 6 (IL-6), we observed that human
LBR mRNA was significantly reduced 2 hours after IL-6 treatment of NJBC cells and that
no significant signal could be detected after 2 days of induction (Fig. 3-10). This
observation suggests that the expression of LBR may be down-regulated by IL-6, although
LBR at the nuclear envelope was not found to be reduced examined by
immunofluorescence microscopy (data not shown). In fact, the 5’ upstream region of the
LBR gene contains several consensus sequences for binding of transcription factors
including Sp1, Ap-2, and NF-kB (Schuler e? al., 1994), suggesting that the expression of
LBR can be regulated by several common signaling pathways. While the biological
implications of these findings are not yet known, it has been hypothesized that variations in
the expression of proteins such as LBR, could be potentially alter nuclear morphology and
genome orgaﬁization in processes such as cell differentiation, development, and
carcinogenesis (Schuler et al., 1994). In light of this, it is possible that IL-6, a pleiotropic
cytokine that is involved in inducing differentiation and regulating cell growth (Chen-Kiang
et al., 1993), regulates the expression of LBR to contribute to the remodeling of the nuclear

envelope and the genome.
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Fig. 3-10. Decreased concentrations of human LBR mRNA induced by IL-
6. Northern blot analysis of poly(A+) mRNA isolated from human T-lymphocyte NJBC-
8 cells treated with IL-6 using QY-1 cDNA as a probe (upper panel). The lower panel is
the signals of GAPDH as reference of RNA loading of the same blot. Cell lines and the
time course of IL-6 induction are shown at the top. RNA is from Jurket cells without IL-6
induction (lane 1), NJBC-8 cells without IL-6 treatment (lane 2) and with IL-6 treatment by
30 minutes (lane 3), 2 hours (lane 4) and 2 days (lane 5). The northern blot is provided by
Dr. Chen-Kiang's laboratory.
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Discussion

Certain autoantibodies from patients with PBC that had previously been shown to
recognize avian LBR also recognized a mammalian protein at the nuclear envelope,
suggesting the existence of a mammalian analog of chicken LBR (Courvalin et al., 1990;
Chaudhary and Courvalin, 1993). The primary structure and ligand binding properties of
this protein had not been known. We have now cloned the cDNA for human LBR and
demonstrated that it is homologous to avian LBR. The nucleoplasmic amino-terminal
domain of human LBR can bind to B-type lamins ir vitro. This is consistent with the
proposed function as a B-type lamin receptor that anchors the lamina to the inner nuclear
membrane in interphase (Worman et al., 1988b). We also demonstrated that the amino-
terminal domain of LBR can bind to DNA in vitro, providing evidence for the previous
hypothesis that LBR may have a chromatin or DNA binding function (Worman et al.,
1990; Chaudhary and Courvalin, 1993; Soullam and Worman, 1993).

The DNA binding activity of LBR can be involved in several cellular functions.
First, DNA binding, as well as B-type lamin binding, can contribute to the targeting and
retention of the protein in the inner nuclear membrane after synthesis. This hypothesis has
been supported by previous observations that the amino-terminal domain of LBR can target
a type 1I integral membrane protein to accumulate at the nuclear envelope (Soullam and
Worman, 1993). It has recently been proposed that multiple factors, including ligand
binding and secondary and tertiary structures, are responsible for targeting integral
membrane proteins like LBR to the inner nuclear membrane (Soullam and Worman, 1995).

Second, the association of DNA with LBR can be involved in attaching chromatin
to the inner nuclear membrane in interphase. Heterochromatin is located adjacent to the
inner nuclear membrane and the nuclear lamina in most cells (Fawcett, 1966). High
resolution digital subtraction immunofluorescence microscopy has demonstrated that the

lamina is a discontinuous structure covering only a portion of the nuclear envelope (Paddy
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et al., 1990). Therefore, it is possible that chromatin may directly associate with the inner
nuclear membrane at the points of the nuclear periphery where there is no lamina. Hence,
in addition to functioning as a B-type lamin attachment site, LBR may also function in the
attachment of chromatin to the inner nuclear membrane by binding with DNA or other
chromatin proteins (see chapter 5).

It is also possible that the DNA binding activity of LBR is responsible for targeting
mitotic membrane vesicles to decondensing chromosome at the end of mitosis. In Xenopus
oocytes, a trypsin-sensitive integral membrane protein(s) is responsible for targeting mitotic
membrane vesicles to chromatin to initiate nuclear envelope reassembly in vitro (Wilson
and Newport, 1988). In mammalian cells, LBR-containing membranes are the first
population of mitotic membranes to be targeted to decondensing chromosomes in anaphase
and telophase (Chaudhary and Courvalin, 1993). The DNA binding activity of LBR can be
responsible for the targeting of LBR-containing membranes to chromosomes during
mitosis.

LBR is highly conserved between human and chicken. In the amino-terminal
domain, the potential consensus sites for protein kinase A and p34cdc2 protein kinase are
conserved. The DNA binding motifs are also conserved. These findings suggest that these
sequences may be important for LBR’s functions. We have demonstrated that the
conserved Ser-Arg rich stretch of LBR from amino acids 71-100 in human LBR is essential
for its DNA binding ability. It is very likely that the same stretch in chicken LBR is also
able to bind to DNA. When the GST fusion proteins of the amino-terminal domain of LBR
(Pro? to Ser’!, Pro? to Alat00 and Ser97 to Phe216) were used to perform in vitro lamin B
binding assays, none of them associated with lamin B, suggesting that structural features of
the entire amino-terminal domain may be necessary for the interaction of LBR with lamin
B. The hydrophobic carboxyl-domain is also highly conserved between human and
chicken LBR. Hcwever, whether these putative transmembrane segments have functions

other than spanning at the nuclear membrane is not known. Other characterized integral
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proteins of the nuclear pore membrane and inner nuclear membrane have only one or two
transmembrane segments (Padan et al., 1990; Furaukawa et al., 1995; Martin et al., 1995).
It seems unlikely that LBR's eight transmembrane domains only contribute to the
stabilization of the protein at the nuclear membrane. The first transmembrane segment of
chicken LBR may serve as an inner membrane targeting signal for LBR (Smith and Blobel,
1993, Soullam and Worman, 1995). 1t is also possible that certain regions of the
hydrophobic carboxyl-domain of LBR contribute to the association with B-type lamins at
the nuclear membrane in cells. In addition, mutants of the yeast homologous gene Sts! are
supersensitive to the protein kinase inhibitor stauroporine and also to divalent cations and
other drugs (Shimanuki et al., 1992). The homology between the Sts1 protein and LBR in
transmembrane segments suggests the possibility that LBR's carboxyl-terminal domain
may be involved in the transport of ions or organic compounds between the nuclear and
perinuclear space.

Thr!88 of chicken LBR is a cell cycle-dependent phosphorylation site for p34cdc2
kinase (Courvalin et al., 1992). The corresponding site (Thr200) in human LBR is also a
phosphorylation site for p34<4¢2 in vitro and in vive. Phosphorylation of Thr!88/200 during
mitosis might modify the structure of the amino-terminal domain and change its affinity to
its binding ligands including B-type lamins, DNA and heterochromatin components (see
chapter 5). In reverse, dephosphorylation of Thr!88/200 jp interphase may increases the
affinity of the amino-terminal domain of LBR to its ligands. Dephosphorylation of serine
residues was shown to reduce LBR’s binding to B-type lamins (Appelbaum, 1990). At
least one serine residue that is phosphorylated in interphase is not phosphorylated in |
mitosis (Courvalin et al., 1992). Thus it is likely that binding affinity of LBR to its ligands

are regulated by a combinatorial mechanism of phosphorylation and dephosphorylation.
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Chapter 4. Protein-Protein Interactions
between Human Nuclear Lamins Expressed in Yeast

Abstract

The nuclear lamina is a meshwork of intermediate filaments that underlies the inner
nuclear membrane. Lamins are the protein components of the nuclear lamina and belong to
the intermediate filament protein family. An intermediate filament protein has three
domains including the head domain, the rod domain and the tail domain. The rod domain
can further be divided into three coiled-coil subdomains called coil 1a, coil 1b and coil 2
respectively. The nuclear lamina is assembled via protein-protein interactions between the
nuclear lamins. We have used the yeast two-hybrid system to examine the interactions
between the predominant human nuclear lamins including lamin A, lamin B1, lJamin C and
lamin A precursor prelamin A. All of these four lamin proteins were able to form
homodimers as well as heterodimers when expressed as GALA4 fusion proteins in
Saccharomyces cerevisiae. Analysis of the different structural domains of lamin B1
demonstrated that the head and tail domains are not involved in the formation of
homodimers, all of the subdomains of the rod contribute to the formation of
homodimerization, and the second half of coil 2 of the rod domain was necessary for the
formation of the most stable homodimers. These results suggest that the lamin filaments
can be homotypic as well as heterotypic. The results also demonstrate that the yeast two-
hybrid system can be used to study the interactions between structural proteins and their

domain.
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Introduction

The nuclear lamina is a filamentous meshwork of 10 nm-diameter intermediate
filaments (IF) that underlies the inner nuclear membrane (Aebi et al., 1986). The cloning
of cDNAs for human lamins A and C first clearly demonstrated that they are members of IF
protein family (Fisher et al., 1986; McKeon et al., 1986). IF proteins can self assemble
into complex 10 nm-diameter filaments. According to their primary structure or tissue-
specific expression, the IF protein family is classified into six types. Nuclear lamins
belong to type V; types I-IV and VI are various cytoplasmic IF proteins (Albers and Fuchs,
1992).

All IF proteins consist of three domains: a non-helical “head” domain at the amino-
terminus, a non-helical “tail” domain at the carboxyl-terminus and a o-helical central rod
domain in the middle. The central rod domain can be further divided into three coiled-coil
regions termed coil 1a, coil 1b, and coil 2 that are separated by short linker sequences. The
central rod domain is highly conserved among IF proteins. In contrast, the primary
structures of the head and tail domains can vary significantly. The central rod domain
contains hydrophobic amino acid residues that are arranged in a repeat pattern which creates
a hydrophobic environment favoring protein-protein interactions (Albers and Fuchs, 1992;
Stewart, 1993). The 10-nm diameter IFs are assembled through protein-protein
interactions among IF proteins. The first level of organization is the formation of a dimer
through interactions between two o-helical rod domains. IF dimers can either be
homodimers or heterodimers. Basic and acidic keratins, the type I and II IF proteins, can
form both homodimers and heterodimers in vitro (Coulombe and Fuchs, 1990), but only
the heterodimers are involved in filament formation in vivo (Hatzteld and Weber, 1990).
The type III IF proteins, such as vimentin, desmin, peripherin, and glial acidic fibrillary
protein, normally form as homodimers. IF dimers further interact to form higher-ordered
polymers in different fashions and that ultimately assemble into 10 nm-diameter filaments

(Albers and Fuchs, 1992).
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Lamins are different from cytoplasmic IF proteins in that they contain a nuclear
localization sequences in their carboxyl-terminal tail domains and an extra 42 amino acids
stretch in coil 1b (Dodemont et al., 1990). The nuclear lamina of most terminally
differentiated mammalian cells is comprised of lamins A, C, B1 and B2 (Nigg, 1992).
Vertebrate lamins are designated as A- or B-type lamins according to their biochemical
properties and primary structure. A-type lamins are neutral and B-type lamins have a weak
acidic charge (Gerace and Blobel, 1980). While B-type lamins are constitutively
expressed, lamins A and C are not present in many undifferentiated cells including some
human cancers (Nigg, 1992). Mammalian cells potentially express three different isoforms
of B-type lamins (Hoger et al., 1988; 1990; Pollard et al., 1990; Furukawa and Hotta,
1993). Lamin B1 is the predominant B-type lamin isoform present in mammalian somatic
cells (Hoger et al., 1988; 1990; Pollard et al., 1990) and in humans it is expressed from a
gene (Lin and Worman, 1995) on chromosome 5 (Wydner et al., 1996). Lamin B2 arises
from another gene and is expressed in most somatic cells in minor amounts (Vorburger et
al., 1989, Weber et al., 1990). The third mammalian B-type lamin isoform, termed lamin
B3, is expressed only in spermatocytes and may arise from the lamin B2 gene by
alternative splicing (Furukawa and Hotta, 1993). Human lamins A and C are identical in

. the first 566 amino acids but differ in the carboxyl termini (Fisher et al., 1986; McKeon et
al., 1986). Genomic cloning of genes for human lamins A and C has demonstrated that
they are encoded by the same gene which in human is on chromosome 1 (Wydner et al.,
1996) and arise by alternative splicing (Lin et al., 1993). A germ cell-specific lamin that is
identical to lamin C but with a different amino-terminal domain may also arise from this
gene (Furukawa et al., 1994). Mature lamin A is derived from a precursor called prelamin
A by the removal of its last 18 amino acids by an unknown proteolytic processing reaction
(Weber et al., 1989; Beck et al., 1990). Both A-type lamins (except lamin C) and B-type
lamins have conserved CaaX signal sequences at their carboxyl-termini for farnesylation.

While the farnesyl modification on B-type lamins is permanent, the prenyl-group is present
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only on prelamin A but not on mature lamin A (Nigg, 1992). The farnesylation
modification has been shown to be required for targeting newly synthesized lamins to the
nuclear membrane (Holtz et al., 1989; Krohne et al., 1989; Kitten and Nigg, 1991).
Because various combinations of lamins are expressed in different mammalian cells
during different stages of development, it is possible that lamins, like cytoplasmic
intermediate filament proteins, can be heteropolymeric or homopolymeric. The
demonstration that intranuclear complexes associated with sites of DNA replication contain
only B-type lamins but not lamins A and C further suggests that different associations
between various lamin proteins with functional implications can occur within the same
nucleus (Moir et al., 1991). Despite these observations, little is known about the first order
interactions between the different human nuclear lamins. It is also not know:n if prelamin A
can interact with itself or with other lamin proteins. In addition, the roles of individual
lamin domains in the formation of dimers have not been well defined. For these reasons,
we have used the yeast two-hybrid system, which is designed to study interactions between
two proteins in a cellular environment, to examine protein-protein interactions between the

major human nuclear lamins and their domains.
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Results

Homodimerization and Heterodimerization of the Major Human Nuclear
Lamins

We used the yeast two-hybrid system (Fields and Song, 1989) to detect protein-
protein interactions between the major human nuclear lamins expressed in yeast. In the
two-hybrid system, the DNA binding domain of yeast transcription factor GALA4 is
expressed from one plasmid (pGBT9) and the transcription activation domain from another
(pGAD424). Constructs derived from these two plasmids are used to cotransform specific
yeast strains in which the GAL4 gene has been deleted and contain a lacZ fusion gene that
can be activated by a GAL4 binding site. Neither the DNA binding domain nor the
activation domain alone can activate transcription. Transcription from the lacZ gene can be
activated when the DNA binding domain and the activation domain come together as a
result of an interaction between polypeptides fused to them. Activity of the lacZ gene can
be detected by measuring 3-galactosidase activity in the transformed yeast using qualitative
filter assays or quantitative liquid assays. A positive B-galactosidase activity generally
indicates an effective protein-protein interaction while a negative one suggests no
interaction. To a certain degree, the activities of B-galactosidase also approximate the
strength of the protein-protein interactions (Fields and Song, 1989).

The cDNAs encoding human prelamin A, lamin A, lamin B1, lamin C were cloned
into the two-hybrid system plasmids pGBT9 and pGAD424 as in frame fusions with the
yeast GAL4 DNA binding domain and activation domain respectively. The cDNA for a
portion of neurofilament protein NF-L, a type IV IF protein, was constructed into both
pGBT9 and pGAD424 for use as controls (Fig. 4-1A). All combinations of these
constructs were used to cotransform yeast strain SFY526, and the transformants were for
B-galactosidase activity by filter assays (Fig. 4-1B). The B-galactosidase activity was

positive for all combinations of lamin fusion proteins and negative for all combinations of
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transformation of lamin fusion proteins with NFL23-349 (partial NF-L protein, includes
amino acids 23 to 349) fusion proteins. The cotransformants of pGBT9-NF-L23-349 and
pGADA424-NF-L23-349 were detected as B-galactosidase positive, indicating that this
fragment of NF-L can form a homodimer with itself. These results demonstrated that
prelamin A, lamin A, lamin B1 and lamin C can form homodimers and heterodimers in all
combinations.

The B-galactosidase activities of yeast transformants were also measured by the
"liquid method" which semi-quantitatively reflects the strength of protein-protein
interactions (Fields and Song, 1989). The B~galactosidase activities measured ranged
from 2 units to about 17 units (Table 4-1). The highest B-galactosidase activity detected
was for the cotransformants of pGBT9-PreA and pGAD424-LmB (16.8 * 4.2 units) and
the lowest was of pGBT9-LmC and pGAD424-PreA. Generally higher 3-galactosidase
activities were detected in co-transformants with pPGAD424-LmB. The reason for the
higher activities when lamin B1 was expressed in this context is unclear. No significant
differences of B-galactosidase activities were observed among all other cotransformation
combinations. Cotransfromation of the pair of plasmids expressing GAL4-NF-1.23-349
fusions gave an enzyme activity of 2.8 units, which is as high as several heterotypic lamin-
lamin interactions including PreA-LmA, LmB-PreA, LmB-LmC and LmC-PreA. The
enzyme activities measured in the cotransformants of NF-L with all the lamins were the
same as the negative control (cotransformants of pGBT9 and pGAD424 ), demonstrating
that NF-L does not form heterodimers with lamins. Transformation with any of the GAL4-
lamin fusion proteins alone did not give B-galactosidase activity above control (data not
shown), indicating that lamins do not bind the GALA4 binding sequence in DNA or

nonspecifically activate transcription.
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Fig. 4-1. Interactions between human nuclear lamins expressed in yeast
detected using the yeast two-hybrid assay. (A) Schematic diagrams showing pre-
lamin A (PreA), lamin A (LmA), lamin B1 (LmB), lamin C (LmC) and neurofilament
filament protein NF-L fusion proteins. At left of each diagrammed polypeptide is the
GAILA fusion domain. The amino acid numbers of the proteins are indicated below each
diagram. Coil 1a (left), coil 1b (middle), and coil 2 (right) are shaded in each diagram.
CaaX indicates isoprenylation consensus sequences at the carboxyl termini of prelamin A

and lamin B1. “*” indicates the position of amino acid 349 of NF-L. (B) Detection of 3-
galactosidase activity by a colorimetric filter assay in yeast cotransformed with the indicated
plasmids. pGAD424 derivatives express the activation domain of GALA4 fused to the
indicated lamin. pGAD424 derivatives (vertical column) and pGBT9 derivatives
(horizontal row) are as indicated. The transformed yeast cultures were plated on solid
media and transferred to filters as described in Materials and Methods. Yeast in which
positive protein-protein interactions occurred are blue (gray in the black and white photo) as

a result of the induction of B-galactosidase activity. White colonies are those in which -
galactosidase activity was not induced in the cotransformed yeast.
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Table 4-1. PB-Galactosidase activities in the two-hybrid assay for yeast
cotransformed with plasmids that express GAL4 fusion proteins of human
nuclear lamins

pGAD424
Prelamin A Lamin A Lamin B Lamin C NF-L1.23-349
pGBT9
PreA 39+ 1.1 23+ 1.0 168 £ 4.2 5.1+08 09 + 0.1
LmA 49+42 82+ 1.6 63+10 63+ 1.1 09+ 0.1
LmB 3.2+40.1 3.5+0.3 10.8 £ 0.1 2.8 £ 0.5 09 +0.1
LmC 1.9+ 04 39+0.5 10.8 + 0.1 2.8 £0.5 1.0 % 0.1
NF-L23-349  11+0.1 09 +0.1 09 +0.1 0.9 + 0.1 2.8+ 0.9

Note. pGAD424 derivatives (vertical columns) express the activation domain of GAL4
domain of GALA fused to the indicated lamin or NF-L. pGBT?9 derivatives (horizontal
rows) express the DNA binding domain of GALA fused to the indicated intermediate
filament protein. Yeast were transformed with the pGAD424 derivatives and pGBT9

derivatives as indicated. Values are mean [}—galactosidase activities in standard units (see
Materials and Methods) + standard error for n = 3 experiments. For yeast cotransformed
with pGBT9 and pGAD424 (negative control), the activity was 1.0 £0.1)




Domains of Lamin Bl Involved in Homodimerization

To analyze the domains of lamin B1 involved in homodimerization, we cloned
various cDNAs encoding domains of lamin B1 (Fig. 4-2, diagram on top) into both
pGBT9 and pGAD424 vectors to be expressed as GALA4 fusion proteins. These plasmids
were used to cotransform yeast SFYS526 in pairs. The f8-galactosidase activities of these
transformants were tested by both filter and liquid assays (Fig. 4-2, table on bottom). The
head domain (H), coil 1a (Cla), coil 1b (C1b), the head domain plus coil 1a (HCla) and
the tail domain (T) were negative, indicating that they were not able to form homodimers to
induce B-galactosidase activity. Coil 2 alone (Cla), coil 2 plus the tail domain (C2T), and
coil 1a plus coil 1b with or without the head domain (Clalb or HC1alb) all induced similar
levels of -galactosidase activity. Full-length lamin B1 and lamin B1 lacking the carboxyl-
tail domain gave slightly higher levels of -galactosidase activity than Cla, C2T, Clalb
and HC1alb homodimerization. The highest measured level of B-galactosidase activity
was obtained for the domain containing coil 1b and coil 2 of lamin B1, but deletion of the
second half of coil 2 from this polypeptide abolished its ability to induce B-galactosidase
activity in the transformed yeast. The second half of coil 2 therefore appears to be needed
for the formation of the most stable lamin dimers. Coil 1b plus coil 2 of lamin B1 induced
twice as much B-galactosidase activity as full-length lamin B1, suggesting that the head and

tail domains of the protein may partially inhibit dimerization.
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Head Coilta Coll 1b Coll2 Tail
—
1 35 0 82 240 244 380 566
Beta-Gal Activity
Lamin B Domaln Amino Acid Liquid Assay Filter Assay

H 1-38 1.3120.1 White

Cia 31-75 1.3+0.1 White

Cib 78-243 121041 White

c2 241-394 36105 Blue

caT 241-586 27+08 Blue

Ciatb 31-243 3.34#1.0 Blue

Cib2 78-384 248114 Blue

Cib2m 78-321 0.8%0.1 White

HCta 1-75 1.3+0.1 White

HCtaib 1-243 1.410.1 Blue

HC1a1b2 1-354 72119 Blue

T 390-586 1.2£0.1 White

LmB 1-688 13045 Blue
pGBTE+pGAD424 1.2£0.1 White

pCL1(Gal4) 1180173 Blue

Fig. 4-2. Interactions between the various domains of human lamin B1
detected in the yeast two-hybrid assay. At top is a schematic diagram of lamin B1.
The amino acid numbers of lamin B1 are indicated below the diagram. Coil 1a, coil 1b,
and coil 2 are represented by black rectangles. Yeast’s were cotransformed with pGBT9
and pGAD424 derivatives that respectively expressed the DNA binding domain and
activation domain of GALA4 fused to the indicated domain of human lamin B1. The first
and the last amino acid in lamin B1 is given for each domain. Also shown are results from
experiments in which yeast were cotransformed with pGBT9 and pGADA424 (negative
control) and plasmid pCL1 that expressed full-length GAL4 (positive control). The results

of the quantitative liquid 3-galactosidase activity assays (means = standard errors for n =3
experiments) are given for each combination as are the results of the colorimetric filter
assays in which blue indicates a positive protein-protein interaction and white is negative.
Abbreviations used: H, head domain; Cla, coil 1a; Clb, coil 1b; C2, coil 2; C2T, coil 2
plus tail domain; Clalb, coil 1a plus coil 1b; C1b2, coil 1b plus coil 2; C1b2m, Coil 1b
plus the first half of coil 2; HC1a, head domain plus coil 1a and 1b; HC1alb, head domain
plus coil 1a and 1b; HC1alb2, the tail-less lamin B; T, tail domain; LmB, full-length lamin
Bl.
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Discussion

We have demonstrated that human nuclear lamins can specifically form both
homodimers and heterodimers using the yeast two-hybrid system. A functional nuclear
lamina can be organized from solely homotypic B-type lamins since, in undifferentiated
cells and some cancer lines, lamins A and C are not expressed (Guilly ez al., 1987; 1990;
Lebel et al., 1987; Stewart et al., 1987, Worman et al., 1988; Rober et al, 1989; Cance et
al., 1992). Normally, mammalian somatic cells express multiple lamins including lamin A,
lamin C and two B-type lamin isoforms (Nigg 1992). Our results demonstrate that when
lamins A, B1 and C are all expressed, the lamina can potentially be composed of
heteropolymeric filaments containing various combinations of these proteins. However,
we are not certain whether all these combinations of lamins are involved in the formation of
higher-ordered lamin polymers in the cell, since in theory the yeast two-hybrid system
detects the protein-prdtein interactions between two single polypeptides (Fields and Song,
1989). Even so, the different combinations of lamin homodimers or heterodimers can
potentially be involved in forming individual lamin filaments or other substructures within
the nucleus. For example, in some cells, there are intranuclear structures which appear to
contain only B-type lamins, although the lamina is composed of lamins A, B, and C (Moir,
1994).

Homotypic and heterotypic interactions between mammalian lamins have been
studied using in vitro binding assays (Krohne et al., 1987; Georgatos et al., 1988).
Xenopus lamin L.1(a B-type lamin) has been shown to bind strongly to mammalian lamins
' A and C in a blot binding assay. Binding to itself and B-type lamin was much weaker but
mammalian lamin C could bind to itself and to lamins A, B-type lamin and L1 with the
same affinities (Krohne et al., 1987). Solid phase binding assays and column
chromatography analysis showed that homotypic lamin A-A and C-C interactions were
weaker than the heterotypic lamin A-B, and B-C interactions. The association of B-type

lamin with itself was barely detected unless it was "superphosphorylated" in vitro by
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protein kinase A (Georgatos et al., 1988). However, bacterial-expressed chicken lamin B2
has been shown to be able to form intermediate filaments in vitro (Heitlinger ez al., 1991;
1992). In addition, lamin A alone, lamin C alone and mixtures of lamin A and lamin C can
also assemble to form filaments or paracrystals (Aebi et al., 1986; Ward and Kirschner,
1990; Gieffers and Krohne, 1991; Moir et al., 1991; Heitlinger ez al., 1992). Our results
in the yeast two-hybrid system are consistent with these previous in vitro reconstitution
experiments and demonstrate that these lamin-lamin interactions can occur in vive. The
discrepancies among different in vitro binding assays may result from the differences in
buffer conditions, protein concentrations, or post-translational modifications such as
phosphorylation (Georgatos et al., 1988).

In the yeast two-hybrid system, prelamin A can also form both homodimers and
heterodimers suggesting that the 18 amino acids at the carboxyl-terminus of prelamin A do
not function to interfere its interaction with itself or other lamins. In mammalian cells, the
carboxyl-terminus of prelamin A is farnesylated and subsequently removed to form mature
lamin A after proteolytic processing (Lutz et al., 1992). Although we do not know if
prelamin A is subjected to posttranslational modifications in yeast, isoprenylation is likely
to occur since prenyltransferases and the consensus sequences for prenylation are
conserved in yeast and mammals (Brown and Goldstein, 1993). However, it is unlikely
that yeast have the protease that processes prelamin A to lamin A. The precise function of
prelamin A in vertebrate cells is not known. It has been observed that mutant prelamin A
protein that is resistant to the proteolytic processing cannot incorporate into the lamina in
cells (Hennekes and Nigg, 1994). Our results suggest that this is probably not because
prelamin A is not able to form dimers, or to associate with other type of lamins. It is more
likely that unknown mechanism(s), for example, interactions of monomers or dimers of
prelamin A with other proteins in the mammalian nucleus, are responsible for preventing
the unprocessed protein from binding to other lamina or incorporating into the lamina.

We have shown that the second half of coil 2 appears to be important for the
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formation of strong lamin B1 homodimers. Coil 2 of lamin B1 contains 145 amino acid
residues. Coil 2 alone can form homodimers, and the B-galactosidase activity detected in
the yeast two-hybrid assay is as strong as that of Clalb, a longer coiled-coil polypeptide
(210 amino acids). The cotransformants that express the 158 amino acid coil 1b have no
detectable B-galactosidase activity, suggesting that it does not form homodimer. -
galactosidase activities of an order of magnitude -greater were detected in the two-hybrid
assay with a polypeptide containing both coil 1b and coil 2 (C1b2), but when the second
half of coil 2 was deleted from this polypeptide (C1b2m), the ability to form homodimers
was essentially abolished. It has been known that the homology between different IF
proteins is particularly high at the start of coil 1a and near the end of coil 2. A consensus
sequence "YRR/KL/MLEGE" is found at the end of coil 2 in all IF proteins (Albers and
Fuchs, 1992). In lamins, the amino acid identity in coil 2 can be as high as 90% (Krohne
et al., 1987). It has been shown that when the last 10 to 30 amino acids in coil 2 of a
keratin are deleted, dramatic alterations in cellular keratin networks are observed (Albers
and Fuchs, 1987). However, deletion of the tail domain did not cause any visible
perturbations on keratin network. In our assay, NF-L23-349 which has the second half of
coil 2 deleted, can form homodimers with itself but can not form heterodimers with lamins,
This interaction may result from the interactions between coil 1a plus coil 1b, because the
homodimerization of Clalb of lamin B1 also gave a significantly positive -galactosidase
activity.

NF-L23-549, which contains full-length NF-L lacking the first 23 amino acids, does
not form homodimers (data not shown). Another full-length neurofilament protein NF-M
also does not form homodimers with itself in the yeast two hybrid system (data not
shown). This is probably because mammalian neurofilament are coassembled from three
subunits including NF-L, NF-M and NF-H (Albers and Fuchs, 1992). It is possible that
the second half of coil 2 and the tail domain function to specify the formation of NF units

as heterotrimers but not homodimers or heterodimers. Therefore, deletion of the second
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half of coil 2 and the tail of NF-L enable this polypeptide to form homodimers in our
assays.

The head and tail domains of lamins have been proposed to be involved in the
second level of organization of the lamina because lamin dimers associate longitudinally to
form polar head-to-tail polymers (Heitlinger et al., 1991). In such a case, the head and tail
domains may interact with each other to form the head-to-tail polymers. In the two-hybrid
system, neither the head domain nor the tail domain can form homodimers, suggesting that
they may not contribute to the formation of lamin dimers. Cotransformation of 'pGBT9-H
and pGAD424-T or pGBT9-T and pGAD424-H into yeast also did not induce expression
of B-galactosidase, indicating that head and tail domains did not interact in the two-hybrid
system. In fact, in our assays, the head and tail domains may inhibit dimerization as full-
length lamin B1 appears to interact less strongly with itself than the polypeptide that
contains only coil 1b and coil 2. It is possible that the head and tail domains needed to be
in the context of lamin dimers to interact with each other to form the head-to-tail polymers.

The interactions of different domains of vimentin (a type III IF protein) have
recently been studied by the two-hybrid assay (Meng et al., 1996). Coil 1b, the amino
half, and coil 2b of the vimentin molecule have homotypic interactions with [3-galactosidase
activities of 18, 44, and 52% of the full-length vimentin homotypic interaction (Meng et al.,
1996). These three domains corresponds to the domains of C1b, HClalb, and C2 of
lamin B1. The head domain and the tail domain of vimentin do not interact either
homotypically or heterotypically (Meng et al., 1996). These results are consistent with the
interactions of the domains of lamin B1, suggesting that the functions of the IF protein
domains in IF organization are conserved.

The contributions of different domains of lamin B1 in homodimerization inferred
from the B-galactosidase activities measured in the two-hybrid assay are generally
consistent with the known interactions between intermediate filament protein rod domains

(Steinert and Roop, 1988; Albers and Fuchs, 1992; Stewart, 1993). However, many
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factors such as the level of protein expression, the stability of the chimerical fusion
proteins, conformational effects, and possible interactions of GAL4 fusion proteins with
endogenous yeast proteins, may influence the transcription activation of lacZ gene in the
two-hybrid assay. It is also possible that the lamin B1 domains dimerize in a random
orientation in the yeast two-hybrid assay, and not necessarily in the parallel orientation
known to occur between two full-length in intermediate filament subunits (Albers and
Fuchs, 1992; Stewart, 1993). For these reasons, a definitive analysis of the quantitative
aspects of the interactions between lamin B1 domains will require complementation by
methods other than the two-hybrid system.

Despite the caveats mentioned above, our result nonetheless demonstrate that the
yeast two-hybrid system can be utilized as a semiquantitative method to examine the
interactions between structural proteins of higher eukaryotic cells. The studies on the
interactions of vimentin domains have also confirmed this (Meng et al., 1996). Although
the amino-terminal domain of LBR can interact with B-type lamins in vitro (see Chapter 3),
this interaction was not detected in the two-hybrid system. This may due to the strong
homodimerization of lamin B1 so that a weaker interaction between LBR and lamin B was

masked.
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Chapter 5. Interaction between Heterochromatin Proteins and LBR,

an Integral Protein of the Nuclear Envelope Inner Membrane

Abstract

The eukaryotic chromatin is comprised of euchromatin and heterochromatin.
Heterochromatin is partially localized to the inner nuclear membrane. Integral proteins of
the inner nuclear membrane that bind the nuclear lamina may also associate with the
heterochromatin. We have used the nucleoplasmic domain of human inner nuclear
membrane protein LBR to perform a yeast two-hybrid screen and isolated two human
proteins homologous to a Drosophila heterochromatin HP1. We demonstrated that these
two human proteins, termed HP1Hs® and HP1HsY, interact with LBR in vitro and in vivo.
Drosophila HP1 is involved in position-effect variegation of gene expression. Thus, LBR
can mediate the association of the heterochromatin with the inner nuclear membrane and
also play a role in packaging chromatin into transcriptionally inactive domains at the nuclear

envelope.
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Introduction

The nuclear envelope of eukaryotic cells encloses and organizes the chromatin in
the nucleus into functional domains that influence gene expression (Blobel, 1985). The
eukaryotic genome is composed of euchromatin and heterochromatin. Heterochromatin is
the chromatin material that remains condensed throughout interphase and has little
transcription activity. Euchromatin is highly transcribable and is only condensed in mitotic
chromosomes and decondensed in interphase (Brown, 1966). During interphase,
heterochromatin is characteristically localized at the nuclear periphery, at specific sites in the
nuclear core and surrounding the nucleolus while the euchromatin is localized adjacent to
the nuclear pore complex and in the interior of the nucleus (Franke et al., 1981; Bouteille et
al., 1983; Mathog et al., 1984; Blobel, 1985).

An early biological function linked to heterochromatin is a genetic phenomenon
called “position effect variegation” (PEV) in Drosophila melanogaster (Muller, 1930).
When the white gene required for pigmentation of fly eyes is translocated next to
heterochromatin from the euchromatin in the X chromosome, a mosaic pattern of eye color
is observed (Muller, 1930). It has been suggested that the spreading heterochromatin
encompasses the regions of the white gene in some cells making it transcriptionally inactive
(Tartof et al., 1984). Since heterochromatin is present in all eukaryotic cells, the position
effect repression has been proposed as a general mechanism for gene silencing or
inactivation (Loo and Rine, 1994). '

The condensed appearance of heterochromatin is thought to be due to a specialized
nucleoprotein structure. The first nonhistone chromosomal protein associated with
heterochromatin to be identified was heterochromatin protein 1 (HP1) in Drosophila
melanogaster (J anies and Elgin, 1986). Drosophila HP1 is a 206 amino acid nuclear
protein localized by immunofluorescence microscopy to heterochromatic regions of
interphase and polytene chromosomes (James and Elgin, 1986; James et al., 1989).

Drosophila HP1 is encoded by Sur(var)205, a gene that can suppress PEV in a dosage-
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dependent manner (Eissenberg et al., 1990; 1992), suggesting that HP1 plays an important
role in the formation and maintenance of heterochromatin. Homologs of D. melanogaster
HP1 have been subsequently found in Drosophila virilis (Clark and Elgin, 1992), mouse
(Singh et al., 1991), human (Saunders et al., 1992), mealy bug (Epstein et al., 1992), and
Schizosaccharomyces pombe (Lorentz et al., 1994). HP1 proteins have two highly
conserved regions. The first domain is a 37 amino acids region near the amino-terminus
designated as the "chromodomain" that has 65% identity with Drosophila Polycomb protein
(Pc) (Paro and Hogness, 1991). Pc is known to be involved in mediating repression of
homeotic genes in Drosophila (Paro, 1990). The other conserved domain is a 65 amino
acids region at the carboxyl-terminus which has recently been designated as the “chromo
shadow domain” because of its similarity to the chromodomain in primary and secondary
structures (Aasland and Stewart, 1995). The chromo shadow domain is not present in Pc
proteins (Aasland and Stewart, 1995). The chromodomain of HP1 is involved in
heterochromatin binding and is important for gene silencing in Drosophila (Messmer et al.,
1992; Powers et al., 1993; Platero et al., 1995). The chromo shadow domain of HP1
contains nuclear localization information and also has heterochromatin binding affinity
(Powers and Eissenberg, 1993). HP1 proteins and Pc proteins cannot bind to DNA
directly (Paro, 1990), suggesting that other proteins may be involved that mediate the
interaction of these chromodomain proteins with heterochromatin. Other heterochromatin-
specific proteins that have been identified in mammals are CENP-A, -B and -C, which are
found associated with the centromeric heterochromatin of mitotic chromosomes (Earnshaw
and Rothfield, 1985). CENP-B has been shown to bind to a 17 bp segment of the alphoid
DNA repeat in vitro (Masumoto et al., 1990). Despite these findings, the biochemical
composition of heterochromatin is largely unknown.

It is not known how heterochromatin is localized to the nuclear periphery. Lamins
are able to associate with chromatin and DNA (Glass and Gerace, 1990; Shoeman and

Traub, 1990; Yuan et al., 1991; Luderus et al., 1992), however, it has not been shown that
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they can specifically associate with heterochromatin. Transcriptionally silent regions of the
genome are similarly localized to the nuclear envelope in Saccharomyces cerevisiae
(Palladino et al., 1994; Cockell et al., 1995; Hecht et al., 1995), an organism in which a
nuclear lamina has not been clearly identified, suggesting that integral inner nuclear
membrane proteins may mediate the attachment of heterochromatin to the nuclear periphery.
In fact, several integral proteins of inner nuclear membrane; of higher eukaryotic cells have
been shown to have binding affinities to lamins, chromosomes or double-stranded DNA
(Worman et al., 1988; 1990; Senior and Gerace, 1988; Harel et al., 1989; Courvalin et al.,
1990; Padan et al., 1990; Bailer et al., 1991; Foisner and Gerace, 1993; Harris et al., 1994;
Schuler et al., 1994; Ye and Worman, 1994; Furukawa et al., 1995; Martin et al., 1995;
see also Chapter 3). Among these proteins, the rat proteins LAPs 1A, 1C and LAP2 can
bind to mitotic chromosomes (Foisner and Gerace, 1993) but interactions of these proteins
with specific chromatin proteins or with DNA have not been described. These interactions
cannot therefore explain the specific association of the heterochromatin with the inner
nuclear membrane in interphase.

LBR is an integral protein of the inner nuclear membrane previously shown to bind
to B-type lamins (Worman et al., 1988; Simos and Georgatos 1992; Smith and Blobel
1994; Ye and Worman, 1994) and to double-stranded DNA (Ye and Worman, 1994). We
used the amino-terminal domain of human LBR (see Chapter 3) to perform a yeast two-
hybrid screen and isolated two human homologues of Drosophila HP1. We further
demonstrated that the interactions between LBR and human HP1 proteins can occur in vitro
and in vivo. This interaction thus provides a potential link between heterochromatin and

the nuclear inner membrane.
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Results

Identification of Human Homologues of Drosophila HP1 that Interact with
the Nucleoplasmic Domain of LBR

We performed a yeast two-hybrid screen (Fields and Song 1989; Chien et al.,
1991) using the amino-terminal domain of human LBR fused to the DNA binding domain
of GAL4 in pGBT9 as a bait. Yeast strain Y 190 (Durfee et al., 1993; Harper et al., 1993)
was used in the library screening. The library screened was a Hela cell cDNA library fused
to the GALA transcription activation domain in pPGADGH (Clontech Laboratories, Inc.).
From an estimated 106 yeast cotransformants, ten colonies were isolated that grew on the
synthetic media lacking histidine, tryptophan and leucine in the presence of 25 mM 3-AT
and all tested positive for B-galactosidase activity (see Materials and Methods). Only two
pGADGH recombinant plasmids rescued from these ten clones were able to give positive
B-galactosidase activity when they were cotransformed again with pGBT9-LBRAT (the
bait plasmid). These two plasmids were termed ATBP115 and ATBP8132. When
ATBP115 and ATBP8132 were cotransformed with control plasmid pGBT9 that has the
DNA binding domain of GAL4 alone, the transformants did not demonstrate [3-
galactosidase activity. Cotransformants of the bait plasmid (pGBT9-LBRAT) and control
vector plasmid pGADGH gave no B-galactosidase activity, indicating that the amino-
terminal domain of LBR does not activate transcription by itself (Table 5-1). These results
demonstrated that ATBP115 and ATBP8132 expressed proteins that can specifically

interact with the amino-terminal domain of LBR in the two-hybrid system.
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Table 5-1. B-Galactosidase activities for yeast cotransformed with
LBR amino-terminal domain-GAL4 DNA binding domain fusion
protein and cDNA clones isolated in the two-hybrid screen and controls

Plasmids transformed Filter assay Liquid assay
pGBT9 + pGADGH White 0.67 £0.15
pGBT9-LBRAT + pGADGH White 0.61 +0.01
pGBT9-LBRAT + ATBP115 Blue 4.50 + 0.39
pGBT9 + ATBP115 White 0.57 £ 0.01
pGBT9-LBRAT + ATBP8132 Blue 1.20 £ 0.15
pGBT9 + ATBP8132 White 0.60 £ 0.01

pGBT?9 is the plasmid that expresses the DNA binding domain of GAL4. pGADGH is the
plasmid that expresses the transcription activation domain of GAL4. pGBT9-LBRAT is
the plasmid that expresses the amino-terminal domain of LBR fused to the DNA binding
domain of GAL4. ATBP115 and ATBP8132 are the cDNA clones in a pGADGH-derived
plasmid that were isolated in the two hybrid screen using pPGBT9-LBRAT as the “bait.”

In the colorimetric filter assay, blue indicates positive B-galactosidase activity and white
negative. Enzyme activities for liquid culture assays of co-transformed yeast are given in
units as described elsewhere (Guarente, 1983). Values for B-galactosidase activities are
means =+ standard errors (n = 3).
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Sequencing of the cDNA insert of clone ATBP115 and a GenBank search showed
that it encoded a protein 100% identical to HP1Hs® (Fig. 5-1a), a human homologue of
Drosophila hetefochromatin protein HP1. HP1Hs® had been identified as a nuclear antigen
recognized by autoantibodies from some patients with scleroderma and is localized to the
heterochromatin (Saunders e? al., 1993). Sequencing of the cDNA insert of clone
ATBP8132 showed that it encodes a novel human polypeptide 65% identical to HP1Hsc,
which we termed HP1HSY to distinguish it from another homologous human protein that
has been designated HP1Hsp (Singh et al., 1991; Saunders et al., 1993). The ATBP8132
¢DNA sequence overlapped with two human nucleotide sequences of unknown function in
GenBank. One of the sequences (accession number Z15820) has 345 nucleotides which
were 98% identical, over a stretch of 209 nucleotides, to ATBP8132. The nonoverlapping
nucleotides of Z15820 extend in the 5§’ direction of ATBP8132, We thus deduced the first
17 putative amino acids of HP1HsY from this GenBank sequence. The position of the
amino-terminal methionine is based on the highly conserved sequences among other HP1
proteins (Clark and Elgin, 1992; Eissenberg et al., 1990; James and Elgin, 1986; Saunders
et al., 1993; Singh et al., 1991). The amino acid at position 11 (X) of HP1HsY cannot be
deduced from the nucleotide sequence data in GenBank (Fig. 5-1b).

Over their entire lengths, HP1HsY is 98% identical to the mouse HP1-like protein
M32 and 72% identical to M31 (Singh et al., 1991). HP1Hs® i5 65% identical to M31 and
M32. In addition, HP1HsY is 38% identical and HP1Hs® js 20% identical to SWI6 of
Schizosaccharomyces pombe (Lorentz et al., 1994), which is a chromodomain protein
located in fission yeast centromeric heterochromatin and is required for functions of
centeromeres (Ekwall et al., 1995). A partial sequence encoding a chromodomain protein
has also been identified in Caenorhabditis elegans (Waterston et al., 1992). In addition, the
Drosophila melanogaster protein polycomb contains the conserved chromodomain or
HP1/Pc box (Paro and Hogness 1991) from amino acids 24 to 60 in HP1 and 20 to 56 in
HP1Hsa and HP1HsY,
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CTGGAACCAGAARAGATCATTGGGGCAACAGATTCCTGTGCGTGATTTAATGTTCCTAATG
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AAATGGAAAGACACAGATGAAGCTGACCTGGTTCTTGCAAAAGAAGCTAATGTGAAATGT
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CCACAAATTGTGATAGCATTTTATGAAGAGAGACTGACATGGCATGCATATCCTGAGGAT
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GCGGAAAACAAAGAGAAAGAAACAGCAAAGAGCTAAAGGAGGGGATGGTCTCTGTCATTT
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IGGGAAAAAARCAGA SGAAD AD] AAGAGGACGAGCCTGAAGAATTT
M G K K Q N G K S K X E E A E P E E F
GTCGTGGAAAAAGTACTAGATCGACGTGTAGTGAATGGGARAGTGGAATATTTCCTGAAG
vV VE K VL DRIRUV YV NG KV E Y F L K
TGGAAGGGATTTACAGATGCTGACAATACTTGGGAACCTGAAGAAAATTTAGATTGTCCA
W K 6 6T D A DNTITWEU?PEI EIDNULDTC P
GAATTGATTGAAGCGTTTCTTAACTCTCAGAAAGCTGGCAAAGAAAAAGATGGTACAAAA
E L I E A F L N S Q@ K A G K E K DG T K
AGAARAATCTTTATCTGACAGTGAATCTGATGACAGCAAATCAAAGAAGARAAAGAGATGCT
R K 8 L 8§ D 8 E 8§ D D &8 K 8 K K K R D A
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GAAGAGTTGTTGGGCGTTTTTTGCATCCATAGCACTGGTTACTTTGAACAAATAATARARA

GCTTTCTGTAGTTGCTTCCTTTATCAG
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Fig. 5-1. DNA sequence and deduced amino acid sequence of ATBP115 (a)
and ATBP8132 (b). Sequences obtained from GenBank Database of Z18520

overlapping with ATBP8132 and S62077 overlapping with ATBP115 are underlined.

Protein sequences are shown in single letter code. Potential signal sequence for
polyadenylation are in bold letters. Poly(A) tails were found after the last nucleotide

sequences in both ATBP115 and ATBP8132 cDNAs. The sequences of HP1Hso and

HP1HsY have been submitted to GenBank with accesssion numbers U26311 and U26312,
- respectively.
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Fig. 5-2. Alignment of the amino acid sequences of HPiHSY, HP1Hs® and Drosophila melanogasier (ﬁm)
HP1. Identical or conservative amino acids are shown as white on black. Conservative amino acid substitutions used are:
aliphatic hydrophobic L/I/V/M/A; aromatic hydrophobic F/Y; basic R/K/H; acidic E/D; aliphatic alcoholic S/T; polar amides Q/N.
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Human HP1 Proteins Bind to LBR In Vitro

To confirm the interactions detected in the yeast two-hybrid assay, we showed that
the amino-terminal domain of LBR binds to HP1Hs® and HP1HSY in vitro (Fig. 5-3). 358-
labeled, in vitro translated, HP1Hs® (Fig. 5-3, lanes 1-3) and HP1HsY lacking its first 17
amino acids (Fig. 5-3, lanes 4-6) were incubated with a GST fusion protein of the amino-
terminal domain of human LBR (gtLBR-AT, see Chapter 3) or GST.protein alone coupled
on glutathione-Sepharose beads. After two hours of incubation and extensive washing
with binding buffer, the proteins retained on beads were eluted, analyzed on SDS-PAGE
and subjected to autoradiography. The results showed that both in vitro translated proteins
remained bound on gtLBR-AT beads (Fig. 5-3, lane 3 and lane 6 ) but not on GST beads
(Fig. 5-3, lane 2 and lane 4). The amount of HP1HsY lacking its first 17 amino acids that
associated with the gtLBR-AT appeared to be less than that of HP1Hs® (Fig, 5-3, compare
lanes 3 and 6). This is consistent with the lower B-galactosidase activity this polypeptide
gave in the yeast two-hybrid assay (see Table 5-1). This may be because HP1HsY has
lower affinity for the amino-terminal domain of LBR than HP1Hs® or because this protein
lacks 17 amino acids at its amino-terminus.

The in vitro binding of translated HP1 proteins to gtLBR-AT was also examined in
buffers of increasing ionic strengths and detergent concentrations (Fig. 5-4). The amount
of HP1Hsx that bound to gtLBR-AT started to decrease slightly at NaCl concentrations
greater than 0.5 M but significant binding was still observed in buffers containing 1.0 M
(Fig. 5-4a, lanes 4-8). Binding of HP1Hs® tg the amino-terminal domain of LBR was also
observed in the presence of the non-ionic detergent NP40 at concentrations up to 1% (Fig.
5-4b, lanes 4-6). The binding was sensitive to ionic degergents as 0.05% SDS in the
binding buffer significantly reduced the interaction with only trace amount of HP1
remaining bound to gtLBR-AT (Fig. 5-4b, lanes 7 and 8). These data show that the

binding of human HP1 proteins to LBR is not mediated by weak, non-specific electrostatic

or hydrophobic interactions.
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Hp1Hsa HP1Hsy

Fig. 5-3. The amino-terminal domain of LBR binds to HP1Hs® and HP1HsY
in vitro. The autoradiogram shows 35S-labeled HP1Hs® (lane 1) and HP1HSY lacking its
first 17 putative amino acids (lane 4) synthesized by in vitro translation in reticulocyte
lysates. HP1Hs® (lanes 2 and 3) or HP1HsY (lanes 4 and 5) were incubated with either
GST (lanes 2 and 5) or the gtL BR-AT fusion protein (lanes 3 and 6) coupled to
glutathione-Sepharose. The glutathione-Sepharose was pelleted by centrifugation, washed
and the bound proteins eleuted with SDS. Eluted proteins were separated by SDS-PAGE
and examined by autoradiography. HP1Hs® and HP1HsY bound to the gtLBR-AT (lanes 3
and 6) but not to GST (lanes 2 and 5). Migration of molecular mass standards is indicated
in kilodaltons.
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Fig. 5-4. Effect of ionic strength and detergents on the in vitro binding of
HP1Hso to the amino-terminal domain of LBR. (a) A standard amount of 35S-
labeled HP1Hs® 10% of which is shown (lane 1), was used in each binding assay. This
amount was incubated with glutathione-Sepharose alone (lane 2) or GST coupled to
glutathione-Sepharose (lane 3) in binding buffer containing 150 mM NaCl. This amount
was also incubated with the same amount of gtLBR-AT coupled to glutathione-Sepharose
(lanes 4-8) in buffers containing the NaCl concentrations indicated above each lane.
Glutathione-Sepharose was pelleted by centrifugation, washed in buffer containing the
NaCl concentration indicated above each lane and the bound proteins eluted with SDS.,
Eluted proteins were separated by SDS-PAGE and examined by autoradiography.
Migration of molecular mass standards is indicated in kilodaltons. (b) A standard amount
of 35S-labeled HP1HS®, 10% of which is shown (lane 1), was used in each binding assay.
This amount was incubated with glutathione-Sepharose alone (lane 2) or GST coupled to
glutathione-Sepharose (lane 3) in binding buffer containing 0.5% NP40. This amount was
also incubated with the same amount of gtLBR-AT coupled to glutathione-Sepharose in
buffers containing NP40 at the concentrations indicated above each lane (lanes 4-6) or SDS
at the concentrations indicated above each lane (lanes 7 and 8).
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We demonstrated that cellular HP1 proteins prepared from human Hela cells also bound to
the gtLBR-AT fusion protein (Fig. 5-5). Hela cell extracts were used to perform in vitro
binding assays with the same procedures as the in vitro translated HP1 proteins binding to
gtLBR-AT. The eluted proteins were analyzed by western blots. Two proteins of
appfoximately 30 kDa, recognized by autoantibodies from a patient with scleroderma
against HP1Hs® and related chromodomain proteins (Saunders ez al., 1993), were present
in Hela cell extracts (Fig. 5-5a, lane 1). These two polypeptides were retained on
glutathione-Sepharose attached to gtLBR-AT (Fig. 5-5a, lane 3). These two polypeptides
did not bind to GST (Fig. 5-5a, lane 2) or to a truncated LBR amino-terminal domain
(amino acid 1 to 100) fused to GST (see Chapter 3) (Fig. 5-5a, lane 4), demonstrating that
non-specific interactions of HP1 proteins with components of the binding matrix or control
polypeptides did not occur. The scleroderma autoantibodies used to detect the cellular HP1
proteins recognized recombinant proteins 6xHis-HP 1Hs® and 6xHis-HP1HsY expressed
from the cDNAs isolated in the two-hybrid screen (Fig. 5-5b), indicating that proteins
encoded by ATBP115 and ATBP 8132 were the proteins detected in the cellular extracts.
These results demonstrated that the LBR amino-terminal domain associated in vitro with

HP1 proteins from human cells.
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Fig. 5-5. Binding of HP1 proteins in cell extracts to the amino-terminal
domain of LBR. (a) Autoradiogram of immunoblot probed with autoantibodies from a
patient with scleroderma that recognize human HP1 proteins is shown. These
autoantibodies recognized two polypeptides with molecular masses of approximately 30
kilodaltons in Hela cell extracts (lane 1). Hela cell extracts were incubated with GST
coupled to glutathione-Sepharose (lane 2), the amino-terminal domain of LBR fused to
GST coupled to glutathione-Sepharose (lane 3) and the first 100 amino acids of LBR fused
to GST coupled to glutathione-Sepharose (lane 4). The glutathione-Sepharose was washed
and the bound proteins eluted with SDS, separated by SDS-PAGE and transferred to
nitrocellulose for immunoblotting with the anti-HP1 antibodies. The same proteins
recognized by the anti-HP1 antibodies in the cell extract bound only to the fusion protein
that contained the entire amino-terminal domain of LBR. Migration of molecular mass
standards is indicated in kilodaltons. (b) Confirmation that the autoantibodies used to
detect HP1 proteins in the cell extracts and immunoprecipitates recognize HP1Hs® and
HP1HsY, The Coomassie-blue stained gel shows HP1HsS (lane 1) and HP1HsY (lane 2)
polyhistidine fusion proteins. The autoradiogram of the immunoblot shows that the
antibodies used to detect HP1 proteins in the cell extracts and immunoprecipitates
recognized the HP1Hs® (lane 3) and HP1HsY (lane 4) fusion proteins. Migration of
molecular mass standards is indicated in kilodaltons.




85

Interactions of LBR and HP1 In Vive

To demonstrate that the LBR-HP1 interaction can occur under biologically relevant
conditions, we examined whether HP1 proteins could be coimmunoprecipitated from
human cell extracts by anti-LBR antibodies. Because full-length LBR contains a large
hydrophobic domain with eight putative transmembrane segments, this protein was difficult
to solublize and immunoprecipite from cells without the use of detergents that disrupt
protein-protein interactions. When Hela cells were broken by sonication and extracted with
buffer containing 1% of the detergent NP40, a concentration which did not completely
abolish the interaction between gtLBR-AT and HP1 proteins in vitro (see Fig. 5-4b), only
about 20% of the total cellular LBR was present in the soluble extract.
Immunoprecipitation with anti-LBR antibodies yielded a small amount of LBR that was
detectable on immunoblots and only barely detectable amounts of two polypeptides of
approximately 30 kilodaltons that reacted with the antibodies against HP1 proteins.

Because of the low efficiency with which LBR and HP1 proteins were
coimmunoprecipitated Hela cells extracts, we switched to a human cell line 293T from
which that LBR was more easily extractable. When 293T cells were disrupted by
sonication and extracted with buffer containing 0.5% NP40 and low salt, about 70% of the
cellular LBR was present in the extract. Serum from a patient with PBC that contained
anti-LBR antibodies (Nickowitz et al., 1994; chapter 3, Fig. 3-4) immunoprecipitated LBR
from cell extracts (Fig. 5-6a, lanes 1 and 3). No detectable LBR was present in
immunoprecipitates when control serum from another patient with PBC without anti-LBR
autoantibodies was used (Fig. 5-6a, lane 2). Two polypeptides of approximately 30 kDa
that were recognized by anti-HP1 antibodies were present in immunoprecipitates obtained
with the experimental serum (Fig. 5-6b, lane 3) but not in immunoprecipitates obtained
with the control serum (Fig. 5b, lane 2). The experimental serum with anti-LBR antibodies

did not label the interior of the nucleus when used in immunofluorescence microscopy



86

(Chapter 3, Fig. 3-5) and did not recognize HP1 proteins on immunoblots. Thus it is
unlikely that it would directly immunoprecipitate HP1 proteins. Both the experimental and
control sera contained antimitochondrial autoantibodies (Nickowitz ef al., 1994), and
immunoblotting (data not shown) showed that immunoprecipitates from both serum
contained the major mitochondrial autoantigen pyruvate dehydrogenase E2 (Coppel et al.,
1988), indicating that they had no differences in the efficiency of immunoprecipitation.
These coimmunoprecipitation experiments showed that HP1 proteins and LBR were

associated in human cells.

Co-localization of HP1 Proteins and LBR at the Nuclear Envelope

An in vivo interaction between LBR and HP1 proteins was further supported by
showing that a portion of HP1Hs® containing a FLAG epitope tag was co-localized with
LBR at the nuclear envelope when expressed in Hela cells by transient transfection (Fig. 5-
7). Hela cells transfected with pSVK3-FLAG-HP1Hs® were examined by confocal
immunofluorescence microscopy. Labeling of Hela cells with rabbit anti-LBR antibodies
showed that LBR was exclusively localized to the nuclear envelope in a confocal section
(Fig. 5-7a, red). In the same cell and same section labeling with anti-FLAG antibodies
showed that this polypeptide was expressed in discrete areas throughout the nucleus and
that a significant amount was localized at the nuclear periphery (Fig. 5-7b, green).
Superimposition of confocal images showed that a portion of the expressed HP1Hs® co-
localized with LBR at the nuclear envelope (Fig. 5-7c, yellow). Hence, HP1 proteins were

present in the appropriate subnuclear location to interact with LBR.
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Fig. 5-6. Co-immunoprecipitation of HP1 proteins from cell extracts by
anti-LBR antibodies. (a) Autoradiogram of immunoblot of 8.5% SDS-
polyacrylamide slab gel probed with rabbit anti-LBR antibodies shows LBR in 293 T cell
extracts (lane 1). LBR was not precipitated from extracts by control serum from a patient
with PBC (lane 2) but was immunoprecipitated from extracts using serum from a patient
with the same disease with autoantibodies against LBR (lane 3). (b) Autoradiogram of
immunoblot of 12.5% SDS-polyacrylamide slab gel using autoantibodies against HP1 (see
Fig. 5-5b). Two proteins with apparent molecular masses of approximately 30 kilodaltons
were detected in 293 T cell extracts (lane 1). These proteins were not detected in
immunoprecipitates obtained with the control serum from a patient with PBC (lane 2) but
were detected in immunoprecipitates obtained with serum from a patient with the same
disease with autoantibodies against LBR (lane 3). The slowly migrating bands in lanes 2
and 3, which are less well visualized at the top of the immunoblot of the lower
concentration gel in panel a, correspond to cross-linked complexes of immunoglobulin
(generated during protein A coupling, see Materials and Methods) that were present in the
reaction and recognized by the protein A used to reveal the immunoblots. Migration of
molecular mass standards is indicated in kilodaltons at the left of each autoradiogram.
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Fig. 5-7. Co-localization of HP1Hs® and LBR in cells. (a) Confocal
immunofluorescence micrograph of Hela cells showing LBR in the nuclear envelope (red).
(b) Confocal immunofluorescence micrograph of the same optical section of the same cells
in panel a showing localization of FLAG-tagged HP1Hs® (green). (c) Superimposed
images from panels a and b showing areas where LBR and HP1Hs® are co-localized
(vellow). Cells were transfected to express HP1Hs® with a FLAG epitope tag and fixed
cells were processed for immunofluorescence microscopy using rabbit anti-LBR antibodies
and mouse anti-FLAG antibodies. Secondary antibodies were Texas red-conjugated goat
anti-rabbit (red) and fluorescence isothiocyanate-conjugated goat anti-mouse (green). Bar
indicates 10 pm.
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The Chromo Shadow Domain of HP1 Proteins is Necessary and Sufficient
for LBR-HP1 Interaction.

According to secondary structure analysis (Aasland and Stewart, 1995; Dr. J.-C.
Courvalin, personal communication), HP1 proteins can be divided into two major
domains. The amino-terminal region contains the chromodomain that is highly conserved
among chromodomain proteins. The carboxyl-terminus (the chromo shadow domain,
Aasland and Stewart, 1995) is also highly conserved among HP1 proteins. The
chromodomain and chromo shadow domain are separated by less conserved amino acid
stretches that are rich in charged amino acid residues. To examine which domain of HP1 is
involved in the HP1-LBR interactions, we cloned cDNAs for various domains of HP1Hso
protein (Fig. 5-8, left panel) fused to the activation domain of GAL4 in a two-hybrid vector
pACT2. These pACT2-HP1Hs® constructs were used to cotransform yeast strain Y190
with pGBT9-LBRAT. The B-galactosidase activities of the cotransformants were
examined by both filter assays and liquid assays (Fig. 5-8, right panel). A result of "blue"
on filter assay indicates a positive protein-protein interaction while "white" is negative.
Enzyme activities similar or lower than the negative control (pACT2 alone) also indicates a
negative protein-protein interaction. The results showed that HP1Hs02-69  [jp1Hs069-109
and HP1Hs02-109, which represents the chromodomain alone, the charged region alone and
the chromodomain plus charged region respectively, do not interact with the amino-terminal
domain of LBR. The polypeptides of HP1Hse2-191 'HPp]Hs069-191 gpnd Hp1Hs104-109,
which represents the full length HP1Hs, charged region plus the chromo shadow domain
and the chromo shadow domain alone respectively, can interact with the amino-terminal
domain of LBR. HP1Hs88-173 the corresponding polypeptide of HP1Hs104-109 j
HP1HsY, is also able to interact with the amino-terminal domain of LBR. When the last 30
amino acids of the carboxyl-terminal domain were deleted (HP1Hs:1-160 and HP1Hso69-
160), protein-protein interactions were abolished. There were no significant difference

among the positive enzyme activities measured. These results demonstrated that the
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polypeptide of HP1Hsa104-109  which contains the chromo shadow domain, is necessary

and sufficient for HP1-LBR interaction.

The B-Type Lamin Binding, DNA Binding, and HP1-Binding Domain of
the Amino-Terminus of LBR are Contiguous but not Overlapped

We have previously demonstrated that the stretch of amino acids from 70 to 100 of
the amino-terminal domain of LLBR is essential for its binding to double stranded-DNA
(Chapter 3, Fig. 3-8). Although in vitro binding experiments indicated that the full-length
amino-terminal domain of LBR may be required for its in vitro binding to B-type lamins
(Ye and Worman, 1994), immunological evidence (Lassoud et al., 1991; Lin et al., 1996)
suggested that the first 60 amino acids of LBR may be involved in B-type lamin binding.
The first 60 amino acids of human LBR contains the epitope of autoantibodies that
recognize human LBR (Lin et al., 1996) and some of these autoantibodies have been
shown to be anti-idiotypic to certain antibodies directed against B-type lamins (Lassoud et
al., 1991). To determine the HP1 binding domain of LBR, we cloned cDNAs into pGBT9
to express different parts of the LBR amino-terminal domain and analyzed their interactions
with HP1Hs® in the two-hybrid system (Fig. 5-9). The results demonstrated that the
polypeptide LBRAT!-100, which contains the DNA binding domain and the probable B-
type lamin binding domain, do not interact with HP1. The polypeptide LBRAT97-208
interacts with HP1 with the same level of B-galactosidase activities as the full length amino-
terminal domain of LBR (LBRAT!-208), Similar levels of enzyme activity were obtained
when pGBT9-LBRAT?7-208 was cotransformed with pACT2-HP1Hs104-191 (data not
shown), demonstrating that the interactions between HP1 and LBR occurred through these
two defined regions on both proteins. LBRAT1-174 and LBRAT®7-174, of which the
stretch of amino acids from 175 to 208 was deleted, did not interact with HP1Hs® at all.
These results demonstrate that the stretch of amino acids from 97 to 208 of the amino-

terminal domain of LBR js sufficient and essential for the interaction between HP1 and
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LBR. This domain does not overlap with the DNA binding domain and the domain that
may be important in binding to B-type lamins (amino acids 1-60). When 10 pg of lambda
phage DNA or 100 jig of sonicated salmon sperm DNA were incubated with in vitro
translated HP1 proteins in the in vitro binding experiments, the binding of HP1 protein on
gtLBR-AT beads was not affected (data not shown), suggesting that the amino-terminal
domain of LBR can bind with DNA and HP1 protein at the same time. Thus the amino-
terminal domain of LBR may bind to its three identified ligands through three contiguous

but non-overlapping domains.
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Fig. 5-8. The carboxyl-terminal half of HP1Hs® js necessary and sufficient
for HP1-LBR interactions. The left panel shows diagrams representing the various
HP1Hs® domains fused to the GALA-activation domain. Names of each corresponding
construct are given and listed. The HP1 amino acids included in the fusion proteins are
indicated. cDNAs for HP1 domains are cloned in-frame downstream of GAL4 activation

domain in plasmid pACT2. The right panel shows the B-galactosidase activities of the
cotransformants of pACT2-HP1 constructs and pGBT9-LBRAT. "Blue" indicates a
positive protein-protein interaction. "White" indicates a negative result. pACT2 was used
as a negative control cotransformed with pGBT9-LBRAT. The values of the liquid assay,
in standard units, are means =+ standard errors (n = 3).
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Fig. 5-9. The second half of the amino-terminal domain of LBR is
necessary and sufficient for HP1-LBR interactions. The left panel shows the
diagrams representing various amino-terminal domain of human LBR fused with GAL4-
DNA binding domain. Names of each corresponding construct are given and the amino
acids included in the fusion proteins are indicated. cDNAs for LBRAT domains are cloned
in-frame downstream of the GALA4 activation domain in plasmid pGBT9. The right panel

shows [(-galactosidase activities of the cotransformants of pPGBT9-LBRAT constructs and

pACT2-HP1Hs02-191, "Blue" indicates a positive protein-protein interaction. "White"
indicates a negative result. pGBT9 was used as a negative control cotransformed with
pACT2-HP1Hs02-191, The values of the liquid assay, in standard units, are means +
standard errors (n = 3).
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Discussion

Our findings show that human heterochromatin proteins homologous to Drosophila
HP1 interact with LBR, an integral membrane protein of the inner nuclear membrane. This
molecular interaction can potentially explain the observed association of the
heterochromatin with the inner nuclear membrane in higher eukaryotic cells. These two
human heterochromatin proteins, HP1Hs® and HP1HsY, were the only two proteins that
interacted with the amino-terminal domain of LBR from approximately 106 recombinant
clones in a yeast two-hybrid screen. This selectivity suggests a high specificity of the
interactions. The specificity of the interaction was further addressed by the examination of
direct in vitro interactions between HP1Hs2 and the amino-terminal domain of LBR under
stringent conditions utilizing various salt and detergent concentrations. Identification of the
essential domains for HP1-LBR interactions suggests that these two proteins more likely
bind via interactions between secondary structural motifs and not ionic binding. In
addition, we demonstrated that LBR fusion proteins can extract HP1 proteins from cell
lysates, and antibodies that immunoprecipitate LBR co-precipitate HP1 proteins. Finally, a
portion of HP1Hs® expressed in human cells is co-localized with LBR at the nuclear
envelope. These data demonstrate that HP1-LBR interactions can occur in higher
eukaryotic cells.

In Drosophila melanogaster, heterochromatin is associated with PEV. In PEV,
when an active gene in euchromatin is translocated near constitutive heterochromatin,
transcription of this gene can be variably repressed (Muller 1930; Henikoff 1990). PEV
has also been demonstrated to be associated with altered chromatin structure (Wallrath and
Elgin, 1995). Heterozygous HP1 mutant proteins in Drosophila can demonstrate
suppression of PEV, probably because the formation of stable heterochromatin is defective
(Eissenberg et al., 1990; 1992; Henikoff, 1990; Paro, 1990; Paro and Hogness 1991).
Furthermore, Drosophila mutants in polycomb (Pc) demonstrate developmental

abnormalities because homeotic selector genes active in embryogenesis are not



95

appropriately repressed, also presumably because heterochromatin formation is defective
(Paro, 1990; Paro and Hogness, 1991). These genetic studies and localization of HP1 and
other chromodomain proteins demonstrate that they are important in the formation and
function of heterochromatin. None of the HP1 proteins or other chromodomain proteins
can bind to DNA directly, suggesting that they are associated with heterochromatin via
protein-protein interactions (Paro, 1990). Partners of HP1 proteins have not been
identified. LBR therefore represents the first binding partner for HP1 proteins. Since LBR
can also bind to double-stranded DNA (Ye and Worman, 1994), it may provide a link
between DNA and chromodomain proteins that are attached to the nuclear envelope.

In higher eukaryotic cells, some heterochromatin is associated with the nuclear
envelope, but most is distributed in the nuclear core. Our observation that only a potion of
HP1 staining overlap with LBR is consistent with previous findings (Franke et al., 1981;
Bouteille et al., 1983; Mathog et al., 1984). The differential distribution of
heterochromatin suggests that its three-dimensional organization in the nucleus may arise
from multiple hierarchical protein-protein and DNA-protein interactions. Certain
intranuclear substructures, for example, the nucleoli, may provide other sites for
heterochromatin attachment. At these site, proteins with similar function as LBR, or even
other proteins homologous to LBR, may bind to HP1 proteins. In Drosophila polytene
chromosomes, HP1 is located in several different heterochromatic regions including
centromeres, telomeres and throughout polytene chromosome IV (James ef al., 1989). The
homologous SWIG6 protein of Schizosaccharomyces pombe has also been localized to
centromeres, telomeres and silent mating-type loci (Ekwall et al., 1995). 1t is possible that
these different heterochromatin regions contain different proteins to target them td different
domains of the nucleus, including the inner nuclear membrane, to generate a complex three-
dimensional chromatin organization. Therefore, the binding of HP1 proteins to LBR may
be only one of the muitiple protein-protein interactions involved in the formation of large

DNA-protein complexes responsible for heterochromatin packaging, stabilization and
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targeting to different domains of the nucleus. This model is supported by studies on
transcription silencing at telomeres in budding yeast, in which the heterochromatic silencing
complexes contain multiple DNA-binding and other proteins including histone H3, histone
H4, RAPI, SIR3 and SIR4 (Palladino et al., 1993; Moretti et al., 1994; Cockell et al.,
1995; Hecht et al., 1995). These silencing complexes are also localized to the nuclear
envelope in yeast and although an interaction between them and the inner nuclear membrane
has been observed, the membrane proteins(s) has not been identified (Cockell et al., 1995;
Hecht et al., 1995). Since telomere silencing in yeast is analogous to gene repression by
heterochromatin in higher eukaryotic cells, it can be inferred that proteins other than HP1
and LBR are involved in the formation of heterochromatin at the nuclear envelope in higher
eukaryotic cells. Likewise, it is possible the proteins functionally analogous to LBR exist
in the yeast inner nuclear membrane that are responsible for the localization of telomere
silencing complexes to the nuclear periphery.

In addition to HP1 proteins, LBR also binds to B-type lamins (Worman e al.,
1988; Simos and Georgatos, 1992; Smith and Blobel, 1994; Ye and Worman 1994), thus
LBR may have a duel function in anchoring both the lamina and the heterochromatin to the
inner nuclear membrane in higher eukaryotic cells. These two functions may be carried out
by the independent domains of the amino-terminal domain of LBR. The first 60 amino
acids may be involved in the B-type lamin binding, the following 30 amino acids Ser-Arg-
rich stretch binds to DNA, and the last 100 amino acids binds to HP1. Whether the B-type
lamin binding and heterochromatin binding are mutually exclusive or co-operative is not
known. To summarize these findings, a diagram illustrati.ng interactions of LBR with the
nuclear lamina and heterochromatin is shown in Fig. 5-10.

The nuclear lamina has also been proposed to function in attaching the chromatin to
the nuclear envelope, and interactions between chromatin and A-type and B-type lamins
have been reported to occur via histones (Yuan et al., 1991; Taniura et al., 1995).

However, these interactions cannot explain the specific association of heterochromatin at
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the nuclear envelope. Furthermore, A-type lamins are not expressed in many cells (Guilly
et al., 1987; Lebel et al., 1987; Stewart and Burke 1987) suggesting their role in chromatin
binding in vivo may not be essential. Other integral membrane proteins may also function
in chromatin attachment to the inner nuclear membrane. LAP2 has been shown to interact
with whole chromosomes (Foisner and Gerace, 1993) but its specificity for
heterochromatin has not been demonstrated. Thus, it is possible that LBR plays the pivotal
role in the attachment of heterochromatin to the inner nuclear membrane by binding to HP1
and DNA. The interactions of lamins and other inner nuclear membranes with
heterochromatin may be less specific and function to strengthen the chromatin-nuclear

envelope interaction in some cells.

Cytoplasm

IR A VVY
-— L‘VAV;-

V'V

Wub LBR ® HP1

Unknown heterochromatin

: LAPS - protein(s)

/OOO’ DNA —_— Lamins

Fig. 5-10. Diagram showing the interactions of LBR with the lamina and
heterochromatin at the nuclear envelope. The symbols in the diagram representing
different components are indicated. The nuclear envelope is illustrated in cross-section,
showing a nuclear pore complex and the outer and inner nuclear membranes. This diagram
is not drawn in proportion to the size of different components.
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Chapter 6. General Discussion on Protein-Protein

and Protein-Chromatin Interactions at the Nuclear Envelope

1. Interactions of the Integral Proteins of the Inner Nuclear Membrane
with the Nuclear Lamina

The nuclear lamina associated with the inner nuclear membrane is a meshwork
of intermediate filament proteins (Aebi et al., 1986). Lamins are the protein
components of the nuclear lamina (Gerace et al., 1978). Four different lamins
including lamins A, B1, B2 and C have been found in most terminally differentiated
mammalian somatic cells (Nigg, 1989). Several integral inner nuclear membrane
proteins with lamin binding affinity have been proposed to be responsible for the
association of the lamina to the inner nuclear membrane (Worman et al., 1988b; 1990;
Senior and Gerace, 1988; Foisner and Gerace, 1993). Among these proteins, LBR has
been identified protein that specifically binds to B-type lamins in vitro and in vivo
(Worman et al., 1988b; Simos and Georgatos, 1992; Smith and Blobel, 1994). In the
present study, we demonstrated that the nucleoplasmic amino-terminal domain of
human LBR can bind to B-type lamins independently in vitro. The amino-terminal
domains of other lamin binding proteins (LAP1C and LAP2) are also localized at the
nucleoplasm (Furukawa et al., 1995; Martin et al., 1995). It is likely that the
nucleoplasmic domains of these proteins are also responsible for their association with
lamins.

The significance of the presence of multiple lamin binding proteins at the inner
nuclear membrane is not clear. LBR specifically binds to B-type lamins (Worman et
al., 1988b). LAPI1A, 1B, 1C binds to lamins A, B1 and C while LAP2 associates with
lamin B1 only (Senior and Gerace, 1988; Foisner and Gerace, 1993). The presence of
specific B-type lamin binding proteins and the constitutive expression of B-type lamins
suggest that B-type lamins may have functions that are different from lamins A and C.
1t is possible that B-type lamins are the core components in the organization of the

nuclear lamina and the incorporation of lamins A and C contributes to the complexity of
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structure and functions of the nuclear lamina. Integral membrane proteins such as
LAPIA, LAP1B and LAPIC that have general lamin binding affinities may also
contribute to the attachment of the nuclear lamina at the inner nuclear membrane.

The nucleoplasmic domains of LBR, LAP1C and LAP2 all have consensus
sites for phosphorylation by p34¢dc2 protein kinase (Worman et al., 1990, Ye and
Worman, 1994; Furukawa et al., 1995; Martin et al., 1995). One of the p34¢dc2
phosphorylation sites of LBR is cell cycle-dependent (Courvalin ef al., 1992; Chapter
3). Phosphorylation of LBR affects it’s B-type lamin binding affinity (Appelbaum et
al., 1990) and mitotic phosphorylation of LAP2 inhibits its B-type lamin binding as
well as chromosome binding. (Foisner and Gerace, 1993). p34cdc2 is the key protein
kinase that promotes mitosis and is responsible for the disassembly of the nuclear
lamina (Peter et al., 1990; Dessev et al., 1991). Thus the simultaneous
phosphorylation of the lamin binding proteins and lamins by p34¢cdc2 kinase may.
weaken the association of the nuclear lamina with the nuclear inner membrane and lead

to the breakdown of the nuclear envelope at the onset of mitosis.

2. Interactions of Chromatin with Nuclear Envelope Proteins

In interphase cells, chromatin, especially heterochromatin, is associated with the
nuclear envelope. The association of chromatin with the nuclear envelope is important
for cellular functions including replication of chromatin and regulation of gene
expression (Blobel, 1985; Goldberg, 1995). The transcriptionally active euchromatin
is localized to the NPCs and the interior of the nuclear core (Blobel, 1985). One NPC
protein Nup153 has been demonstrated to be able to associate with DNA (Sukegawa
and Blobel, 1993) suggesting that NPC components can directly involved in the
organization of chromatin in the cells. This finding is a preliminary evidence of the
“gene gating” hypothesis that NPC components bind to transcription-active genes to
facilitate the export of transcripts into the cytoplasm (Blobel, 1985).

Chromatin associated with the nuclear envelope is mainly the transcriptionally

inactive heterochromatin (Mathog et al., 1984; Blobel, 1985; Hochstrasser et al.,
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1986). The formation and maintenance of heterochromatin is important for the
repression of gene expression in cell differentiation and development (Henikoff, 1990).
The best example is PEV in Drosophila (Muller, 1930). Lamins have been
demonstrated to be able to associate with chromatin or DNA (Glass and Gerace, 1990;
Shoeman and Traub, 1990; Yuan et al., 1991; Luderus et al., 1992; 1995; Glass et al.,
1993; Taniura et al., 1995). LAP2 of the inner nuclear membrane can also associate
with chromosomes (Foisner and Gerace). However, specific interactions between
these proteins and chromatin or heterochromatin components have not been
demonstrated. The present findings that LBR interacts with both DNA (Chapter 3) and
heterochromatin binding proteins (Chapter 5) suggest that heterochromatin associates
the inner nuclear membrane via both protein-protein and DNA-protein interactions.
Thus, LBR, in addition to functioning as an anchoring site for nuclear lamina, may aléo
play an important role in the formation and maintenance of heterochromatin at the
nuclear envelope. Lamins may interact with chromatin in less specific ways or with
other components of chromatin. Whether LAP2 interacts chromatin during interphase
is not known.

Chromatin undergoes constant changes in cells. Changes in histones, DNA and
heterochromatin packaging constantly occur to regulate the activation or repression of
gene expressions (Lewin, 1994). Alterations in the interaction of LBR with HP1
proteins, possibly induced by covalent modifications, could potentially result in
dramatic changes in chromatin organization. LBR undergoes phosphorylation
catalyzed by p34cdc2 protein kinase in mitosis (Courvalin et al., 1992; Chapter 3), when
the inner nuclear membrane breaks down into vesicles and dissociates from the lamina
and the chromatin (Chaudhary and Courvalin, 1993). LBR is also phosphorylated by
other protein kinases in interphase when the membrane is associated with these
structures (Appelbaum et al., 1990; Simos and Georgatos, 1992). Hence, it is possible
that the phosphorylation of LBR, along with the phosphorylation of HP1 proteins
(Eissenberg et al., 1994), can induce profound variations in heterochromatin formation,

nuclear structure and gene expression at various times during the cell cycle. In
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addition, the mRNA level of human LBR can be regulated by IL-6 (Chapter 3). The
human LBR gene has binding sites for several transcription factors (Schuler et al.,
1994). These findings suggest that LBR expression can be regulated and the
differential expression of LBR may regulate the organization and function of

heterochromatin.

3. Nuclear Envelope Proteins and the Reassembly of Nuclear Envelope
at the End of Mitosis
The interactions of integral membrane proteins with lamins and chromatin are
also likely involved in the reassembly of the nuclear envelope at the end of mitosis.
“Several studies have suggested that lamins are responsible for the targeting of nuclear
membrane vesicles to chromosomes to initiate the reassembly of nuclear envelope
(Burke and Gerace, 1986; Daubavalle et al., 1991; Ulitzur et al., 1992). In contrast,
other work have suggested a lamin-independent model in which a membrane protein(s)
is responsible for the membrane targeting (Wilson and Newport, 1988; Newport ef al.,
1990; Meier et al., 1991). In undifferentiated mammalian cells and cancer cells, only
B-type lamins are expressed (Guilly ez al., 1987; Stewart and Burke, 1987; Worman et
al., 1988a). In these A-type lamin deficient cells, it could only be the B-type lamins
that initiate the nuclear membrane targeting, if the lamin-dependent mechanism is true.
However, it has been demonstrated that B-type lamins are targeted to chromatin at the
same time as lamins A and C, which is later than the targeting of LBR-containing
vesicles to the chromatin (Chaudhary and Courvalin, 1993). LAP2 also localizes to the
surfaces of chromosomes earlier than B-type lamins and lamins A and C (Foisner and
Gerace, 1993). Thus, nuclear envelope reassembly is likely initiated by the targeting of
integral membrane proteins such as LBR and LAP2 to chromosomes. Whether LBR
and LAP?2 target the same population of membrane vesicles or whether they target at the
same time to chromatin are not known. LAP2 can bind to mitotic chromosomes and the
binding is regulated by phosphorylation (Foisner and Gerace, 1993), but the ligand(s)

of LAP2 on chromosomes is not known. In the present study, we have demonstrated
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that LBR can bind to DNA and heterochromatin components. Thus, these interactions
can be responsible for the targeting of LBR-containing membrane vesicles to

reassemble the nuclear envelope at the end of mitosis.
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