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Abstract

This thesis concerns the use of autoantibodies and monoclonal antibodies to
investigate the structure of the nuclear envelope and the chromatin complex at
the centromere known as the kine to chore.

The first portion of this thesis is divided into three parts involving the
study of the nuclear envelope. Chapter Two describes a human autoimmune response
to very conserved determinants of nuclear lamins which has helped to unite an array
of proteins found in the nuclear envelope for 400 million years. Chapter Three also
concerns an autoimmune response to the nuclear envelope, but these determinants
exist on a 33,000 dalton protein that we have termed perichromin. Perichromin is
found on the nuclear envelope of interphase nuclei and on the surface of metaphase
chromosomes, and may act to organize the chromosome throughout the cell cycle.
Chapter Four describes a monoclonal antibody that recognizes nuclear pores in the
nuclear envelope. This antibody will form the basis of future studies into the
structure and function of the nuclear pores in nuclear transport of RNA and proteins.

The fifth chapter involves the exploitation of human autoantibodies to the
mammalian centromere to stabilize and isolate the interphase kinetochore complex.
Twelve proteins were characterized from this complex and the DNA from the centromere
cloned. This DNA will be sequenced in hopes of learning the basic organization of
this microtubule organizing center at the level of these DNA sequences.
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Chapter 1

Introduction

Part I: Studies of nuclear structure using autoantibodies and

monoclonal antibodies.

The primary evolutionary development of eukaryotes is the

segregation of DNA into a specialized compartment of the cell known as

the nucleus. This physical segregation acts to separate the events of

gene transcription and DNA replication from the cytoplasmic events of

protein synthesis and most other metabolic processes. The reasons

neccessitating this segregation are now only hypothetical and complex,

but probably relate to problems of organizing many interphase

chromosomes for proper gene expression and preventing unprocessed RNAs

from interacting with the protein synthesis machinery in the cytoplasm.

Early studies of nuclear structure using the electron microscope

attempted to find the structural correllates in the nucleus of the

highly organized events of gene expression and replication. These



ultrastructural studies showed that the DNA was organized into highly

condensed heterochromatin and less compacted euchromatin, that ribosomal

RNA synthesis occured at a structure known as the nucleolus, and that

the nuclear envelope was composed of a double membrane spanned by

discrete organelles termed nuclear pores. But surprisingly, little else

in the way of defined structure was observed in the nucleus, despite the

prevailing notion that such structure must be present. With the

development of immunological techniques for localizing proteins in the

cell, some of the mystery of nuclear structure began to fade. Two

independant groups showed that antibodies made to the major proteins of

the detergent- and high salt-resistant fraction of the nuclear envelope

stained only the nuclear envelope of interphase cells (Gerace et al.,

1978; Krohne et al., 1978). The existance of a lamina at the nuclear

envelope was known for some lower vertebrates (Fawcett, 1966) but it

required immunofluorescence techniques to demonstrate a defined lamina

in mammalian cells for which a lamina was not observable by electron

microscopy.

The localization of the lamins to the inner surface of the nuclear

envelope is an example of the elegance and power of immunological probes

for nuclear structure. But the problems which remain for unraveling the

structural correlates of gene expression are formidable, and are briefly

reviewed below.

The overall organization of chromosomes and the specific location

of genes within the nucleus has sparked widespread interest. Several

lines of evidence suggest the genome is organized into supercoiled

domains of 40 - 100 kb which act as separate replicons immobilized at

interphase on the nuclear envelope or "nuclear matrix" (Vogelstein et



al., 1980). Studies of the initial events of chromosome condensation

during mitosis show that this condensation occurs on the nuclear

envelope (Foe and Alberts, 1983). One implication of these studies is

the possibility that during interphase the ends of supercoiled domains

are somehow linked to the nuclear envelope. Electron microscopy clearly

shows heterochromatin associated with the nuclear envelope, but how this

association is mediated or its significance is not clear. It has been

proposed that gene activation might be a function of the 3-dimensional

spatial coordinates of the gene within the nucleus. The idea holds that

a gene on a 100 kb domain has the potential to move when neccessary to

special sites of transcription or processing and thus facilitate its

expression. Again, no evidence for gene activation that requires gene

trans location in the nucleus exists. Such studies will require high

specific activity probes together with more information on possible

targets. One intriguing target to which genes might be moved in the

nucleus is suggested by the staining pattern of human autoimmune sera

against the small nuclear RNPs that contain the U-series of RNA

sequences thought to be involved in the processing of hnRNAs (Lerner et

al., 1981). By immunofluorescence on mammalian nuclei, these snRNPs

appear to be localized in about 20 - 30 large spherical regions within

the nucleus (Tan, 1982). No experiments have yet been performed that

address the question of whether these sites represent local regions of

gene transcription or RNA processing. If this could be shown, it would

lend credence to the idea that the three dimensional coordinates of a

gene within the nucleus are significant.

In addition to the problems of overall chromosome organization and

the spatial relationship between active genes and potential



transcription-RNA processing centers, processed RNA must be selectivly

transported through the nuclear envelope to the cytoplasm. Nuclear

proteins also must be tranported from their site of synthesis in the

cytoplasm to the nucleus. That this traffic occurs through nuclear

pores was suggested by electron microscopy which showed an apparently

impermeable double membrane surrounding the nucleus punctuated by an

array of nuclear pores (see Maul, 1977). Electron microscopy has also

revealed that the nuclear pore has a highly ordered substructure with

octagonal symmetry (Unwin and Milligan, 1982). Although functional

studies have characterized the nuclear tranport system on a

phenomenalogical level, the exact role of the nuclear pore in active or

passive transport of RNA and proteins has not been determined. This

problem may also have to await the development of immunological probes

to the various structural components of the nuclear pore complex.

The first portion of this thesis addresses some problems of nuclear

structure using human autoantibodies from patients with systemic

rheumatic diseases. It has been known for over 20 years that patients

with systemic lupus erythematosis and scleroderma produce autoantibodies

to nuclear antigens (reviewed by Tan, 1982). What is fascinating about

these patients is that they will produce very high titer autoantibody

responses against antigens which exist at levels of 107° to 10-6 of the

cell protein, corresponding to 0.2 to 0.0002 picograms per cell. The

array of antigenic targets varies from snRNPs, nucleoli, kinetochores,

histones, as well as many other antigens yet to be investigated. While

screening sera by immunofluorescence on CH0 cells, we observed one that

was localized to the nuclear envelope of interphase cells and



disappeared in metaphase (Mckedn et al., 1983). Further investigation

showed this antigen to be the P70 and P60 proteins of nuclear lamins. In

addition, this sera recognized an unmodified, higher molecular weight

species P71, which may correspond to the precursor of the P70 species

that L. Gerace refers to as P70'. What is noteworthy about these

antibodies is that they recognize antigenic determinants on nuclear

lamins which have been evolutionarily conserved at least through p.
melanogaster. Previous attempts to raise polyclonal or monoclonal

antibodies to nuclear lamins have resulted in poor responses which were

limited to non-conserved determinants. This human serum has thus united

the lamins across species and has provided a probe to dozens of

1aboratories studying lamins from a variety of species. Of note is the

observation that as judged by immunofluorescence, these lamin

determinants are not conserved in yeast, which has a closed nucleus

during division (Yanagida, personal communication). Whether this

indicates that yeast has a completely different structural protein on

its nuclear envelope will require more studies. To determine the

clonality of this autoimmune response to the lamins, the anti-lamin

serum was immunoadsorbed to lamins and separated on a 2-D gel. Three

immunoglobulin heavy chains were detected, suggesting that this response

is not merely a myeloma-like overproduction of a monoclonal antibody,

but rather a concerted response by several lymphocyte clones.

The second autoantibody we chose to investigate also produced a

rim-like immunofluorescence pattern on nuclei, but the antigen differed

from lamins in that it condensed onto the outside of the chromosomes at

the very earliest stages of chromosome condensation (McKeon et al.,



1984). These antibodies showed this perichromosomal pattern through all

subsequent stages of the cell cycle, and thus we referred to the 33 K

protein recognized on Western blots as "perichromin". It is not clear at

this point how to interpret this antibody staining pattern. We know that

many of the autoantibodies that stain the interphase nucleus

homogeneously stain the entire chromosome in metaphase, and therefore,

we feel that the perichromin antigen appears to be localized to the

surface of the chromosome because of actual antigen localization there,

and not because of steric barriers to antibody penetration. This

antigen pattern is suggestive of a pathway of chromosome condensation

which differs from the prevailing model proposed by Marsden and Laemmli

(1979). Further studies will be needed to distinguish between these and

other models. The presence of perichromin near or at the nuclear

envelope might also suggest an intermediate between DNA supercoiled

loops and nuclear lamins. Again these questions will require a more

precise understanding of nuclear structure as well as chromosome

structure in order to approach.

The next and least complete of the nuclear envelope studies in this

thesis concerns the use of monoclonal antibodies from mice. We chose to

pursue the monoclonal antibody approach to nuclear structure because

first we were concerned about the possible lack of specificity of probes

derived from whole sera and the general feeling that we had exhausted

the repertoire of antibodies from the systemic rheumatic disease

syndromes.

An interesting monoclonal antibody derived from mice immunized with

complexes from a nuclear pore-lamins preparation which survive 4 M



guanidine treatment was one which yields a dotted pattern on the nuclear

envelope (Chap. 3, Fig. 1). This dotted pattern is confined to the

nuclear envelope and follows lamins through the cell cycle, as shown by

their disappearance in metaphase and their reappearance onto telophase

chromosomes (Chap. 3, Fig. 2, 3). As of yet we have not confirmed that

these structures are nuclear pores, but are now proceeding with

immunogold- localization at the ultrastructural level. In support of the

possibility that these structures are nuclear pore components is the

finding that treatments required to produce a nuclear pore lamina

complex (Aaronson and Blobe 1, 1975), including nonionic detergents,

nucleases, and finally 2 M NaCl do not disrupt these structures, which

remain on the envelope (Chap. 3, Fig. 4). If confirmed at the

ultrastructural level, this would represent the first monoclonal

antibody against the nuclear pore and the only antibody of any

type against an integral component of the pore. A previous report of a

polyclonal nuclear pore antibody has been shown to recognize an antigen

with a molecular weight of 190 k which is a peripheral protein lost by

high salt treatment (Gerace et al., 1983). The apparent molecular weight

of the monoclonal antibody target discovered here is approximately 40kd.

After immunolocalization, one would want to study modifications of this

protein through the cell cycle, as well as to study possible functional

effects of this antibody on pore function. Nuclear transport studies

have provided several model systems, especially in amphibian eggs,

whereby functional studies could be performed (Bonner, 1975; Paine et

al., 1975; De Robertis et al., 1982). A blocking activity of this

antibody would allow a pseudogenetic approach to nuclear transport via

the study of accumulating products. All this is for now hypothetical,



but the pore may be one of the few nuclear structures amenable to such

approaches.

Part II: Isolation of the interphase kinetochore protein-DNA complex

from mammalian cells

The evolution of genetic segregation systems has included

specializations on these chromosomes to attach them to dividing portions

of the mother cell. Prokaryotes not only segregate their one chromosome

with high fidelity, but faithfully segregate single copy episomes as

well (Cuzin and Jacob, 1967). Recent genetic and molecular biological

studies of these unit copy episomes show that they encode transacting

factors which interact with both a specialized region of their

chromosome and some poorly defined region of the host membrane,

presumably at the dividing line between daughter cells (Ogura and

Hiraga, 1983). These "par" functions of the episome map to plasmid

incompatibility regions, which suggests that those plasmids in the same

incompatability group must complete for a limited number of binding

sites on the bacterial membrane (Wehlmann and Eichenlaub, 1980).

The eukaryotes have a segregation system also dependent upon

cis-acting specializations of the chromosome interacting with

microtubules as the means of segregation itself. Some lower forms of

plant life show an intermediate in the transition from prokaryotes to

eukaryotes in that they have centromeres which interact with membranes

which in turn are segregated by microtubules (Heath, 1980).

From a molecular standpoint, the most clearly defined segregation

system is that of the yeast S. cerevisiae. Ultrastructural studies of

this organism indicate that the mitotic haploid stain possesses one



microtubule in each half spindle for each of the 17 linkage groups,

implying that one microtubule interacts with each centromere (Peterson

and Ris, 1976). Genetic techniques have led to the cloning and

sequencing of the centromere from three yeast chromosomes, which has

revealed strong homologies in very unusual DNA sequences

(Fitzgerald-Hayes et al., 1982). In addition, if these sequences were

ligated to mitotically unstable plasmids containing a yeast ARS sequence

(replication origin), they induce the maintainance of these plasmids in

both mitosis and meiosis under non-selecting conditions (Clarke and

Carbon, 1980). The chromatin structure of the yeast centromere is also

unusual. 270 bp of DNA at the highly conserved regions are protected

from nucleases, and the surrounding DNA is ordered into regularly

positioned nucleosomes (Bloom and Carbon, 1982). Nothing is known about

the specific proteins at the yeast kinetochore, and this problem has

proved to be resistant to genetic approaches at this date.

The centromere of higher eukaryotes has been clearly defined by

cytologists as a trilaminar plate at the primary constriction of

metaphase chromosomes to which 15 - 40 microtubules from the centriole

bind (Roos, 1973). Cytogenetic studies have shown that this large

centromere behaves as a series of functional units, which if fragmented

by mutations can act as independant functional units (McClintock, 1938).

From this information one could suggest that each microtubule is

interacting with a subunit of the centromere which may be functionally

and structurally similar to the yeast centromere.

Approaching the molecular structure of the higher eukaryotic

centromere, and especially the mammalian centromere, has been difficult

for several reasons. The first is the preponderance of repeated



satellite DNA in the pericentric region, which precludes the use of

chromosome walking techniques using centromere-linked genes. The second

problem is that no one has developed a monoclonal or polyclonal antibody

to the kinetochore which would allow a biochemical approach to this

problem. But this situation has changed with the discovery by Moroi et

al. (1980) that patients with the CREST syndrome of scleroderma produce

high titer autoantibodies that react with the kinetochore through an
stages of the cell cycle. Based on the fact that these CREST

autoantibodies stain the same number of structures as there are

chromosomes, we made the assumption that these structures contain the

centromeric DNA and at least some of the proteins found in the mature,

metaphase kinetochore. The interphase kinetochore was selected as the

target for isolation because the more dispursed chromatin of the

interphase nucleus was thought to be more amenable to attacks with

nucleases that would be crucial in purifying the kinetochore complex

away from the bulk of the cellular DNA.

Our initial studies with the interphase kinetochore from CHO cells

confirmed an observation by Moroi et al. that the interphase kinetochore

is associated with the nuclear envelope or the nucleolus (Moroi et al.,

1981). By releasing nucleosomes from interphase DNA by graded increases

in NaC1 concentrations, we were able to disperse most of the DNA from

the nucleus and show that the kinetochores remained attached to

structures within the nucleus. We therefore hoped that we could purify

the kinetochores away from the bulk DNA by pretreating with nucleases

that leave the kinetochore intact. This hope was dashed by the finding

that nucleases cut within the kinetochore and render it labile to

10



disintegration by subsequent high salt washes. The real advance in this

project came with the finding that, if the CREST autoantibodies together

with a secondary antibody were used to make a kinetochore immune complex

before nuclease attack, the kinetochore remain associated with the

nuclear matrix despite extensive digestion with nucleases and subsequent

high salt washes. This fact allowed the removal of 99% of the

non-kinetochore DNA together with significant amounts of protein, and it
made subsequent purification sucrose density gradients possible. We were

further surprised by the ability of the kinetochore immune complex to

survive the 4 M guanidine treatment required to disrupt it from the

nuclear matrix.

Structural studies at both the light and electron microscope level

suggest that the isolated kinetochores not completely intact after these

treatments but rather have lost portions which may represent subunits of

the kinetochore. This evidence will be discussed in the chapter on

kinetochores. The isolated particle is an immune complex consisting of

approximately 20 proteins of which 12 appear to be similar in CHO and

HeLa interphase kinetochores. Approximately 70 kb of DNA is associated

with the isolated interphase kinetochore, with a predominant size range

of 600 - 300 bp, depending on the nuclease employed in the isolation.

The isolation of the interphase kinetochore particle is only a

first step towards understanding the structure and function of the

kinetochore. But it allows for the determination of the sequences of the

protected DNA at the centromere and provides for an antigen pool for

monoclonal antibody development.

11
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CHAPTER 2

AN AUTOIMMUNE RESPONSE DIRECTED AGAINST CONSERVED DETERMINANTS OF

NUCLEAR ENVELOPE PROTEINS IN A PATIENT WITH LINEAR SCLERODERMA

17



Summary

We have studied the autoantibodies in the serum of a patient with

linear scleroderma which specifically recognize the nuclear envelope of

cultured cells. These antibodies bind to conserved determinants of

nuclear lamins, the predominant mammalian nuclear envelope proteins. Of

the three mammalian nuclear lamin proteins (P70, P68, and P60), only P70
and P60 bind the autoantibodies. In addition, two proteins of the

Drosophila embryonic nuclear matrix, P70 and P68 bind these

autoantibodies. We have used nuclear matricies to isolate the

autoantibodies from the patient's serum which react to the nuclear

lamins. At least three different IgG heavy chains were found to be

involved in this autoimmune response to nuclear lamins, indicating that

this response is not due to the expansion of a single B-cell clone.

18



INTRODUCTION

A strong correlation exists between systemic rheumatic diseases and

the presence of circulating autoantibodies to protein-nucleic acid

complexes (1). The targets of these autoantibodies include nuclear

ribonucleoprotein particles (nRNP, 2), nucleosomes (3), nucleoli (4),

kinetochores (5), as well as others. The range of targets for

particular disease syndromes are often limited; for example systemic

lupus erythematosis is often associated with autoantibodies to nRNPs

(2), while most scleroderma CREST patients produce autoantibodies to

centromeric regions of chromosomes (kinetochores, 5). Surprisingly,

little is known of the autoimmune responses or their targets on a

molecular level.

In an attempt to associate the immunofluorescence pattern of sera

from patients with specific autoimmune diseases, we discovered a high

titer serum directed against the nuclear envelope in a patient with

linear scleroderma. We designate this serum as LS-1. We have chosen

here to characterize this autoimmune response more precisely by

identifying the antigens recognized by this serum and by determining the

nature and complexity of the antibody response. We have found that

this autoimmune response is polyclonal and directed against two of the

three predominant polypeptides of the nuclear envelope, known as nuclear

lamins (6).

Using immunofluorescence and immunotransfers of NaDodso.-gels We

also have detected nuclear lamins in Drosophila melanogaster embryonic

nuclear matricies. This demonstrates that nuclear lamins are present in

invertebrates and that these autoantibodies from LS-1 must be directed

against very conserved determinants.

19



MATERIALS AND METHODS

1) Autoantibodies

The autoantibodies of LS-1 were obtained from a 24 year old female

patient with linear scleroderma. She had clinically typical, cutaneous

linear sclerotic lesions involving the posterior right calf and thigh,

and left arm. There were no clinical indications of systemic disease.

2) Tissue culture cells

Chinese hamster ovary (CHO) cells were originally obtained from the

Cell Culture Facility at University of California, San Francisco. They

were maintained in alpha Modified Eagle's Medium (without nucleosides)

and supplimented with 5 % fetal calf serum and 5 % calf serum in a 37°C,

10 % CO2 incubator.

Drosophila melanogaster embryonic cells of the KC line were grown

at 26°C in Echalier's medium (7).

3) Immunofluorescence microscopy

CHO and Ko cells were grown on glass covers lips (12mm diameter,

Corning), fixed in 1% formaldehyde in phosphate buffered saline (PBS)

for 5 min. at 22°C, and made permeable to antibodies by washing in 0.1%

Triton-X 100 (Sigma) in PBS. The cells were first exposed to LS-1

diluted 1:200, and subsequently to a rhodamine-conjugated goat

anti-human IgG (Cappe 1). Cells were photographed with a Zeiss

Photomicroscope using a 100x planapo objective.

4) Immunohistochemical microscopy

20



CH0 cells were grown in polystyrene tissue culture dishes (Falcon)

and processed by a standard immunoperoxidase technique (8). After

post-fixation with osmium tetroxide and dehydration in ethanol, the

cells were embedded in a mixture of Epon and Araldite. 1um sections

were obtained using glass knives.

5) CHO nuclear matrix preparation

CH0 cells were grown to confluence on 150mm diameter tissue culture

dishes and extracted in cold PBS with 0.1% Nonidet P-40 (NP-40, Sigma),

15mm 2-mercaptoethanol, and 1mM aminoacetonitrile (AAN) as a protease

inhibitor. The cells were then exposed to 10 units per ml. of

micrococcal nuclease (Worthington) in the same buffer with 10mM CaCl2
for 10 min. at 22°C, followed by 3M NaCl in a buffer containing 80mM

KC1, 5mm EDTA, 0.1% TX-100, 15mm 2-mercaptoethanol, 1mM AAN, and 15mm

Pipes, pH 7.4, and finally pelleted 2000xg for 10 min. and solubilized

in NaDodso.-sample buffer.
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6) Drosophila embryonic nuclear matrix preparation

2 gms. of Drosophila embryos from a 16 hour collection were

dechorionated in 50% Chlorox for 90 seconds. Embryonic nuclei were

obtained essentially as described (9) using 4 strokes of a glass

homogenizer in 10 ml. of an extraction buffer containing 50 mM Tris-HCl,

pH 7.4, 50 mM NaCl, 5mm MgCl 250mM sucrose, 15mm 2-mercaptoethanol,2 ”

and 1mM AAN. The nuclei were separated from soluble material by two 10

min. 1000xg centrifugations. The pellet was resuspended in 5ml of PBS

with 5mm CaCl2, 20 units per ml. micrococcal nuclease, 15 mM

2-mercaptoethanol, 1mM AAN, and 0.1% TX-100, and incubated for 15 min.

at 22°C. The preparation was then centrifuged for 10 min. at 1000xg and

the pellet resuspended in 3M NaCl, 0.1% TX-100, 45mm KC1, 5mm EDTA, and

15mm Pipes pH 7.2 for 5 min. at 0°C. Following centrifugation for 10

min. at 3000xg the pellet was solubilized in NaDodS0, -sample buffer.4

7) Isoelectric focusing, NaDodso.-gel electrophoresis, and Western

transfer

The CHO and Drosophila nuclear matrix preparations were

fractionated by NaDodso.-gel electrophoresis or in combination with

non-equilibrium pH gradient electrophoresis, using standard proceedures

(10,11,12). After fractionation, the proteins were electrophoretically

transferred to nitrocellulose essentially as described (13). The

nitrocellulose was then exposed to a 1:5000 dilution of LS-1 followed by

125
an I- labelled (14) goat anti-human IgG FC-fragment-specific IgG

(Cappel) , dried and subject to autoradiography.

8) Immunoabsorption of anti-lamins IgGs
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Nuclear matricies from 107 CH0 cells were incubated for 1.5 hours

in a 1:1000 dilution of LS-1 and subsequently washed extensively via

repeated centrifugation and resuspension in PBS. The entire CH0 nuclear

matrix preparation, together with the absorbed antibodies, were

processed for Western transfer as above.

RESULTS

1) Immunocytochemical localization of the LS-1 antigen

The series of immunofluorescence and phase contrast micrographs in

Fig. 1 reveals a cell-cycle dependent staining of CHO cells with LS-1.

Interphase cells (Fig. 1, A, B) show a preferential staining of the nuclear

envelope This pattern of staining disappears during chromosome conden

sation at prophase (Fig. 1; C,D,E,F). There is virtually no staining of

the nucleus at metaphase (Fig. 1; G,H), but it reappears at telophase

(Fig. 1; I, J). The observed staining coincides with the breakdown and

reformation of the nuclear envelope during the cell-cycle (15, 16). We

could further confirm that LS-1 specifically recognizes the nuclear

envelope of interphase cells by observing sectioned nuclei processed by

immunoperoxidase techniques (Fig.2). Thin sectioning clearly reveals

the localization of the antibody to the nuclear envelope, by

demonstrating the reaction at the periphery of the nucleus.

LS-1 yields an identical cell-cycle dependant immunofluorescence

pattern in a Drosophila melanogaster embryonic cell line (Fig. 3; A, B).

The characteristic nuclear envelope staining is absent from the mitotic

ce 11 in the field, (denoted by the arrow).
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2) Identification of the polypeptide antigens to LS-1

The immunofluorescence results above are similar to those of

previous reports using antibodies to nuclear lamins derived from

heterologous immunization (6, 17, 18). To test the possibility that the

target of these autoantibodies was the nuclear lamins, we isolated a

crude preparation of nuclear matricies which could be rapidly prepared

by a solid-phase extraction of CH0 cells attached to plastic dishes (see
Methods and Materials). These extracted nuclei stain brightly with LS-1

with a pattern identical to Fig. 1. While this preparation leaves a

large amount of the intermediate filament protein, vimentin, and actin

as determined by NaDodso.-gels (Fig. 4, lane 1), it is also highly

enriched in the three nuclear lamin proteins (P70, P68, and P60). When

an NaDodso.-gel of this preparation is electrophoretically transfered to

nitrocellulose and probed with LS-1, the major reacting proteins

comigrate with the P70 and P60 lamins, also known as lamins A and C

(Fig. 4, 1ane 2) (6). Only a slight recognition of a protein comigrating

with the P68 lamin (lamin B) was detected. In addition, there appeared

to be specific binding to a protein which migrates just above the P70

band at a molecular weight of 71000.

To resolve the question of whether LS-1 weakly recognizes the P68

(B) lamin, the nuclear matrix preparation was first fractionated in one

dimension by nonequilibrium pH gradient electrophoresis, and in the

second dimension by molecular weight by NaDodS0, -gel electrophoresis.4.

Such fractionation has been shown to separate the P70 and P60 lamins

from the more acidic P68 lamins (Fig. 5; A, and ref. 19). When transferred

to nitrocellulose and probed with LS-1, it is clear that the P68 lamins

is not recognized by LS-1 (Fig. 5; B). A series of species with similar
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charge properties appear to migrate between the P70 and P60 lamins

(Fig. 5; B). This Western also detects a reproducible, discrete spot

which migrates at approximately 71000 daltons (P71) with a more acidic

p1 than P70.

3) Homologous nuclear lamin proteins detected in Drosophila with

LS-1.

To further define the presence of nuclear lamins in Drosophila,

nuclear matricies were prepared from embryonic nuclei. NaDodso.-gel
electrophoresis reveals a reproducable doublet of bands migrating at

68000 and 70,000 daltons (Fig. 6, lane 1,2), which is not solubilized by

3M NaCl. Treatment of the nuclear matrix with 3M NaCl solubilizes all

but P70-P68 doublet and a protein with a molecular weight of 65000

(Fig. 6, 1ane 2. When transferred to nitrocellulose and probed with

LS-1, only the doublet at 68000 daltons is detected.

4) Analysis of the complexity of the IgG to nuclear lamins in the

autoimmune response

To analyze the number of IgG-secreting species produced in the

autoimmune response to nuclear lamins, LS-1 was immunoadsorbed to the

insoluble CHO nuclear matrix preparation, and unbound IgG was separated

from the matrix by repeated centrifugation. As shown in Fig. 1 the only

IgG bound appears to react with the nuclear matrix. The speci

fically-bound autoantibodies, together with the entire nuclear matrix

preparation, were fractionated in polyacrylamide gels in two dimensions

and transferred to nitrocellulose. The transfer was probed with an

*1-1abelled goat anti-human IgG FC-fragment (Fig. 7B). Three distinct
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families of spots were detected, probably representing at least three

different heavy chains with differential glycosylation. The interchain

disulfide bonds of the heavy chains appear to be resistant of the

reducing conditions employed, and therefore migrate as dimers of

approximately 100000 daltons as reported by others (20, 21). Total LS-1

reveals only a smear of IgG heavy chains (Fig. 7A).

DISCUSSION

Various patterns of immunofluorescent staining have been detected

in sera from patients with the scleroderma spectrum of autoimmune

diseases. Linear scleroderma is a relatively rare form characterized by

cutaneous linear sclerosis of an extremity or the scalp. The underlying

muscle and bone are frequently affected. Clinical and serological

features of systemic connective tissue disease often occur (22). We

have shown that a 24 year old female patient with linear scleroderma

possesses a high titer antiserum against the nuclear envelope. This

serum specifically reacts with a 70,000 and a 60,000 dalton prominant

protein in the nuclear envelope known as lamin A and lamin C.

The three nuclear lamin polypeptides (P70, P68, and P60) have been

compared through immunological and peptide mapping techniques

(23, 24, 25, 26). P70 and P60 appear to be very similar and different from

P68 by these criteria. This is supported by the observation that LS-1

reacts with both the P70 and P60 and not P68 on two-dimensional

immunotransfers. The heterogeneity of the P70 and P60 proteins is also

clearly manifest on the immunotransfers. In addition, LS-1 reacts with

a protein with a more acidic and discrete pl; which has a molecular

weight of 71,000. The high specificity of LS-1 suggests that this
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protein is a member of the nuclear lamin family, but further experiments

are needed to rule out the possibility that LS-1 has antibodies to

non-lamin proteins. This P71 protein is a minor component of the

interphase nuclear matrix and it is not known whether it is a

precursor or a modified form of the P70 and P60 lamins, or if it has

some specific function.

The lamin proteins have been detected in vertebrate cells from mam

malian, avian, and amphibian origin (27, 28, 29). Studies of isolated

nuclear matricies in Drosophila have previously failed to reveal

characteristic nuclear lamins (9). LS-1 reacts strongly with the

nuclear envelope in Drosophila. Immunotransfers reveal the

characteristic lamins at 70,000 and 68,000 daltons which are observable

in rapidly isolated crude nuclear matricies (Fig. 4). This suggests a

high conservation of some determinants of the lamin proteins which may

represent functional domains in these proteins.

The expression of high titer antibodies against specific cellular

antigens in a variety of autoimmune diseases is baffling. Various

models of the autoimmune response would depend on whether there is a

clonal response from a single B cell clone or whether the response is

polyclonal, possibly reflecting some antigen-specific failure of T-cell

suppression which affects several B-cell clones. Alternatively, the

immunologic response may be directed against a real antigen which is

either identical to the cellular target or shares structural features

with it. Antibodies from LS-1 that are specifically adsorbed to the

nuclear matrix are from at least three B cell clones. The generation of

this highly specific response and its relationship to the etiology of

the disease still remain mysteries. The identification of specific
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antigens recognized by autoimmune sera should enable better

classification of the antibody responses and ultimately provide insight

into the etiology of the autoimmune diseases.
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FIGURE LEGENDS

Fig. 1. Immunofluorescence localization of LS-1 in the CH0 cell

cycle. A., C, E, G, and I are immunofluorescence micrographs; B, D, F, H, and

J are the corresponding phase contrast micrographs. A, B show an

interphase cell with preferential staining of the nuclear envelope.

C, D, E, F, reveal a granular staining pattern in prophase cells in which

the nuclear envelope is disintegrating. E. F. show a mitotic cell and
the lack of discrete staining with the serum. G, H show two daughter

cells during reformation of the nuclear envelope and the conincident

return of autoantibody staining. (X2500).

Fig. 2. Immunoperoxidase localization of LS-1 staining. CHO

cells were fixed, permeabilized with detergents, and exposed to both the

LS-1 serum and a peroxidase-conjugated goat anti-human 1g0. The cells

were then embedded in plastic and cut into lum sections. The staining

is restricted to the nuclear envelope or invaginations of the nuclear

envelope (X2500).

Fig. 3. Immunofluorescence detection of autoantibody binding to

Drosophila embryonic Kc cells. A. Immunofluorescence micrograph. B.

Corresponding phase contrast micrograph. The arrow points to a mitotic

cell which lacks discrete staining. (X2500)

Fig. 4. Fractionation of CH0 nuclear matrix proteins and

immunological detection of LS-1 target antigens.

Lane 1 is a Coomassie Blue stain of the CH0 nuclear matrix

proteins fractionated on an 8.5% polyacrylamide gel. P70, P68, and P60

are the nuclear lamin proteins which have apparent molecular weights of
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70,000, 68,000, and 60,000, respectively. W is the intermediate

filament protein, vimentin, A is actin.

Lane 2 is an autoradiograph of the corresponding western

protein transfer of lane 1, after probing with LS-1. P71 refers to the

reactive species migrating at approximately 71,000 daltons.

Fig. 5. Two dimensional gel fractionation of CHO nuclear

matricies and immunological detection of target antigens. A. Coomassie

Blue-stained gel of CH0 nuclear matrix preparation. P70, P68, and P60

refer to the nuclear lamin proteins. V is the intermediate filament

protein, vimentin. A is actin. Fig. 5; B is the corresponding Western

transfer of A after probing with LS-1. Note the series of reactive

species migrating between lamins P70 and P60. P71 refers to the

polypeptide with an apparent molecular weight of 71000 daltons. The

region containing the P68 lamins is devoid of antibody binding.

Fig. 6. Fractionation of Drosophila embryonic nuclear matricies

and detection of LS-1 target antigens.

Lanes 1 and 2 represent a Commassie blue-stained 8.5%

polyacrylamide gel of the Drosophila embryonic nuclear matrix. P70 and

P68 refer to the proteins which migrate with an apparent molecular

weights of 70000 and 68000. Lane 1 represents the insoluble proteins of

the Drosophila nuclei after treatment with micrococcal nuclease. Lane 2

is the remaining insoluble proteins after treatment of the material of

lane 1 with 3M NaCl. Lanes 3 and 4 are duplicates of lanes 1 and 2

respectively after transfer to nitrocellulose and immunological

detection of lamins with LS-1.
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Fig. 7A. Immunological detection of total IgG heavy chains in

LS-1 serum. Total LS-1 was fractionated in two dimensions, transfered

to nitrocellulose, and probed with an *1-1abelled goat anti-human IgG

Fo fragment specific antibody.

Fig. 7B. Immunological detection of the specific heavy chains

involved in the nuclear lamins autoimmune response. Nuclear lamin

autoantibodies were isolated from LS-1 by specific absorption onto cio
nuclear matricies as described. The CH0 nuclear matrix, together with

the absorbed IgGs, were fractionated in two dimensions on polyacryamide

gels, transferred to nitrocellulose, and probed with an *1-1abelled

goat anti-human IgG Fc fragment antibody. At least three families of

heavy chain were detected.
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ABSTRACT We have studied the autoantibodies in the serum
of a patient with linear scleroderma that specifically recognize the
nuclear envelope of cultured cells. These antibodies bind to con
served determinants of nuclear lamins, the predominant mam
malian nuclear envelope proteins. Of the three mammalian nu
clear lamin proteins (P70, P68, and P60), only P70 and P60 bind
the autoantibodies. In addition, two proteins of the Drosophila
embryonic nuclear matrix, P70 and P68, bind these autoantibod
ies. We have used nuclear matrices to isolate the autoantibodies
from the patient's serum that react to the nuclear lamins. At least
three different IgG heavy chains were found to be involved in this
autoimmune response to nuclear lamins, indicating that this re
sponse is not due to the expansion of a single B-cell clone.

A strong correlation exists between systemic rheumatic dis
eases and the presence of circulating autoantibodies to protein–
nucleic acid complexes (1). The targets of these autoantibodies
include nuclear ribonucleoprotein particles (2), nucleosomes (3),
nucleoli (4), kinetochores (5), and others. The range of targets
for particular disease syndromes are often limited; for example,
systemic lupus erythematosis is often associated with auto
antibodies to nuclear ribonucleoprotein particles (2), whereas
most scleroderma CREST patients produce autoantibodies to
centromeric regions of chromosomes (kinetochores; ref. 5).
Surprisingly, little is known of the autoimmune responses or
their targets on a molecular level.

In an attempt to associate the immunofluorescence pattern
of sera from patients with specific autoimmune diseases, we
discovered a high-titer serum directed against the nuclear en
velope in a patient with linear scleroderma. We designate this
serum as LS-1. We have chosen here to characterize this au
toimmune response more precisely by identifying the antigens
recognized by this serum and by determining the nature and
complexity of the antibody response. We have found that this
autoimmune response is polyclonal and directed against two of
the three predominant polypeptides of the nuclear envelope,
known as nuclear lamins (6).

Using immunofluorescence and immunotransfers of Na
DodSO, gels, we also have detected nuclear lamins in Dro
sophila melanogaster embryonic nuclear matrices. This dem
onstrates that nuclear lamins are present in invertebrates and
that these autoantibodies from LS-1 serum must be directed
against highly conserved determinants.

MATERIALS AND METHODS

Autoantibodies. The autoantibodies of LS-1 serum were ob
tained from a 24-yr-old female patient with linear scleroderma.
She had clinically typical, cutaneous linear sclerotic lesions in

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertise
ment" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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volving the left arm and the posterior right calf and thigh. There
were no clinical indications of systemic disease.

Tissue Culture Cells. Chinese hamster ovary (CHO) cells
were originally obtained from the Cell Culture Facility at the
University of California, San Francisco. They were maintained
in a modified Eagle's medium (without nucleosides) supple
mented with 5% fetal calf serum and 5% calf serum in a 10%
CO2/90% air incubator at 37°C.

D. melanogaster embryonic cells of the Kc line were grown
at 26°C in Echalier's medium (7).

Immunofluorescence Microscopy. CHO and Kc cells were
grown on glass coverslips (12-mm diameter, Corning), fixed in
1% formaldehyde in phosphate-buffered saline (P/NaCl) for 5
min at 22°C, and made permeable to antibodies by washing in
0.1% Triton X-100 (Sigma) in P/NaCl. The cells were first ex
posed to LS-1 serum diluted 1:200 and subsequently to a rho
damine-conjugated goat anti-human IgG (Cappel Laboratories,
Cochranville, PA), Cells were photographed with a Zeiss pho
tomicroscope with a × 100 planapo objective.

Immunohistochemical Microscopy. CHO cells were grown
in polystyrene tissue culture dishes (Falcon) and processed by
a standard immunoperoxidase technique (8). After postfixation
with osmium tetroxide and dehydration in ethanol, the cells
were embedded in a mixture of Epon and Araldite, l-pum sec
tions were obtained by using glass knives.

CHO Nuclear Matrix Preparation. CHO cells were grown
to confluence on 150-mm diameter tissue culture dishes and
extracted in cold P/NaCl containing 0.1% Nonidet P-40 (Sigma),
15 mM 2-mercaptoethanol, and 1 mM aminoacetonitrile as a
protease inhibitor. The cells then were exposed to 10 units of
micrococcal nuclease (Worthington) per ml in the same buffer
with 10 mM CaCl2 for 10 min at 22°C, followed by 3 M NaCl
in a buffer containing 80 mM KCl, 5 mM EDTA, 0.1% Triton
X-100, 15 mM 2-mercaptoethanol, 1 mM aminoacetonitrile, and
15 mM Pipes (pH 7.4), and pelleted at 2,000 × g for 10 min,
and solubilized in NaDodSO, sample buffer.

Drosophila Embryonic Nuclear Matrix Preparation. Two
grams of Drosophila embryos from a 16-hr collection were de
chorionated in 50% Chlorox for 90 sec. Embryonic nuclei were
obtained essentially as described (9) by using four strokes of a
glass homogenizer in 10 ml of an extraction buffer containing
50 mM Tris-HCl (pH 7.4), 50 mM NaCl, 5 mM MgCl2, 250 mM
sucrose, 15 mM 2-mercaptoethanol, and 1 mM aminoacetoni
trile. The nuclei were separated from soluble material by two
10-min centrifugations at 1,000 × g. The pellet was resus
pended in 5 ml of P/NaCl containing 5 mM CaCl2, 20 units
of micrococcal nuclease per ml, 15 mM 2-mercaptoethanol, 1
mM aminoacetonitrile, and 0.1% Triton X-100, followed by in
cubation for 15 min at 22°C. The preparation was then centri

Abbreviations: CHO cells, Chinese hamster ovary cells; P/NaCl, phos
phate-buffered saline.
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fuged for 10 min at 1,000 × g, and the pellet was resuspended
in 3 M NaCl/0.1% Triton X-100/45 mM KCl/5 mM EDTA/
15 mM Pipes, pH 7.2, for 5 min at 0°C. After centrifugation
for 10 min at 3,000 × g, the pellet was solubilized in NaDodSO4
sample buffer.

Isoelectric Focusing, NaDodSO, Gel Electrophoresis, and
Protein Transfer. The CHO cell and Drosophila nuclear matrix
preparations were fractionated by NaDodSO4 gel electropho
resis alone or in combination with nonequilibrium pH gradient
electrophoresis by using standard procedures (10–12). After
fractionation, the proteins were electrophoretically transferred
to nitrocellulose essentially as described (13). The nitrocellu
lose was then exposed to a 1:5,000 dilution of LS-1, followed
by an *I-labeled (14) goat anti-human IgG Fc-fragment-spe
cific IgG (Cappel Laboratories), dried, and subjected to au
toradiography.

Immunoabsorption of Anti-Lamins IgGs. Nuclear matrices
from 10' CHO cells were incubated for 1.5 hr in a 1:1,000 di
lution of LS-1 serum and subsequently washed extensively by
repeated centrifugation and resuspension in P/NaCl. The en
tire CHO nuclear matrix preparation, together with the ab
sorbed antibodies, were processed for Western transfer as above.

RESULTS

Immunocytochemical Localization of the LS-1 Serum An
tigen. The series of immunofluorescence and phase-contrast
micrographs (Fig. 1) showed a cell cycle-dependent staining of
CHO cells with LS-1 serum. Interphase cells (Fig. 1A and B)
showed a preferential staining of the nuclear envelope. This
pattern of staining disappeared during chromosome conden
sation at prophase (Fig. 1 C, D, E, and F). There was virtually
no staining of the nucleus at metaphase (Fig. 1 G and H), but

it reappeared at telophase (Fig. 1 I and J). The observed stain
ing coincided with the breakdown and reformation of the nu
clear envelope during the cell cycle (15, 16). We could further
confirm that LS-1 serum specifically recognizes the nuclear en
velope of interphase cells by observing sectioned nuclei pro
cessed by immunoperoxidase techniques (Fig. 2). Thin sec
tioning clearly revealed the localization of the antibody to the
nuclear envelope by demonstrating the reaction at the periph
ery of the nucleus.

LS-1 serum yielded an identical cell cycle-dependent im
munofluorescence pattern in a D. melanogaster embryonic cell
line (Fig. 3A and B). The characteristic nuclear envelope stain
ing was absent from the mitotic cell in the field (arrow in Fig.
3B).

Identification of the Polypeptide Antigens to LS-1 Serum.
The immunofluorescence results above are similar to those of
previous reports that used antibodies to nuclear lamins derived
from heterologous immunization (6, 17, 18). To test the pos
sibility that the target of these autoantibodies was the nuclear
lamins, we isolated a crude preparation of nuclear matrices that
could be prepared rapidly by a solid-phase extraction of CHO
cells attached to plastic dishes. These extracted nuclei stained
brightly with LS-1 serum with a pattern identical to that in Fig.
1. Although this preparation left a large amount of the inter
mediate filament protein, vimentin, and actin as determined by
NaDodSO, gels (Fig. 4, lane 1), it was also highly enriched in
the three nuclear lamin proteins (P70, P68, and P60). When a
NaDodSO4 gel of this preparation was electrophoretically
transferred to nitrocellulose and probed with LS-1 serum, the
major reacting proteins comigrated with the P70 and P60 lam
ins, also known as lamins A and C (Fig. 4, lane 2) (6). Only a
slight recognition of a protein comigrating with the P68 lamin
(lamin B) was detected. In addition, there appeared to be spe

FIG. 1. Immunofluorescence localization of LS-1 serum in the CHO cell cycle. (A, C, E, G, and I) Immunofluorescence micrographs. (B, D, F,
H, and J) Corresponding phase-contrast micrographs. (A and B) Interphase cell with preferential staining of the nuclear envelope. (C, D, E, and
F) Granular staining pattern in prophase cells in which the nuclear envelope is disintegrating (E and F) Mitotic cell and the lack of discrete staining
with the serum. (G and H)Two daughter cells during reformation of the nuclear envelope and the coincident return of autoantibody staining. (x2,500.)
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FIG. 2. Immunoperoxidase localization of LS-1 serum staining. CHO
cells were fixed, permeabilized with detergents, and exposed to both the
LS-1 serum and a peroxidase-conjugated goat anti-human IgG. The cells
were then embedded in plastic and cut into 1-pum sections. The staining
is restricted to the nuclear envelope or invaginations of the nuclear en
velope. (x2,500.)

cific binding to a protein that migrated just above the P70 band
at a molecular weight of 71,000.

To resolve the question of whether LS-1 serum weakly rec
ognizes the P68 (B) lamin, the nuclear matrix preparation was
first fractionated in one dimension by nonequilibrium pH gra
dient electrophoresis and in the second dimension by molec
ular weight by NaDodSO4 gel electrophoresis. Such fraction
ation has been shown to separate the P70 and P60 lamins from
the more acidic P68 lamins (Fig. 5A; ref. 19). When transferred
to nitrocellulose and probed with LS-1 serum, it was clear that
the P68 lamin was not recognized by LS-1 serum (Fig. 5B). A

FIG. 3. Immunofluorescence detection of autoantibody binding to
Drosophila embryonic Kc cells. (A) Immunofluorescence micrograph.
(B) Corresponding phase-contrast micrograph. The arrow points to a
mitotic cell that lacks discrete staining. (x2,500.)
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FIG. 4. Fractionation of CHO cell nuclear matrix proteins and im
munological detection of LS-1 serum target antigens. Lanes: 1, Coo
massie blue stain of the CHO cell nuclear matrix proteins fractionated
on an 8.5% polyacrylamide gel: P70, P68, and P60 are the nuclear lamin
proteins (migration at 70,000, 68,000, and 60,000 daltons, respec
tively), W is the intermediate filament protein vimentin, and A is actin;
2, autoradiograph of the corresponding protein transfer of the contents
of lane 1, after probing with LS-1 serum. A reactive species migrated
at =71,000 daltons, just above the P70 band.

series of species with similar charge properties appeared to mi
grate between the P70 and P60 lamins (Fig. 5B). This tech
nique also detected a reproducible, discrete spot that migrated
. =71,000 daltons (P71) with a more acidic plºhan that of P70amlin.

Homologous Nuclear Lamin Proteins Detected in Dro
sophila with LS-1 Serum. To further define the presence of
nuclear lamins in Drosophila, nuclear matrices were prepared
from embryonic nuclei. NaDodSO, gel electrophoresis re
vealed a reproducible doublet of bands migrating at 68,000 and
70,000 daltons (Fig. 6, lanes 1 and 2), which was not solubilized
by 3 M NaCl. Treatment of the nuclear matrix with 3M NaCl
solubilized all but the P70/P68 doublet and a protein migrating
at 65,000 daltons (Fig. 6, lane 2). When transferred to nitro
cellulose and probed with LS-1 serum, only the doublet at 68,000
daltons was detected.

Analysis of the Complexity of the IgG to Nuclear Lamins
in the Autoimmune Response. To analyze the number of IgG
secreting species produced in the autoimmune response to nu
clear lamins, LS-1 serum was immunoadsorbed to the insoluble
CHO cell nuclear matrix preparation, and unbound IgG was
separated from the matrix by repeated centrifugation. The only
IgG bound appeared to react with the nuclear matrix (Fig. 1).
The specifically-bound autoantibodies, together with the entire
nuclear matrix preparation, were fractionated in polyacryl
amide gels in two dimensions and transferred to nitrocellulose.
The transfer was probed with an *i-labeled goat anti-human
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FIG. 5. Two-dimensional gel fractionation of CHO cell nuclear
matrices and immunological detection of target antigens. (A) Coomas
sie blue-stained gel of CHO nuclear matrix preparation. P70, P68, and
P60 refer to the nuclear lamin proteins; V is the intermediate filament
protein vimentin; and A is actin. (B) Corresponding transfer of proteins
in A after probing with LS-1 serum. Note the series of reactive species
migrating between lamins P70 and P60. P71 refers to the polypeptide
with an apparent molecular size of 71,000 daltons. The region con
taining the P68 lamins is devoid of antibody binding.

IgGFc-fragment (Fig. 7B). Three distinct families of spots were
detected, probably representing at least three different heavy
chains with differential glycosylation. The interchain disulfide
bonds of the heavy chains appeared to be resistant to the re
ducing conditions used and, therefore, migrated as dimers of
=100,000 daltons as reported by others (20, 21). Total LS-1 serum
revealed only a smear of IgG heavy chains (Fig. 7A).

DISCUSSION

Various patterns of immunofluorescent staining have been de
tected in sera from patients with the scleroderma spectrum of
autoimmune diseases. Linear scleroderma is a relatively rare
form characterized by cutaneous linear sclerosis of an extremity
or the scalp. The underlying muscle and bone are frequently
affected. Clinical and serological features of systemic connec
tive tissue disease often occur (22). We have shown that a 24
year-old female patient with linear scleroderma possesses a high
titer antiserum against the nuclear envelope. This serum spe
cifically reacts with a 70,000- and a 60,000-dalton prominent
protein in the nuclear envelope known as lamin A and lamin C,
respectively.

1 2 3 4

§s

sº

FIG. 6. Fractionation of Drosophila embryonic nuclear matrices and
detection of LS-1 serum target antigens. In a Coomassie blue-stained
8.5% polyacrylamide gel of the Drosophila embryonic nuclear matrix
(lanes 1 and 2), P70 and P68 refer to the proteins that migrate at 70,000
and 68,000 daltons. Lanes: 1, insoluble proteins of the Drosophila nu
clei after treatment with micrococcal nuclease; 2, remaining insoluble
proteins after treatment of the material of lane 1 with 3M NaCl, 3 and
4, duplicates of lanes 1 and 2, respectively, after transfer to nitrocel
lulose and immunological detection of lamins with LS-1 serum.

The three nuclear lamin polypeptides (P70, P68, and P60)
have been compared through immunological and peptide map
ping techniques (23–26). Lamin polypeptides P70 and P60 ap
pear to be similar and different from P68 by these criteria. This
is supported by the observation that LS-1 serum reacts with
both P70 and P60 and not P68 on two-dimensional immuno
transfers. The heterogeneity of the P70 and P60 proteins is also
clearly manifest on the immunotransfers. In addition, LS-1 serum
reacts with a protein with a more acidic and discrete pl. which
migrates at 71,000 daltons. The high specificity of LS-1 serum
suggests that this protein is a member of the nuclear lamin fam
ily, but further experiments are needed to rule out the possi
bility that LS-1 serum has antibodies to nonlamin proteins. This
P71 protein is a minor component of the interphase nuclear ma
trix, and it is not known whether it is a precursor or a modified
form of the P70 and P60 lamins, or if it has some specific func
tion.

The lamin proteins have been detected in vertebrate cells
from mammalian, avian, and amphibian origin (27–29). Studies
of isolated nuclear matrices in Drosophila previously have failed
to reveal characteristic nuclear lamins (9) LS-1 serum reacts
strongly with the nuclear envelope in Drosophila. Immuno
transfers reveal the characteristic lamins at 70,000 and 68,000
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FIG. 7. (A) Immunological detection of total IgG heavy chains in
LS-1 serum. Total LS-1 serum was fractionated in two dimensions,
transferred to nitrocellulose, and probed with an *I-labeled goat anti
human IgG Fc fragment-specific antibody. (B) Immunological detec
tion of the specific heavy chains involved in the nuclear lamins au
toimmune response. Nuclear lamin autoantibodies were isolated from
LS-1 by specific absorption onto CHO cell nuclear matrices as de
scribed. The CHO nuclear matrix, together with the absorbed IgGs, were
fractionated in two dimensions on polyacrylamide gels, transferred to
nitrocellulose, and probed with an *I-labeled goat anti-human IgGFc
fragment antibody. At least three families of heavy chain were de
tected.

daltons that are observable in rapidly isolated crude nuclear
matrices (Fig. 4). This suggests a high conservation of some
determinants of the lamin proteins that may represent func
tional domains in these proteins.

The expression of high-titer antibodies against specific cel
lular antigens in a variety of autoimmune diseases is baffling.
Various models of the autoimmune response would depend on
whether there is a clonal response from a single B-cell clone or
whether the response is polyclonal, possibly reflecting some

Proc. Natl. Acad. Sci. USA 80 (1983)

antigen-specific failure of T-cell suppression that affects several
B-cell clones. Alternatively, the immunologic response may be
directed against a real antigen that is either identical to the cel
lular target or shares structural features with it. Antibodies from
LS-1 serum that are specifically adsorbed to the nuclear matrix
are from at least three B-cell clones. The generation of this highly
specific response and its relationship to the etiology of the dis
ease still remain mysteries. The identification of specific an
tigens recognized by autoimmune sera should enable better
classification of the antibody responses and ultimately provide
insight into the etiology of the autoimmune diseases.
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CHAPTER 3

THE REDISTRIBUTION OF A CONSERVED NUCLEAR ENVELOPE

PROTEIN DURING THE CELL CYCLE SUGGESTS A

PATHWAY FOR CHROMOSOME CONDENSATION
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SUMMARY,

We describe a human autoantiserum which recognizes specific

determinants present both on the nuclear envelope of interphase cells

and the periphery of metaphase chromosomes. These determinants are

highly conserved through evolution and present on a protein with an

apparent molecular weight of 33,000. This 33Kd protein, which we call

"perichromin", appears to be directly or indirectly bound to both

interphase and metaphase DNA. Studies of the transformation of

perichromin from a nuclear envelope-association to a perichromosomal

position during prophase suggests a pathway for chromosome organization

throughout the cell cycle.
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INTRODUCTION

Little is known about the gross organization of interphase

chromosomes and the interaction of these chromosomes with structural

components of the nucleus. It is likely, however, that this higher

order organization may influence important biological properties of

interphase chromosomes such as gene expression and DNA replication. Thus

the relationship between nuclear structure and chromosome organization
represents an important area of study for both molecular and cell

biology.

We now know from physical studies of interphase chromosomes that

much of the genome seems to be organized into 30-80 kb supercoiled

domains of DNA (Ide et al., 1975; Benyajati and Worcel, 1976;

Igo-Kemenes and Zachau, 1981; Vogelstein et al., 1980). These principles

of organization have been extended to metaphase chromosomes where

certain models also invoke supercoiled domains for organization (Paulson

and Laemmli, 1977; Okada and Comings, 1980). The superhelical properties

of these domains require that the ends be immobilized onto some

structures. Various physical and morphological studies have suggested

an association between the nuclear envelope and interphase chromatin and

have led to the notion that interphase supercoiled domains are

immobilized directly on the nuclear envelope (Fawcett, 1966; Gerace et

al., 1978; Olins and Olins, 1979; Hancock and Hughes, 1982). Consistent

with this notion is the observation that chromosome condensation at

prophase occurs on the nuclear envelope (Comings and Okada, 1971; Gurley

et al., 1978; Foe and Alberts, 1983). For metaphase chromosomes it has
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been proposed that the supercoiled domains are linked, however, to a

central scaffold (Paulson and Laemmli, 1977).

None of these models has addressed the problem of the

interphase-metaphase reorganization of chromatin. This might be due to

a lack of experimental data showing any continuity between these two

states of chromosome organization. For example, although the nuclear

envelope appears to be involved in chromosome structure in interphase,
it disintegrates in prophase (Gerace et al., 1978; Gerace and Blobel,

1980) and therefore can play no role in metaphase chromosome structure.

Recently we have found an antiserum (designated SLE-105) from a

patient with systemic lupus erythematosis which recognizes determinants

which are present on both the interphase nuclear envelope and the

periphery of the metaphase chromosome. This antiserum recognizes a

protein, which we have named perichromin for its unique location

surrounding each metaphase chromosome. Perichromin has an apparent

molecular weight of 33,000 and is tightly bound to both interphase and

metaphase chromosomes. The antigenic determinants on perichromin are

conserved at least from mammals through Drosophila. We have observed

that the early stages of chromosome condensation on the nuclear envelope

coincide with a smooth transition of perichromin from a perinuclear to a

perichromosomal location. The location of perichromin at the surface of

the interphase nucleus and the periphery metaphase chromosomes suggests

a pathway from interphase to metaphase chromosome organization and

suggests possible roles for perichromin in the organization of

chromosomes in both states.
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EXPERIMENTAL PROCEDURES

Autoantibodies

The autoantibodies of the SLE-105 serum were obtained from a

55-year-old male patient with systemic lupus erythematosis. Human

autoantibodies to nuclear lamins were obtained from a patient with

linear scleroderma as described previously (McKeon et al., 1983).

Tissue culture cells

Chinese hamster ovary (CHO) cells and HeLa S3 cells were originally

obtained from the Cell Culture Facility at the University of California,

San Francisco. The CHO cells were maintained in a-modified Eagle's

medium (without nucleosides) supplemented with 5% fetal calf serum and

5% calf serum. The HeLa S3 cells were maintained in Dulbecco's modified

Eagles' medium supplemented with 10% calf serum. Both cell lines were

grown in a 10% co,790% air incubator at 37° C.

Drosophila melanogaster embryonic cells of the Kc line were grown at 26°

C in Echalier's medium (Echalier and Ohanessian, 1970).

Immunofluorescence microscopy

CH0, HeLa S3, and KC cells were grown on glass covers lips (12mm

diameter, Corning), fixed in 1% formaldehyde in phosphate-buffered

saline (PBS) for 5 min. at 22° C, and made permeable to antibodies by

washing in 0.1% NP40 (Sigma) in PBS. The cells were first exposed to the

SLE-105 serum diluted 1:200 and subsequently to a rhodamine-conjugated

goat anti-human IgG (Cappel Laboratories, Cochranville, PA). DNA was

labelled using a solution of 10pg/ml bisbenzamid (Hoeschst-33258) dye.

Cells were photographed with a Zeiss photomicroscope with a 100x planapo

objective.
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CHO and HeLa extracted nuclei preparation and protein transfers

CH0 and HeLa cells were grown to confluence on 150 mm diameter

tissue culture dishes and extracted on the dish in cold PBS containing

0.1% NP40, 15m'■ 2-mercaptoethanol, and 1 ug/ml of the protease inhibitor

alpha-2-macroglobulin (Boehringer Mannheim) as a protease inhibitor. The

extracted cells remaining on the dish were exposed first to 10 units/ml

of micrococcal nuclease (Worthington) per ml of the same buffer with 10

mM CaCl2 for 10 min. at 22° C, and then to a buffer containing 0.5M

NaCl, 80 mM KC1, 5 mM EDTA, 0.1% Triton X-100 (Sigma), 15 mM

2-mercaptoethanol, 1 ug/ml alpha 2-macroglobulin, and 15 mM PIPES (pH

7.4). Soluble and insoluble fractions were concentrated by pelleting or

by 90% acetone precipitation, and solubilized in SDS sample buffer.

Proteins from the fractions were separated on 8.5% SDS-polyacrylamide

gels and electrophoretically transferred to nitrocellulose essentially

as described (Burnette, 1981). The nitrocellulose filters were probed

with a 1:1000 dilution of SLE-105 serum followed by an *** I-1abelled

goat anti-human 1gg antibody (Hunter and Greenwood, 1962). The filters

were then dried and subjected to autoradiography.

Drosophila embryonic nuclei preparation

Extracted nuclei from a 16-hr. collection of Drosophila embryos

were prepared as described previously (McKeon et al., 1983).

Immunoadsorption of perichromin from CH0 cells

80% confluent dishes of CH0 cells were labelled for 12-hr. in 80

uCi/ml of **S-methionine in a-MEM without methionine supplemented with

10% fetal calf serum. Cells were extracted on the dish as described

above and the micrococcal nuclease-insoluble material pelleted and

solubilized by boiling in SDS-sample buffer. The material was then
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diluted 20-fold in a buffer containing 0.1% NP40, 80 mM KC1, 20 mM NaCl,

5m!M EDTA, 15 mM 2-mercaptoethanol, 5 ug/ml alpha-2-macroglobulin, and

15mm PIPES (pH 7.4). SLE-105 serum was added at 1 p.1/ml for 30 min.

followed by 10 ul of fixed S. aureus (Pansorbin, Cal Biochem.) for 20

min. at 0° C. The S. aureus was washed by centrifugation three times in

the same buffer, solubilized in SDS-sample buffer, and the bound

proteins fractionated on 8.5% SDS polyacrylamide gels.
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RESULTS

Distribution of SLE-105 antigen in mammalian and insect tissue culture

cells.

In a screen of autoantibodies from patients with systemic rheumatic

diseases, fixed CH0 cells were exposed to sera followed by a

rhodamine-labelled goat anti-human IgG antibody. With one serum

designated SLE-105, we observed antibody binding to the nuclear

periphery (Fig. 1A), in a pattern similar to that seen with antibodies

to the nuclear lamins (see Fig. 2A, or Gerace et al., 1978 or McKeon et

al. 1983). However, while the staining of nuclear lamins disappears as

the cell approaches prometaphase (Fig. 20, or Gerace et al., 1978), the

staining of this serum persists through mitosis in a striking and

characteristic perichromosomal pattern (Fig. 1E-G). We have names this

antigen "perichromin" because of its location relative to the

chromosome. This peripheral location of perichromin staining on

metaphase chromosomes is not due to some steric interference of antibody

binding to the chromosome interior since several other sera stain the

bulk of the chromosomes.

The relationship between the staining of the chromosomal surface

during mitosis and the nuclear envelope during interphase is revealed by

looking at carefully staged sequences during the cell cycle and in

particular at prophase as shown in Fig. 1B and 1C. The chromosomal

pattern is clearly seen by Hoeschst staining or by phase contrast in the

second and third panels of Fig. 1. The initial stages of prophase

chromosome condensation (Fig. 1B) occur on the nuclear envelope and

coincide with indentations of perichromin staining on the sides of

condensing chromosomes. The next stage of prophase condensation (Fig.
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1C) also occurs in association with the nuclear envelope and is marked

by a complete envelopment of each chromosome by perichromin. The

chromosomes then appear to dissociate from their perinuclear position as

shown in Fig. 1D and Fig. 1E. During metaphase (Fig. 1F) and anaphase

(Fig. 16) the perichromin antigen maintains a perichromosomal location.

At telophase, daughter chromosomes (Fig. 1H) appear to coalesce during

reformation of the nucleus with the coincident relocalization of

perichromin to the nuclear periphery.

The relationship between perichromin and nuclear lamins during the cell

cycle

We attempted to correlate the assembly and disassembly of the

nuclear lamins with the reorganization of perichromin and chromosomes

during the cell cycle. The nuclear lamins were detected by

immunofluorescence using a human autoantibody to the P70 and P60 lamin

proteins (McKeon et al. 1983). The interphase nuclear lamins (Fig. 2A)

appears to be more restricted to a fine band around the nucleus as

compared with perichromin at interphase (Fig. 1A). At mid-prophase the

distinction between perichromin and nuclear lamins is striking. The

nucleus retains an intact nuclear lamina after chromosome condensation

has advanced (Fig. 2B). At this time, however, the perichromin has

moved off the nuclear envelope to surround the chromosomes (Fig. 1D).

At metaphase, the nuclear lamins have completely dispersed (Fig. 20),

while perichromin maintains a perichromosomal distribution (Fig. 1F). At

telophase, the nuclear lamina reappears on the surface of decondensing

chromosomes (Fig. 2D) in a pattern very similar to that of perichromin

(Fig. 1H).
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Immunofluorescence detection of perichromin in Drosophila cells

The SLE-105 antigen, which we have termed perichromin, is highly

conserved. As shown in Fig. 3, perichromin is on the periphery of

Drosophila melanogaster Kc chromosomes during metaphase in the same

characteristic pattern as mammalian cells. During interphase there is

not a clear peripheral pattern.

Extraction properties of perichromin from interphase CHO cells

As a preliminary study for the characterization of the perichromin

antigen, CHO cells grown on covers lips were extracted with various

solutions, and probed with the SLE-105 serum. Phosphate buffered saline

(PBS) with 0.1% NP40 fails to solubilize perichromin from the nucleus

(data not shown). A subsequent extensive digest with micrococcal

nuclease, which releases greater than 80% of the DNA from the nucleus,

also fails to release a majority of this antigen as shown in Fig. 4A and

4B. However, high salt treatment (0.5M NaCl) after nuclease digestion

releases almost all of perichromin, as judged from fluorescense

intensity (Fig. 4C and 4D).

Micrococcal nuclease treatment was a necessary prerequisite for the

high salt extraction of perichromin from CH0 nuclei. The effect on

perichromin antigen solubility of sequential exposure to solutions of

increasing NaCl concentrations without prior nuclease treatment is

illustrated in Fig. 5. Extraction of CH0 cells with 0.1% NP40 in PBS

followed by sequential exposure to salt concentrations of . 15, .25, .35,

and .50M NaCl in a buffer containing 80mM KC1, 15m!M 2-mercaptoethanol,

and 15m M Pipes (pH 7.4) fails to alter the perichromin staining of
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interphase nuclei not previously treated with micrococcal nuclease (Fig.

5A).

An increase in NaCl concentration through steps of . 15 to 2.0M

disperses most of the DNA from the interphase nucleus as well as the

perinuclear perichromin staining (Fig. 5B). After 2M salt treatment the

perichromin antigen appears to be dispersed in patchy regions around the

nuclear envelope, which itself remains intact during these treatments

(Fig. 5B).

Detection of the perichromin antigen in CHO and HeLa cells by

electrophoretic protein transfers

To identify the molecular weight of the pelichromin antigen, CHO

and HeLa nuclear matrices were extracted under identical conditions and

the resulting fractions were subjected to SDS-polyacrylamide gels. After

separation, the proteins were transferred to nitrocellulose and probed

with the SLE-105 serum followed by ***I-labelled goat anti-human

antibody. The protein profiles of the extracted CHO cells are shown in

Fig. 6 (lanes 1,2,3), and those of extracted HeLa cells are shown in

Fig. 7, (lanes 1, 2, 3). Lane 1 (of both Fig. 6 and Fig. 7) represents the

insoluble proteins of CH0 cells (Fig. 6) and HeLa cells (Fig. 7) after

micrococcal nuclease digestion. Proteins remaining insoluble after

both nuclease treatment and 1M NaCl washing are shown in lane 2 (Fig. 6

and 7). Those proteins solubilized by the 1M NaCl wash after nuclease

treatment cells are shown in lane 3 (Fig.6 and 7). The two most

prominent proteins have apparent molecular weights of 35,000 and 33,000.

When the proteins from lane 1 (Fig.6 and 7) were transferred to

nitrocellulose and probed with the SLE-105 serum, only a single protein

at 33,000 daltons was detected in both CHO and HeLa cells (lane 4 from
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Fig.6 and 7). A comparison of lane 1 with lane 2 (of Fig. 6 or of

Fig. 7) shows that the perichromin antigen comigrates with one of the two

predominant proteins solubilized from the nuclear matrix by high salt

treatment. Perichromin can also be detected as a 33,000 dalton protein

which is solubilized by high salt from Drosophila embryonic nuclei (data

not shown).

Immunoprecipitation of perichromin from micrococcal nuclease-treated

cells.

To confirm the electroblotting identification of perichromin, CHO

cells were metabolically labelled with **S-methionine and extracted with

NP40 followed by micrococcal nuclease treatment. The insoluble proteins,

which should include perichromin represented by Fig. 8, lane 1, were

boiled in SDS and diluted in a buffer containing nonionic detergents.

Primary antibody incubation with the SLE-105 serum addition followed by

fixed S. aureus cells immunoadsorbed the proteins shown in lanes 2, 3

(Fig. 8). Lane 2 shows a 33,000 dalton protein immunoabsorbed by the

SLE-105 serum. Comparing lane 2 with the micrococcal nuclease treated

cell proteins of lane 1 indicates that this 33,000 dalton protein is not

visibly represented in the micrococcal nuclease insoluble proteins. This

minor representation in the **S-methionine-labelled proteins suggests

that the major band at 33,000 of the Commassie Blue-stained proteins of

lane 1 (Fig. 6) is not a methionine-containing protein and may only

comigrate with perichromin. Lane 3 (Fig. 8) represents an

immunoadsorption of the A and C lamins from the same extract using a

human autoantibody to nuclear lamins (McKeon et al., 1983) as an internal

control. Lane 4 (Fig. 8) shows the same 33,000 dalton protein

immunoadsorbed by serum derived from the SLE-105 patient six months
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after the original serum was obtained, demonstrating the stability of

the autoimmune response to perichromin in this patient.
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DISCUSSION

We have described the antigenic target of an autoantiserum from a

patient with systemic lupus erythematosis which is associated with the

nuclear envelope at interphase and is localized on the periphery of

chromosomes at metaphase. We have also shown intermediate stages in the

rearrangement of this antigen during early prophase chromosome

condensation as it moves from association with the nuclear envelope to
localization on the independent chromosomes. In all subsequent stages of

the cell cycle, including metaphase and telophase, this antigen

maintains a strict peripheral location on the chromosome. Protein

transfers and immunoadsorption studies show this antigen to have an

apparent molecular weight of 33,000 in CHO, HeLa , and Drosophila nuclei.

We have termed this antigen perichromin, to emphasize its unusual

location on the chromosome. These immunoadsorption and blotting studies

together with immunofluorescence results with Drosophila Kc cells

demonstrate that perichromin is highly conserved through evolution. The

release of perichromin from the nucleus by sequential treatments with

DNase and high salt suggest that it is either directly or indirectly

bound to DNA.

The spatial localization of perichromin during the cell cycle

suggests that it may have a role in the organization of the chromosome

in both metaphase and interphase. Recent work on the structure of the

chromosome has suggested that DNA is organized into supercoiled domains

of 30 to 80 kb during both interphase and metaphase (Ide et al., 1975;

Benyajati and Worcel, 1976; Paulson and Laemmli, 1977; Igo-kemenes and

Zachau, 1978; Vogelstein et al., 1980). Supercoiled domains may be

immobilized at the nuclear envelope during interphase and there is
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evidence that interphase chromosomes have discrete association with the

nuclear envelope (Fawcett, 1966; Gurley et al. 1978, Olins and 01.ins,

1979; Hancock and Hughes, 1982; Foe and Alberts, 1983). The nuclear

envelope is composed principally of the three nuclear lamin proteins, as

well as the nuclear pore complexes. The nuclear lamins are thought to

provide a structural framework for the nucleus itself as well as

possibly associating with and organizing the interphase chromosomes

(Aaronson and Blobel, 1975; Gerace et al., 1978; Gerace and Blobel;

1982). Though this may be the case, the lamin proteins cannot serve this

role in mitos is since they do not remain associated with the chromosomes

after prophase (see Fig. 2, C and Gerace et al., 1978). The studies

presented here suggest further that the early steps of chromosome

condensation take place without any significant disruption of the lamin

Structure.

It has been suggested that supercoiled domains are still present in

metaphase chromosomes, but that these domains are immobilized on a

centrally located proteineous structure called the scaffold running the

length of the metaphase chromosome (Paulson and Laemmli, 1977; Lewis and

Laemmli, 1982). Though the persistence of supercoiled DNA loops in

metaphase chromosomes seems very likely, the evidence for a defined

scaffold structure has been weaker (see Labhart et al., 1982). It is

also difficult to see how such a structure would arise during prophase

and in particular, how the DNA of chromosomes could exchange its

association with the nuclear envelope to form an internal scaffold

without formidable topological difficulties.

The properties of perichromin suggest a reasonable way by which the

chromosome can exchange its association with the nuclear envelope for a
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condensed and discrete form at metaphase, and still preserve a mechanism

for reconstituting the interphase chromatin distribution at telophase.

As shown diagrammed in figure 9, the initial steps of chromosome

condensation occur close to the nuclear membrane, as has been well

documented (Comings and Okada, 1971; Gurley et al., 1978; Foe and

Alberts, 1983). Perichromin is shown as occupying a position between

the nuclear lamina and the chromatin, although no evidence exists for •
direct interaction between perichromin and the nuclear lamin proteins.

Condensation of the chromatin probably occurs by structural changes on

the level of nucleosomes (Thoma et al., 1979) which concentrates the DNA

into discrete regions on the inner surface of the nuclear envelope.

Coincident with this compaction of DNA onto the nuclear envelope is the

necessary dissociation of perichromin from the nuclear envelope to a

perichromosomal location. Thus perichromin remains with and envelopes

the chromosomes while the nuclear lamina remains intact. Further

dissociation of the perichromin and chromatin from the surface of the

nuclear envelope and further condensation of the chromatin lead to the

formation of discrete chromosomal domains which become the individual

chromosomes. The perichromin, which initially has a largely if not

exclusively perinuclear organization is now perichromosomal. At the end

of prophase the nuclear lamina dissolves and the nuclear lamins are

solubilized in a step clearly temporally removed from the chromosome

condensation phase. Hence the dissociation of the nuclear lamins cannot

be a prerequisite for chromatin condensation.

The disposition of perichromin on the surface of metaphase

chromosomes places in it a useful position for helping nucleate the

reassembly of the nuclear envelope in telophase. As depicted in Fig. 1H,
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in telophase the perichromin may act to nucleate the reassembly of the

lamin proteins and re-establish the nuclear envelope. It is well known

that nucleus assembly does not require a full complement of chromosomes

and that in many cells it has been observed that the envelope will form

around individual chromosomes (Ikeuchi, et al., 1971; Johnson et al.,

1975; Jost and Johnson, 1981). The nucleus will also spontaneously

assemble around injected DNA in frog eggs suggesting that once the DNA

becomes associated with the proper chromosomal proteins it can catalyze

nucleus assembly. Special DNA sequences are not required for this

process as shown by Forbes et al. (1983). It would be interesting to

know when perichromin becomes associated with the DNA during the process

of nucleus assembly.

The perichromin antigen migrates at 33,000 in SDS gels when

isolated from nuclei of diverse phylogenetic origins. At present this is

all we known about perichromin at a molecular level. In CH0 and HeLa

cells it comigrates with an H1 subtype. Although it is possible that it

is related to H1, it seems unlikely that it is a major H1 protein since

purified histones containing H1 do not react on blots with the SLE-105

antibodies (data not shown) and perichromin labels with **S-methionine,

while the major H1 subtypes of CHO and HeLa cells lack methionine (Ajiro

et al., 1981; D'Anna et al., 1981).

It is, of course, unclear from our morphological studies what

functional role perichromin might have in chromosome organization and

nucleus assembly. Whatever its functional role, its distribution

demonstrates the existence of elements previously associated with the

nuclear envelope in interphase assume a peripheral orientation on the

chromosome in mitosis. Whether perichromin acts to integrate interphase
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and metaphase chromosome organization will be the subject of further

studies.
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FIGURE LEGENDS

Fig. 1 Immunofluorescense detection of perichromin during CHO cell

cycle.

CH0 cells grown on glass covers lips were used to detect perichromin

during various stages of the CH0 cell cycle. The letters (A-H) refer to
three micrographs (left to right) of the same cell using

immunofluorescence with the SLE-105 antiserum, Hoeschst, or phase

contrast optics. (A) Interphase cell. (B,C,D,E) Progressive stages of

prophase showing relationship between chromosome condensation at the

nuclear envelope and the redistribution of perichromin. (F) Metaphase

cell. (G) Anaphase cell. (H) Telophase daughter cells showing the

redistribution of perichromin to the nuclear periphery during the

process of nucleus reformation. Magnification x4000.

Fig. 2 Immunofluorescense localization of nuclear lamins during the

CH0 cell cycle.

CH0 cells grown on glass were chemically fixed and probed with a

human autoantibody to the P70 and P60 nuclear lamins. The letters (A-D)

refer to the three micrographs (left to right) of the same cell using

immunofluorescence, Hoeschst, bisbenzamid or phase contrast optics. A.

Interphase cell showing discrete nuclear rim staining by

immunofluorescence. B. : Mid-prophase ce 11 revealing condensed

chromosomes with intact nuclear lamina staining. C. Metaphase cell

showing the complete disintegration of nuclear lamina staining. D.

Telophase daughter nuclei showing reappearance of nuclear lamina onto

the decondensing chromosomes. Magnification x4000.
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Fig. 3 Immunofluorescense detection of perichromin in Drosophila

melanogaster cells.

Drosophila melanogaster embryonic Kc cells were stained with the

SLE-105 serum for immunofluorescence localization of perichromin. (A)

Immunofluorescense micrograph. Arrow points to a mitotic cell which

shows a perichromosomal localization of perichromin. Other cells in the

field are presumed to be interphase or early prophase and display •
nuclear staining pattern not clearly limited to the nuclear envelope.

(B) Phase contrast micrograph of the same cells as in (A).

Magnification x4000.

Fig. 4 Extraction of perichromin from micrococcal nuclease-treated

CHO cells.

CHO cells were extracted with 0.1% NP40 in PBS and subsequently

treated with micrococcal nuclease followed by 0.5 M NaCl. (A)

Immunofluorescense micrograph of CHO cells treated with micrococcal

nuclease, fixed with formaldehyde, and probed for the presence of

perichromin. (B) Phase contrast micrograph of same cells from figure

(A). (C) Immunofluorescense micrograph showing the loss of perichromin

from CHO cells treated with micrococcal nuclease followed by 0.5 M NaCl.

(D) Phase contrast micrograph of the same cell as figure (C).

Magnification x2000.

Fig. 5 Failure to extract perichromin from CHO cells with undigested

DNA.

(A) Immunofluorescense micrograph of CHO cells which were extracted

with 0.1% NP40 in PBS followed by exposure to gradually increasing NaCl

concentrations to 0.5 M. Probing with the SLE-105 serum indicates the

perinuclear distribution of perichromin is essentially intact. (B)
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Immunofluorescense micrograph of the disintegration of the perichromin

pattern into perinuclear fragments following graded increases in NaCl

concentrations to 2.0 M. Magnification x500.

Fig. 6 Electrophoretic protein transfers to detect perichromin from

CHO cells.

(Lane 1) Insoluble CH0 cell proteins after extraction with nonionic

detergents and micrococcal nuclease. P70, P68, P60 refer to nuclear
lamin proteins, V is the intermediate filament protein vimentin and A is

actin. (Lane 2) Insoluble CH0 cell proteins after extraction with

nonionic detergents, micrococcal nuclease, and 0.5 M NaCl. Note that P35

and P33 are selectively solubilized by the high salt treatment. (Lane 3)

0.5 M NaCl soluble proteins. (Lane 4) A duplicate of Lane 1 was

electrophoretically transferred to nitrocellulose and probed with the

SLE-105 serum and an ***I-goat anti-human 1g0 antibody and processed for

autoradiography. Only the P33 species is detected by the probe.

Fig. 7 Electrophoretic protein transfers to detect perichromin from

HeLa cells.

(Lane 1) Insoluble HeLa cell proteins after extraction of cells

with nonionic detergents and micrococcal nuclease. A refers to actin.

(Lane 2) Insoluble HeLa cell proteins after extraction with nonionic

detergents, micrococcal nuclease, and 0.5 M NaCl. (Lane 3) P35 and P33

proteins are selectively extracted by 0.5M NaCl. (Lane 4) A duplicate

of Lane 1 was electrophoretically transfered to nitrocellulose and

probed with the SLE-105 serum and an *1-goat anti-human IgG antibody

and processed for autoradiography. Only the P33 species is detected by

the probe. (Lane 5) A duplicate of Lane 5 probed with normal human

serum as a control for the SLE-105 serum.
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Fig. 8 Immunoadsorption of perichromin from micrococcal nuclease

treated CHO cells.

CHO cells were metabolically labelled with **S-methionine,

extracted with micrococcal nuclease, and solubilized by SDS. (Lane 1)

Total protein profile on SDS-PAGE of CH0 cells after micrococcal

nuclease treatment. Note that the heavy band at P33 seen by Commassie

Blue staining of Fig 6, Lane 1, is absent from the

**S-methionine-labelled cells. (Lane 2) P33 antigen immunoadsorbed from

lane 1 by SLE-105 serum. (Lane 3) Immunoadsorption of nuclear lamin

proteins P70 and P60 (by human autoantibody to nuclear lamins) as a

control.

Fig. 9 Schematic diagram of lamin and perichromin distributions

during the cell cycle.

Interphase nucleus with the dark line representing the nuclear

1amina. The light double lines with the dotted interior represents the

perichromin. DNA loops are shown to be attached to the perichromin. The

early prophase cell shows the initial condensation of the DNA loops.

The mid-prophase cell reveals the early stages of perichromin

envelopement of the condensing chromosomes. The late prophase

chromosomes are shown completely enveloped by perichromin. The

prometaphase cell shows the breakdown of the nuclear lamins. The

metaphase cell is diagrammed with a spindle and separating daughter

chromatids migrating to the opposite poles. The early telophase cell

shows the nuclear lamina reforming around the daughter cell chromosomes.

The late telophase cell shows a well-developed nuclear lamina and

indicates the decondensation of the chromatin from the nuclear envelope

and the reformation of the interphase configuration.
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Summary

We describe a human autoantiserum that recognizes
specific determinants present both on the nuclear
envelope of interphase cells and the periphery of
metaphase chromosomes. These determinants are
highly conserved through evolution and present on
a protein with an apparent molecular weight of
33,000. This 33 kd protein, which we call “peri
chromin,” appears to be directly or indirectly bound
to both interphase and metaphase DNA. Studies of
the transformation of perichromin from a nuclear
envelope association to a perichromosomal position
during prophase suggests a pathway for chromo
some organization throughout the cell cycle.

Introduction

Little is known about the gross organization of interphase
chromosomes and the interaction of these chromosomes

with structural components of the nucleus. It is likely,
however, that this higher-order organization may influence
important biological properties of interphase chromosomes
such as gene expression and DNA replication. Thus the
relationship between nuclear structure and chromosome
organization represents an important area of study for both
molecular and cell biology.

We now know from physical studies of interphase chro
mosomes that much of the genome seems to be organized
into 30–80 kb supercoiled domains of DNA (lde et al.,
1975; Benyajati and Worcel, 1976; Igo-Kemenes and Za.
chau, 1978; Vogelstein et al., 1980). These principles of
organization have been extended to metaphase chromo
somes where certain models also invoke supercoiled do
mains for organization (Paulson and Laemmli, 1977; Okada
and Comings, 1980). The superhelical properties of these
domains require that the ends be immobilized onto some
structures. Various physical and morphological studies
have suggested an association between the nuclear en
velope and interphase chromatin and have led to the notion
that interphase supercoiled domains are immobilized di
rectly on the nuclear envelope (Fawcett, 1966; Gerace et
al., 1978, Olins and Olins, 1979, Hancock and Hughes,
1982). Consistent with this notion is the observation that
chromosome condensation at prophase occurs on the
nuclear envelope (Comings and Okada, 1971; Gurley et
al., 1978, Foe and Alberts, 1983). For metaphase chro
mosomes it has been proposed that the supercoiled do
mains are linked, however, to a central scaffold (Paulson
and Laemmli, 1977).

None of these models has addressed the problem of
the interphase-metaphase reorganization of chromatin.
This might be due to a lack of experimental data showing
any continuity between these two states of chromosome
organization. For example, although the nuclear envelope
appears to be involved in chromosome structure in inter
phase, it disintegrates in prophase (Gerace et al., 1978;
Gerace and Blobel, 1980) and therefore can play no role
in metaphase chromosome structure.

Recently we have found an antiserum (designated SLE
105) from a patient with systemic lupus erythematosis,
which recognizes determinants that are present on both
the interphase nuclear envelope and the periphery of the
metaphase chromosome. This antiserum recognizes a
protein that we have named perichromin for its unique
location surrounding each metaphase chromosome. Peri
chromin has an apparent molecular weight of 33,000 and
is tightly bound to both interphase and metaphase chro
mosomes. The antigenic determinants on perichromin are
conserved, at least from mammals, through Drosophila.
We have observed that the early stages of chromosome
condensation on the nuclear envelope coincide with a
smooth transition of perichromin from a perinuclear to a
perichromosomal location. The location of perichromin at
the surface of the interphase nucleus and the periphery of
metaphase chromosomes suggests a pathway from inter
phase to metaphase chromosome organization and sug
gests possible roles for perichromin in the organization of
chromosomes in both states.

Results

Distribution of SLE-105 Antigen in Mammalian and
Insect Tissue Culture Cells
In a screen of autoantibodies from patients with systemic
rheumatic diseases, fixed CHO cells were exposed to sera
followed by a rhodamine-labeled goat anti-human IgG
antibody. With one serum designated SLE-105, we ob
served antibody binding to the nuclear periphery (Figure
1A) in a pattern similar to that seen with antibodies to the
nuclear lamins (see Figure 2A, Gerace et al., 1978; McKeon
et al., 1983). However, while the staining of nuclear lamins
disappears as the cell approaches prometaphase (Figure
2C, Gerace et al., 1978), the staining of this serum persists
through mitosis in a striking and characteristic perichro
mosomal pattern (Figure 1E-G). We have named this
antigen perichromin because of its location relative to the
chromosome. This peripheral location of perichromin stain
ing on metaphase chromosomes is not due to some steric
interference of antibody binding to the chromosome inte
rior, as Several other Sera stain the bulk of the chromo
SO■ meS.

The relationship between the staining of the chromo
somal surface during mitosis and the nuclear envelope
during interphase can be seen when we look at carefully
staged sequences during the cell cycle and in particular
at prophase as shown in Figures 1B and 1C. The chro
mosomal pattern is clearly seen by Hoeschst staining or
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Figure 1. Immunofluorescence Detection of Perichromin during the CHO Cell Cycle
CHO cells grown on glass coverslips were used to detect penchromin during various stages of the CHO cell cycle. The letters (A–H) refer to three micrographs
(left to right) of the same cell using immunofluorescence with the SLE-105 antiserum, Hoeschst, or phase-contrast optics. (A) interphase cell, (B, C, D, E)
progressive stages of prophase showing relationship between chromosome condensation at the nuclear envelope and the redistribution of perichromin, (F)
metaphase cell. (G) anaphase cell (H) telophase daughter cells showing the redistribution of perchromin to the nuclear periphery during the process of
nucleus reformation. Magnification 4000 x
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Figure 2. Immunofluorescence Localization of Nuclear Lamins during the CHO Cell Cycle
CHO cells grown on glass were chemically fixed and probed with a human autoantibody to the P70 and P60 nuclear lamins. The letters (A–D) refer to the
three micrographs (left to right) of the same cell using immunofluorescence, Hoeschst, or phase-contrast optics. (A) interphase cell showing discrete nuclear
rim staining by immunofluorescence; (B) mid-prophase cell revealing condensed chromosomes with intact nuclear-lamina staining, (C) metaphase cell showing
the complete disintegration of nuclear-lamina staining, (D) telophase daughter nuclei showing reappearance of nuclear lamina onto the decondensing
chromosomes. Magnification 4000 X.



Nuclear Envelope and Chromosome Condensation
87

by phase contrast in the second and third panels of Figure
1. The initial stages of prophase chromosome condensa
tion (Figure 1B) occur on the nuclear envelope and coin
cide with indentations of perichromin staining on the sides
of condensing chromosomes. The next stage of prophase
condensation (Figure 1C) also occurs in association with
the nuclear envelope and is marked by a complete envel
opment of each chromosome by perichromin. The chro
mosomes then appear to dissociate from their perinuclear
position as shown in Figures 1D and 1E. During metaphase
(Figure 1F) and anaphase (Figure 1G) the perichromin
antigen maintains a perichromosomal location. At telo
phase, daughter chromosomes (Figure 1H) appear to co
alesce during reformation of the nucleus with the coinci
dent relocalization of perichromin to the nuclear periphery.

The Relationship between Perichromin and Nuclear
Lamins during the Cell Cycle
We attempted to correlate the assembly and diassembly
of the nuclear lamins with the reorganization of perichromin
and chromosomes during the cell cycle. The nuclear lamins
were detected by immunofluorescence using a human
autoantibody to the P70 and P60 lamin proteins (McKeon
et al., 1983). The interphase nuclear lamins (Figure 2A)
appears to be more restricted to a fine band around the
nucleus as compared with perichromin at interphase (Fig
ure 1A). At mid-prophase the distinction between peri
chromin and nuclear lamins is striking. The nucleus retains
an intact nuclear lamina after chromosome Condensation

has advanced (Figure 2B). At this time, however, the
perichromin has moved off the nuclear envelope to sur
round the chromosomes (Figure 1D). At metaphase, the
nuclear lamins have completely dispersed (Figure 2C),
while perichromin maintains a perichromosomal distribution
(Figure 1F). At telophase, the nuclear lamina reappears on
the surface of decondensing chromosomes (Figure 2D) in
a pattern very similar to that of perichromin (Figure 1H).

Immunofluorescence Detection of Perichromin in

Drosophila Cells
The SLE-105 antigen, which we have termed perichromin,
is highly conserved. As shown in Figure 3, perichromin is
on the periphery of Drosophila melanogaster Kc chromo
somes during metaphase in the same chracteristic pattern
as mammalian cells. During interphase there is not a clear
peripheral pattern.

Extraction Properties of Perichromin from
Interphase CHO Cells
As a preliminary study for the characterization of the
perichromin antigen, CHO cells grown on coverslips were
extracted with various solutions, and probed with the SLE
105 serum. Phosphate-buffered saline (PBS) with 0.1%
NP40 fails to solubilize perichromin from the nucleus (data
not shown). A subsequent extensive digest with micrococ
cal nuclease, which releases greater than 80% of the DNA
from the nucleus, also fails to release a majority of this
antigen as shown in Figures 4A and 4B. However, high
salt treatment (0.5 M NaCl) after nuclease digestion re
leases almost all of perichromin, as judged from fluores
cence intensity (Figures 4C and 4D).

Micrococcal nuclease treatment was a necessary pre
requisite for the high-salt extraction of perichromin from
CHO nuclei. The effect on perichromin antigen solubility of
sequential exposure to solutions of increasing NaCl con
centrations without prior nuclease treatment is illustrated
in Figure 5. Extraction of CHO cells with 0.1% NP40 in
PBS followed by sequential exposure to salt concentrations
of .15, 25, 35, and 50 M NaCl in a buffer containing 80
mM KC, 15 mM 2-mercaptoethanol, and 15 mM PIPES
(pH 7.4) fails to alter the perichromin staining of interphase
nuclei not previously treated with micrococcal nuclease
(Figure 5A).

An increase in NaCl concentration through steps of .15
to 2.0 M disperses most of the DNA from the interphase

Figure 3. Immunofluorescence Detection of Perichromin in Drosophila melanogaster Cells
Drosophilamelanogaster embryonic Kc cells were stained with the SLE-105 serum for immunofluorescence localization of perichromin. (A) immunofluorescence
micrograph. The mitotic cell shows a perichromosomal localization of perichromin. Other cells in the field are presumed to be interphase or early prophase
and display a nuclear staining pattern not clearly limited to the nuclear envelope. (B) Phase-contrast micrograph of the same cells as in (A). Magnification
4000 x.



Figure 4. Extraction of Perichromin from Micrococcal-Nuclease-Treated CHO Cells
CHO cells were extracted with 0.1% NP40 in PBS and subsequently treated with micrococcal nuclease followed by 0.5 M NaCl. (A) immunofluorescence
micrograph of CHO cells treated with micrococcal nuclease, fixed with formaldehyde, and probed for the presence of perichromin; (B) phase-contrast
micrograph of same cells as in (A), (C) immunofluorescence micrograph showing the loss of perichromin from CHO cells treated with micrococcal nuclease
followed by 0.5 M NaCl, (D) phase-contrast micrograph of the same cell as in (C). Magnification 2000x.

nucleus as well as the perinuclear perichromin staining
(Figure 5B). After 2 M salt treatment the perichromin
antigen appears to be dispersed in patchy regions around
the nuclear envelope, which itself remains intact during
these treatments (Figure 5B),

Detection of the Perichromin Antigen in CHO and
HeLa Cells by Electrophoretic Protein Transfers
To identify the molecular weight of the perichrominantigen,
CHO and HeLa nuclear matrices were extracted under

identical conditions and the resulting fractions were sub
jected to SDS polyacrylamide gels. After separation, the
proteins were transferred to nitrocellulose and probed with
the SLE-105 serum followed by *-labeled goat anti-hu
man antibody. The protein profiles of the extracted CHO
cells are shown in Figure 6 (lanes 1, 2, 3), and those of
extracted HeLa cells are shown in Figure 7, (lanes 1, 2, 3).
Lane 1 (of both Figures 6 and Figure 7) represents the
insoluble proteins of CHO cells (Figure 6) and HeLa cells
(Figure 7) after micrococcal nuclease digestion. Proteins
remaining insoluble after both nuclease treatment and 1 M
NaCl washing are shown in lane 2 (Figures 6 and 7). Those
proteins solubilized by the 1 M NaCl wash after nuclease
treatment cells are shown in lane 3 (Figures 6 and 7). The
two most prominent proteins have apparent molecular
weights of 35,000 and 33,000. When the proteins from

lane 1 (Figures 6 and 7) were transferred to nitrocellulose
and probed with the SLE-105 serum, only a single protein
at 33,000 daltons was detected in both CHO and HeLa
cells (lane 4 from Figures 6 and 7). A comparison of lane
1 with lane 2 (of Figure 6 or Figure 7) shows that the
perichromin antigen comigrates with one of the two pre
dominant proteins solubilized from the nuclear matrix by
high-salt treatment. Perichromin can also be detected as
a 33,000 dalton protein that is solubilized by high salt from
Drosophila embryonic nuclei (data not shown).

Immunoprecipitation of Perichromin from
Micrococcal-Nuclease-Treated Cells
To confirm the electroblotting identification of perichromin,
CHO cells were metabolically labeled with *S-methionine
and extracted with NP40 followed by micrococcal nuclease
treatment. The insoluble proteins, which should include
perichromin represented in Figure 8, lane 1, were boiled in
SDS and diluted in a buffer containing nonionic detergents.
Primary antibody incubation with the SLE-105 serum ad
dition followed by fixed S. aureus cells immunoadsorbed
the proteins shown in lanes 2 and 3 (Figure 8). Lane 2
shows a 33,000 dalton protein immunoabsorbed by the
SLE-105 serum. Comparing lane 2 with the micrococcal
nuclease-treated cell proteins of lane 1 indicates that this
33,000 dalton protein is not visibly represented in the
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Figure 5. Failure to Extract Perichromin from CHO Cells with Undigested
DNA

(A) immunofluorescence micrograph of CHO cells extracted with 0.1%
NP40 in PBS followed by exposure to gradually increasing NaCl concentra
tions to 0.5 M. Probing with the SLE-105 serum indicates the perinuclear
distribution of perichromin is essentially intact. (B) immunofluorescence
micrograph of the disintegration of the perichromin pattern into perinuclear
fragments following graded increases in NaCl concentrations to 20 M.
Magnification 500 x.

micrococcal-nuclease-insoluble proteins. This minor rep
resentation in the *S-methionine-labeled proteins suggests
that the major band at 33,000 of the Commassie Blue
stained proteins of lane 1 (Figure 6) is not a methionine
containing protein and may only comigrate with peri
chromin. Lane 3 (Figure 8) represents an immunoadsorp
tion of the A and C lamins from the same extract using a
human autoantibody to nuclear lamins (McKeon et al.,
1983) as an internal control. Lane 4 (Figure 8) shows the
same 33,000 dalton protein immunoadsorbed by serum
derived from the SLE-105 patient six months after the
original serum was obtained, demonstrating the stability of
the autoimmune response to perichromin in this patient.

Discussion

We have described the antigenic target of an autoanti
serum from a patient with systemic lupus erythematosis,
which is associated with the nuclear envelope at interphase
and is localized on the periphery of chromosomes at
metaphase. We have also shown intermediate stages in
the rearrangement of this antigen during early prophase
chromosome Condensation as it moves from association

with the nuclear envelope to localization on the independ

Figure 6. Electrophoretic Protein Transfers to Detect Perichromin from CHO
Cells

(Lane 1) Insoluble CHO cell proteins after extraction with nonionic deter
gents and micrococcal nuclease. P70, P68, P60 refer to nuclear lamin
proteins, V is the intermediate filament protein vimentin, and A is actin.
(Lane 2) Insoluble CHO cell proteins after extraction with nonionic deter
gents, micrococcal nuclease, and 0.5 M NaCl. Note that P35 and P33 are
selectively solubilized by the high-salt treatment. (Lane 3) 0.5 M NaCl
soluble proteins. (Lane 4) A duplicate of Lane 1 was electrophoretically
transferred to nitrocellulose and probed with the SLE-105 serum and a ”.
goat anti-human IgG antibody and processed for autoradiography. Only the
P33 species is detected by the probe.

ent chromosomes. In all subsequent stages of the cell
cycle, including metaphase and telophase, this antigen
maintains a strict peripheral location on the chromosome.
Protein transfers and immunoadsorption studies show this
antigen to have an apparent molecular weight of 33,000
in CHO, HeLa, and Drosophila nuclei. We have termed this
antigen perichromin, to emphasize its unusual location on
the chromosome. These immunoadsorption and blotting
studies, together with immunofluorescence results with
Drosophila Kc cells, demonstrate that perichromin is highly
conserved through evolution. The release of perichromin
from the nucleus by sequential treatments with DNAase
and high salt suggest that it is either directly or indirectly
bound to DNA.

The spatial localization of perichromin during the cell
cycle suggests that it may have a role in the organization
of the chromosome in both metaphase and interphase.
Recent work on the structure of the chromoSOme has
suggested that DNA is organized into supercoiled domains
of 30 to 80 kb during both interphase and metaphase (ide
et al., 1975; Benyajati and Worcel, 1976, Paulson and
Laemmli, 1977, go-Kemenes and Zachau, 1978; Vogel
stein et al., 1980). Supercoiled domains may be immobi
lized at the nuclear envelope during interphase, and there
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Figure 7. Electrophoretic Protein Transfers to DetectPerichromin from HeLa
Cells

(Lane 1) Insoluble HeLa cell proteins after extraction of cells with nonionic
detergents and micrococcal nuclease. A refers to actin. (Lane 2) Insoluble
HeLa cell proteins after extraction with nonionic detergents, micrococcal
nuclease, and 0.5 M NaCl. (Lane 3) P35 and P33 proteins are selectively
extracted by 0.5 M NaCl. (Lane 4) A duplicate of Lane 1 was electropho
retically transferred to nitrocellulose and probed with the SLE-105 serum
and a ”I goat anti-human IgG antibody and processed for autoradiography.
Only the P33 species is detected by the probe. (Lane 5) A duplicate of
Lane 5 probed with normal human serum as a control for the SLE-105
serum

is evidence that interphase chromosomes have a discrete
association with the nuclear envelope (Fawcett, 1966,
Gurley et al., 1978, Olins and Olins, 1979; Hancock and
Hughes, 1982, Foe and Alberts, 1983). The nuclear enve
lope is composed principally of the three nuclear lamin
proteins, as well as the nuclear pore complexes. The
nuclear lamins are thought to provide a structural frame
work for the nucleus itself as well as possibly associating
with and organizing the interphase chromosomes (Aaron
son and Blobel, 1975; Gerace et al., 1978; Gerace and
Blobel, 1980). Though this may be the case, the lamin
proteins cannot serve this role in mitosis since they do not
remain associated with the chromosomes after prophase
(see Figure 2C and Gerace et al., 1978). The studies
presented here suggest further that the early steps of
chromosome condensation take place without any signifi
cant disruption of the lamina structure.

It has been suggested that supercoiled domains are still
present in metaphase chromosomes, but that these do
mains are immobilized on a centrally located proteinaceous
structure called the scaffold, running the length of the
metaphase chromosome (Paulson and Laemmli, 1977;
Lewis and Laemmli, 1982). Though the persistence of
supercolled DNA loops in metaphase chromosomes
seems very likely, the evidence for a defined scaffold
structure has been weaker (see Labhart et al., 1982). It is

Figure 8. Immunoadsorption of Perichromin from Micrococcal Nuclease
Treated CHO Cells

CHO cells were metabolically labeled with *S-methionine, extracted with
micrococcal nuclease, and solubilized by SDS. (Lane 1) Total protein profile
on SDS-PAGE of CHO cells after micrococcal nuclease treatment. Note

that the heavy band at P33 seen by Commassie Blue staining of Figure 6,
Lane 1, is absent from the *S-methionine-labeled cells. (Lane 2) P33
antigen immunoadsorbed from lane 1 by SLE-105 serum (Lane 3) immu
noadsorption of nuclear lamin proteins P70 and P60 (by human autoanti
body to nuclear lamins) as a control. (Lane 4) See text

also difficult to see how such a structure would arise during
prophase and, in particular, how the DNA of chromosomes
could exchange its association with the nuclear envelope
to form an internal scaffold without formidable topological
difficulties.

The properties of perichromin suggest a reasonable way
by which the chromosome can exchange its association
with the nuclear envelope for a condensed and discrete
form at metaphase, and still preserve a mechanism for
reconstituting the interphase chromatin distribution at tel
ophase. As shown Figure 9, the initial steps of chromo
some condensation occur close to the nuclear membrane,
as has been well documented (Comings and Okada, 1971;
Gurley et al., 1978, Foe and Alberts, 1983). Perichromin is
shown occupying a position between the nuclear lamina
and the chromatin, although no evidence exists for a direct
interaction between perichromin and the nuclear lamin
proteins. Condensation of the chromatin probably occurs
by structural changes on the level of nucleosomes (Thoma
et al., 1979), which concentrate the DNA into discrete
regions on the inner surface of the nuclear envelope.
Coincident with this compaction of DNA onto the nuclear
envelope is the necessary dissociation of perichromin from
the nuclear envelope to a perichromosomal location. Thus
perichromin remains with and envelops the chromosomes
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EARLY TELOPHASE METAPHASE

Figure 9. Schematic Diagram of Lamin and Perichromin Distributions during
the Cell Cycle
Interphase nucleus with the dark line representing the nuclear lamina. The
light double lines with the dotted interior represents the perichromin. DNA
loops are shown to be attached to the perichromin. The early prophase cell
shows the initial condensation of the DNA loops. The mid-prophase cell
reveals the early stages of perichromin envelopment of the condensing
chromosomes. The late prophase chromosomes are shown completely
enveloped by perichromin. The prometaphase cells shows the breakdown
of the nuclear lamins. The metaphase cell is diagrammed with a spindle
and separating daughter chromatids migrating to the opposite poles. The
early telophase cell shows the nuclear laminareforming around the daughter
cell chromosomes. The late telophase cell shows a well developed nuclear
lamina and indicates the decondensation of the chromatin from the nuclear
envelope and the establishment of the interphase configuration.

while the nuclear lamina remains intact. Further dissociation
of the perichromin and chromatin from the surface of the
nuclear envelope and further condensation of the chro
matin lead to the formation of discrete chromosomal do
mains, which become the individual chromosomes. The
perichromin, which initially has a largely if not exclusively
perinuclear organization, is now perichromosomal. At the
end of prophase the nuclear lamina dissolves and the
nuclear lamins are solubilized in a step clearly temporally
removed from the chromosome-condensation phase.
Hence the dissociation of the nuclear lamins cannot be a

prerequisite for chromatin condensation.
The disposition of perichromin on the surface of meta

phase chromosomes places it in a useful position to help
nucleate the reassembly of the nuclear envelope in telo
phase. As depicted in Figure 1H, in telophase the peri
chromin may act to nucleate the reassembly of the lamin
proteins and re-establish the nuclear envelope. It is well
known that nucleus assembly does not require a full
complement of chromosomes and that in many cells it has
been observed that the envelope will form around individual
chromosomes (Ikeuchi et al., 1971; Johnson et al., 1975;
Jost and Johnson, 1981). The nucleus will also sponta
neously assemble around injected DNA in frog eggs,
suggesting that once the DNA becomes associated with
the proper chromosomal proteins it can catalyze nucleus
assembly. Special DNA sequences are not required for
this process, as shown by Forbes et al. (1983). It would
be interesting to know when perichromin becomes asso

ciated with the DNA during the process of nucleus assem
bly.

The perichromin antigen migrates at 33,000 in SDS gels
when isolated from nuclei of diverse phylogenetic origins.
At present this is all we know about perichromin at a
molecular level. In CHO and HeLa cells it comigrates with
an H1 subtype. Although it is possible that it is related to
H1, it seems unlikely that it is a major H1 protein Since
purified histones containing H1 do not react on blots with
the SLE-105 antibodies (data not shown), and perichromin
labels with *S-methionine while the major H1 subtypes of
CHO and HeLa cells lack methionine (Ajiro et al., 1981;
D'Anna et al., 1981).

It is, of course, unclear from Our morphological Studies
what functional role perichromin might have in chromo
some organization and nucleus assembly. Whatever its
functional role, its distribution demonstrates the existence
of elements that were previously associated with the nu
clear envelope in interphase and assume a peripheral
Orientation on the chromosome in mitosis. Whether peri
chromin acts to integrate interphase and metaphase Chro
mosome organization will be the subject of further studies.

Experimental Procedures

Autoantibodies

The autoantibodies of the SLE-105 serum were obtained from a 55-year.
old male patient with systemic lupus erythematosis. Human autoantibodies
to nuclear lamins were obtained from a patient with linear scleroderma as
described previously (McKeon et al., 1983).

Tissue Culture Cells

Chinese hamster ovary (CHO) cells and HeLa S3 cells were originally
obtained from the Cell Culture Facility at the University of California, San
Francisco. The CHO cells were maintained in a-modified Eagle's medium
(without nucleosides) supplemented with 5% fetal calf serum and 5% calf
serum. The HeLa S3 cells were maintained in Dulbecco's modified Eagle's
medium supplemented with 10% calf serum. Both cell lines were grown in
a 10% CO2/90% air incubator at 37°C. Drosophila melanogaster embryonic
cells of the KC line were grown at 26°C in Echaller's medium (Echaller and
Ohanessian, 1970).

Immunofluorescence Microscopy
CHO, HeLa S3, and Kc cells were grown on glass coverslips (12 mm
diameter, Corning), fixed in 1% formaldehyde in phosphate-buffered saline
(PBS) for 5 min at 22°C, and made permeable to antibodies by washing in
0.1% NP40 (Sigma) in PBS. The cells were first exposed to the SLE-105
serum diluted 1:200 and subsequently to a rhodamine-conjugated goat
anti-human IgG (Cappel Laboratories, Cochranville, PA). DNA was labeled
using a solution of 10 ug/ml bisbenzamid (Hoeschst 33258) dye. Cells
were photographed with a Zeiss photomicroscope with a 100x planapo
objective.

CHO and HeLa Extracted Nuclei Preparation and Protein Transfers
CHO and HeLa cells were grown to confluence on 150 mm diameter

tissue culture dishes and extracted on the dish in cold PBS containing
0.1% NP40, 15 mM 2-mercaptoethanol, and 1 ug/ml of the protease
inhibitor a-2-macroglobulin (Boehringer Mannheim). The extracted cells
remaining on the dish were exposed first to 10 U/ml of micrococcal nuclease
(Worthington) per ml of the same buffer with 10 mM CaCl2 for 10 min at
22°C, and then to a buffer containing 0.5 M NaCl, 80 mMKC., 5 mM EDTA,
0.1% Triton X-100 (Sigma), 15 mM 2-mercaptoethanol, 1 ug/ml a-2.
macroglobulin, and 15 mM PIPES (pH 74). Soluble and insoluble fractions
were concentrated by pelleting or by 90% acetone precipitation, and
solubilized in SDS sample buffer. Proteins from the fractions were separated
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on 8.5% SDS polyacrylamide gels and electrophoretically transferred to
nitrocellulose essentially as described (Burnette, 1981). The nitrocellulose
filters were probed with a 1:1000 dilution of SLE-105 serum followed by a
*|-labeled goat anti-human IgG antibody (Hunter and Greenwood, 1962).
The filters were then dried and subjected to autoradiography

Drosophila Embyronic Nuclei Preparation
Extracted nuclei from a 16 hr collection of Drosophila embryos were
prepared as described previously (McKeon et al., 1983).

Immunoadsorption of Perichromin from CHO Cells
80% confluent dishes of CHO cells were labeled for 12 hr in 80 uC/ml of
*S-methionine in o-MEM without methionine supplemented with 10% fetal
Calf serum. Cells were extracted on the dish as described above and the

micrococcal-nuclease-insoluble material pelleted and solubilized by boiling
In SDS sample buffer. The material was then diluted 20-fold in a buffer
containing 0.1% NP40, 80 mM KC, 20 mM NaCl, 5 mM EDTA, 15 mM 2.
mercaptoethanol, 5 ug/ml alpha-2-macroglobulin, and 15 mM PIPES (pH
74). SLE-105 serum was added at 1 u■ /ml for 30 min followed by 10 ul of
fixed S. aureus (Pansorbin, Cal Biochem.) for 20 min at 0°C. The S. aureus
was washed by centrifugation three times in the same buffer, solubilized in
SDS sample buffer, and the bound proteins fractionated on 8.5% polyacryl.
amide gels.
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CHAPTER 4

Monoclonal antibody probes to the nuclear pore complex
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SUMMARY

We have developed a mouse hybridoma that secretes a monoclonal

antibody which recognizes complexes on the nuclear envelope. The

distribution of these complexes on the nuclear envelope is very similar

to the distribution of nuclear pores in various cell types. These

complexes are also stably bound on the nuclear envelope through

treatments of nonionic detergents, nucleases, and 2M NaCl. The nuclear

pores are also stable to these treatments. The antigen recognized by

this monoclonal antibody has a molecular weight of 40,000 and appears to

be conserved in evolution at least through Drosophila melanogaster.
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Introduction

Nuclear pores are the only known channels in the nuclear envelope

and therefore represent a major focus of study for those interested in

nuclear transport and RNA processing. All eukaryotes possess

structurally similar nuclear pores and their distribution is

surprisingly constant in organisms as diverse as yeast and primates.

Both HeLa cells and the yeast S. cerevisiae have an average of 11

nuclear pores/unº of nuclear envelope, although this number varies with

stages of the cell cycle and growth rates (Maul, 1977). All nuclear

pores described at the ultrastructural level have an octagonal symmetry,

being made up of eight large particles surrounding a central core

granule. Eight spokes from these particles radiate in towards the

central granule. The overall diameter of the nuclear pore is

approximately 130nm (Unwin and Milligan, 1982). In no case is the

biochemical nature of any structural component of the pore known. Also

unknown is the role of the nuclear pores in the proposed active

transport of proteins or processed RNP particles, although indirect

evidence suggests that large particles, including RNP particles, must be

actively transported. Early studies of proteins, dextrans, and gold

particles suggested that the nuclear pore has a 9mm hole which allows

free diffusion of proteins 1ess than 60,000 daltons (Paine et al.,

1975). RNP particles, including ribosomes and mRNP complexes, are much
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larger than this allowable limit and most likely are actively

transported.

In addition to the notion that the nuclear pores actively transport

larger proteins and RNP particles, there exists a substantial body of

circumstantial evidence from both higher and lower eukaryotes that the

nuclear pores display selectivity in what they transport. For example,

processed, but not unprocessed RNAs are not transported from the nucleus

to the cytoplasm. In higher eukaryotes, primate cells infected with

SV40 or adenovirus fail to process host hnRNAs and their transport to

the cytoplasm is not observed (Nivens, 1983). But this inhibition may

be a result of a failure of as yet unidentified proteins that recognize

processed RNAs to bind and aid in transport, rather than any active

quality of the pore itself.

In lower eukaryotes, mutations in yeast affecting RNA metabolism

have shown a similar phenomenon with unprocessed RNAs. Hutchison et al.

(1969) generated a series of ts-RNA mutants which were later shown to be

defective in processing of tRNA, rRNA, and himRNA. In mutants affecting

one or more of these RNA species, the unprocessed form is accumulated in

the nucleus (Hopper et al., 1978; Rosbash et al., 1981). More work will

be required to define these mutations and to determine the exact role

for selectivity at the nuclear pore.

An interesting development in the RNA processing transport problem

comes from the studies of Zasloff and colleagues at the N. I. H. ,

(Zasloff, 1983) who have followed transcription and processing after

human trNA genes are injected into the germinal vesicle of Xenopus

oocytes. In this system processed trNAs are selectively transported to

the cytoplasm of the Xenopus oocyte. But more interesting are
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unpublished data from Zasloff using in vitro mutagenesis of a human trNA

gene and following the effect of specific base changes in the RNA on

processing and transport. The results show that some mutations affect

tRNA processing while others affect transport alone. This is the first

study to define functionally distinct sites on RNA with regards to the

processing-transport problem. However, we are still a long way from

defining the activities that are interacting with these nucleotides.
-

As a more direct approach to the transport problem, we have

produced a hybridoma which secretes an antibody which may recognize an

integral structural component of the nuclear pore (NP1).

Methods and Materials

1. Antigen Preparation

A nuclear matrix preparation was made from Chinese hamster

ovary (CHO) cells using the solid phase methods described previously

(McKeon et al., 1983). CH0 cells were grown on 150mm tissue culture

dishes (Falcon) and sequentially extracted with phosphate-buffered

saline (PBS: 150mM NaCl, 2mm KC1, 2mm KH2PO4, and 8mm Na2HPO, pH7.4)

containing 10mM 2-mercaptoethanol and 0.1% Nonidet P40 (NP40, Shell),

and PBS containing 10 units per ml. micrococcal nuclease (Worthington),

5mm CaCl2, 10mM 2-mercaptoethanol, and 0.1% NP40 for 5 min. at 22°C.
The plates were then washed with 2M NaC1 containing 0.1% Triton X-100

for 30 sec. at 4°c, and subsequently washed with a solution containing

80mM KC1, 15mm NaCl, 5mm EDTA, 0.1% NP40, and 15mm Pipes pH7.2. The

remnants of the cell monolayers were then scrapped off the dish,
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centrifuged at 10,000xg for 5 min. , and mixed with an equel volume of

Freund's complete or incomplete Adjuvant (Cappel).

2. Immunization and hybridoma production

SJL female mice (8 weeks old) were injected with the antigen

preparation in complete Freund's Adjuvant subcutaneously on day 0

followed by intraperitoneal injections of the antigen in incomplete

Freund's Adjuvant an days 21, 36, and 43. On day 47, 3x10' spleen cells

were fused with 3x10' SP/2 myeloma cells using standard procedures

(Kohler and Milstein, 1975). Cells were plated into 96 well plates

containing 3000 peritoneal macrophages per well in RPMI media (Cell

Culture Facility, UCSF) containing 10% fetal calf serum and 2mm

gentamicin. Media from wells positive for cell growth were assayed on

day 14 after the fusion.

3. Immunofluorescence assay

CHO cells were grown on 12mm diameter covers lips and fixed

with 1% formaldehyde (Mallincrodt) in PBS for 5 min. at 22° C. Cells

were made permeable to antibodies by washing the fixed cells in 0.1%

NP40 in PBS. Covers lips were incubated in 30ul of culture supernatant

for 120 min. at 22°C in a humidified chamber. The covers lips were then

washed three times over 15 min. with PBS containing 0.1% NP40, and then

incubated with 30uI, of a 1:200 dilution of rhodamine-conjugated goat

anti-mouse IgG (Cappe 1) for 40 min. at 22°C in PBS with 0.1% NP40. The

covers lips were then washed in the same buffer and mounted on glass

slides in 90% glycerol, 0.2M Tris pH 7.4.

4. Polyacrylamide gel electrophoresis and Western blotting
The crude nuclear envelope preparation derived from the solid

phase extraction of CH0 cells described above was solubilized in SDS
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sample buffer and fractionated on 8.5% polyacryamide gels (McKeon et

al., 1983). Western blots were carried out essentially as described

(Burnette, 1981).

Results

1. Immunofluorescence localization of NP1 on the nuclear envelope

Several lines of evidence support the notion that this monoclonal

antibody recognizes the nuclear pore complex. The first is the

antigen's distribution through the cell-cycle as observed by indirect

immunofluorescence on CHO cells. Fig. 1a shows the distribution of this

antigen on the surface of a CHO nucleus in interphase. Many of the foci

are irregular in size, and most likely represent several pore complexes

clustered too closely to be resolved by the light microscope. This

problem will be addressed below. Fig. 1b shows a focal plane within the

nucleus and clear, punctate staining at the perimeter of the nucleus.

Fig. 2a, b shows a metaphase cell in which the nuclear envelope has

disintegrated; there is a coincident loss of NP1 staining. Fig. 3a, b

shows telophase daughter nuclei and the reappearance of NP1 staining

during nuclear envelope reformation.

2. The NP1 antigen is present in extracted nuclei

Nuclear pores survive treatments with nonionic detergents,

nucleases, and high salt as shown by Aaronson and Blobel (1975). These

treatments extract both the inner and outer nuclear membranes and leave
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a lamina studded with nuclear pore complexes. We prepared nuclei in a

similar manner to yield a nuclear pore-lamina fraction and found that

the NP1 binding was intact and revealed an unchanged spatial

distribution. Fig. 4a, b shows that even after these harsh treatments,

NP1 staining is present at pre-extraction levels. The distribution

described above is consistant with, but does not prove, the presense of

the NP1 antigen at the nuclear pore.

3. Partial isolation and characterization of the NP1 antigen

The ‘fact that the NP1 antigen is not depleated during the

production of a nuclear pore-lamina fraction suggested a means of

partially purifying the NP1 antigen. Western blots on a protein

fraction derived from the solid phase extraction of CH0 cells with NP40,

micrococcal nuclease, and 2M NaCl, reveal that the NP1 antigen has a

molecular weight of 40,000. Its stoichiometry appears to be between

1/50th and 1/100th that of the nuclear lamin proteins (Fig. 5a, b).

4. NP1 complex distribution on the nuclear envelope

The original question of whether the NP1 antigen is indeed part of

the pore complex has been aided by digitizing the information on the

immunofluorescence micrographs. Using a program which digitizes the

grain intensity from photographic negatives (Structural Biology Group,

Dept. Biochemistry and Biophysics, UCSF) a higher resolution image of

the nuclear surface was produced (Fig. 6a, b) . Visual scanning of these

digitized images suggests minimum density peaks (enclosed within lum
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square) of homogeneous intensities amongst much larger signals. These

minimum signals measure 300nm in diameter and most likely correspond to

individual units, while the higher intensity signals most likely

correspond to aggregates of the minimum signals which this technique

cannot resolve. The point-source effect of immunofluorescence

artifactually expands the size of labelled regions, and this may account

for the 300nm signal from a 130nm target. Despite the fact that regions
represented by the unit density peaks are the most diffuse of the field,

measurements show that these regions contain about 7 of these units per

un”. The measured density of nuclear pores by freeze-fracture of CHO

nuclei is 9 per um” (Maul, 1977).

Discussion

This report describes a monoclonal antibody that recognizes a

conserved determinant of a protein which exists in complexes on the

nuclear envelope. Our suggestion that these complexes are the nuclear

pores is based on several circumstantial, though not conclusive, lines

of data. The first concerns the immunofluorescence pattern of the NP1

antibody. Unlike the staining pattern of an anti-nuclear lamins

antibody, which yields a homogeneous rim-like pattern at the nuclear

envelope (McKeon et al., 1983), NP1 shows a dotted pattern expected for

a nuclear pore distribution (Fig. 1). In addition, the staining pattern

of NP1 parallels that of nuclear lamins through the cell cycle, in that

it disappears as the nuclear envelope disintegrates during metaphase and

reappears on daughter telophase nuclei as the nuclear envelope reforms

(Fig. 2 and 3). Nuclear pores are very stable structures in isolated
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nuclei, and appear structurally intact even after treatments with

nonionic detergents, nucleases, and 2M NaCl (Aaronson and Blobe 1, 1975).

We used similar treatments on CHO cells and found that the staining

pattern of NP1 was not altered on the isolated nuclear envelopes (Fig.

4).

In order to identify the NP1 antigen, we used to fact that the NP1

staining survives the treatments used to prepare a nuclear envelope

fraction from CHO cells to partially purify this antigen. This nuclear

envelope preparation was fractionated by electrophoresis on SDS

polyacrylamide gels and electrophoretically transfered to nitrocellulose

filters. The NP1 monoclonal antibody recognized a protein with an

apparent molecular weight of 40,000 (Fig. 5). By Coomassie blue

staining we estimate that this protein is present in the nuclear

envelope at levels of 1:20th to 1:50th that of nuclear lamins. This

crude estimate indicates that there exists between 2 and 5 femtograms of

this antigen per nucleus, or 15 to 40 molecules per nuclear pore.

Although these numbers appear insignificant on a gross level, the fact

that the NP1 antigen copurifies with the nuclear envelope will make

future attempts to isolate and characterize this antigen feasible.

Initial attempts to localize the NP1 antigen at the nuclear pore on

the ultrastructural level have failed due in part to inherent problems

with immunoelectron microscopy. As an alternative to this approach, we

have attempted to show through image analysis techniques that the number

and distribution of the NP1 complexes on the nuclear envelope correspond

to those seen for nuclear pores by freeze-fracture studies. This

approach involved digitizing the information on immunofluorescence

micrograph negatives to yield a higher resolution image of the NP1
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complexes than could be obtained by photographically enlarging the same

images. Using hardware and software developed by the Strucural Biology

Group at UCSF, images shown on Figure 6 were obtained. Regions of the

nuclear envelope revealed a group of dots of similar size and intensity

(enclosed in square), and these were interpreted to be individual NP1

complexes. The larger, more irregular dots may be groups of NP1

complexes too close to one another to be resolved. The most interesting

information on Figure 6 is that approximately 7 of the smaller dots fit

within the square, which represents a square micron. The

freeze-fracture studies of CH0 cells have shown that there are on

average 9 nuclear pores per square micron of nuclear envelope (Maul,

1977). If several more small dots were placed into the square in Figure

6, it would be difficult to resolve between the individuals, and most

likely yield an image seen over the regions outside of the square in

Figure 6. Thus, these data suggest that the NP1 antigen is arranged in

units on the nuclear envelope in a similar manner and distribution as

those reported for nuclear pores.
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FIGURE LEGENDS

Fig. 1. 1a. Immunofluorescence micrograph of NP1 binding on the

surface of nucleus showing dotted pattern. 1b. Immunofluorescence

micrograph focusing at the center of the nucleus showing a dotted

pattern at the nuclear perimeter. (x5000)

Fig. 2. 2a. Lack of NP1 staining in metaphase cell when nuclear

envelope has dis intrgrated. 2b. Hoechst staining of metaphase

chromosomes from same cell as in Fig. 2a. (x3000)

Fig. 3. 3a. NP1 staining of te lophase daughter cells showing

nuclear pores reforming around chromosomes. 3b. Hoechst staining of

same cell showing telophase chromosomes. (x5000)

Fig. 4. 4a. NP1 staining of CH0 nuclei extracted with nonionic

detergents, micrococcal nuclease, and 2M NaCl showing the NP1 antigen is

stable to these treatments. 4b. Same nuclei with Hoechst staining

showing the lack of DNA in these extracted nuclei. (x5000)

Fig. 5. Identification of the NP1 antigen in a nuclear matrix

preparation using electrotransfer procedures. Lane 1. Coomassie

blue-stained proteins from a CH0 nuclear matrix preparation fractionated

on an 8.5 per cent polyacrylamide gel. V is vimentin, A is actin. Lane

2. Proteins from lane 1 were electrophoretically-transfered to
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nitrocellulose and probed with the NP1 monoclonal antibody followed by

an *1-1abelled goat anti-mouse IgG antibody.

Fig. 6. A digital magnification of the immunofluorescence negative

from Fig. 1a showing a number of dots of disctete size on the nuclear

surface of CH0 cells. A black box representing a square micron encloses

these dots.

77



interphase

NP1 surface

metaphase

telophase

DNasel, 2MNaCl

NP1 perimeter



FIGURE 5

-NP |





CHAPTER 5

Isolation and characterization of the interphase kinetochore-centromere

complex from mammalian cells using human autoantibodies



Introduction

Stable inheritance of genetic information requires accurate

segregation mechanisms. Bacteria appear to distribute chromosomes and

episomes in an orderly manner (Cuzin and Jacob, 1967) dependent upon

particular cis-acting DNA components (Meacock and Cohen, 1980; Ogura and

Higura, 1983; Austin and Abeles, 1984). The fact that episomal partition

functions map to several incompatibility genes suggests that their

function is to bind to limited sites on the host cell as a means of

segregation (Wehlmann and Eichentaub, 1980).

Eukaryotes have evolved a different segregation mechanism based on

microtubules but use an analogous DNA sequence known as the centromere

to interact with the segregation apparatus. The centromere is a

genetically-defined region at the center of a linkage group (Lindegren

et al., 1962). The kinetochore was initially defined by cytologists to be

the site on the chromosome to which microtubules attach during

metaphase, and was implicated in the mechanism of sister chromatid

segregation (Mazia, 1961). Ultrastructural studies later showed that the

kinetochore is a discrete structural entity of the primary constriction

of metaphase chromosomes to which microtubules are bound in an ordered

array (Roos, 1973; Brinkley and Stubblefield, 1970).

Studies of the yeast Saccharomyces cerevisiae have united the

genetic and morphological views of the centromere-kinetochore.

Ultrastructural views of the yeast mitotic spindle during anaphase

indicate that there is one microtubule for each of the 17 linkage
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groups, suggesting that one microtubule interacts with a

centromere-kinetochore site on each chromatid (Peterson and Ris, 1976).

The centromere of chromosome 3 of yeast has been cloned by chromosome

walking from centromere-linked genes (Clarke and Carbon, 1980). This

centromere sequence (CEN3) has been shown to stabilize the segregation

of unstable, autonomously replicating plasmids in both mitosis and

meiosis under nonselecting conditions. Further studies of yeast

centromeres have shown functional and sequence homology between the

centromere from several yeast chromosomes (Fitzgerald-Hayes et al.,

1982). Experiments placing two centromeric sequences into the same

plasmid yield an instability expected for a dicentric chromosome (Mann

and Davis, 1983). Both the segregation functions and the dicentric

instability indicate such centromeric sequences have kinetochore

functions and therefore interact with microtubules.

The kinetochore of higher eukaryotic chromosomes possesses a

disc-shaped trilaminar structure, which appears to interact with 15-40

microtubules on the outer disks. This discrete structure is apparent

only on prometaphase and metaphase chromosomes (Roos, 1973; Witt et al.,

1981). Attempts to study the kinetochore-centromere complex of higher

eukaryotes on a molecular level has been stifled by the lack of

centromere- linked genes or other biochemical probes. This situation has

been mitigated by the discovery that patients with the CREST syndrome of

scleroderma produce autoantibodies to mammalian kinetochores in both

metaphase and interphase cells (Moroi et al., 1980).

As a first step towards understanding the functional and structural

aspects of the higher eukaryotic segregation apparatus, we have isolated

and purified the interphase kinetochore-centromere complex from both
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human and hamster cell lines. Using the CREST anti-kinetochore

antibodies in conjunction with a solid phase cell extraction procedure,

we have obtained a 28,000 fold purification with a 75% yield of a

protein nucleic acid particle with a molecular weight of approximately

100 - 200 million. Two-dimensional electrophoretic comparisons of the

complex-associated proteins from HeLa and CHO cells reveal strong

similarities between the two species. Approximately 70 Kb of DNA

co-isolates with the interphase kinetochore particle in the form of 600

to 300 base pair fragments which are highly protected from nucleases.

This paper will detail the kinetochore purification scheme and

provide an initial characterization of the proteins tightly bound to the

kinetochore particle. In addition, we have characterized the CREST

anti-kinetochore antibodies as to their molecular targets, species cross

reactivities, and functional properties.
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Material and Methods

1. Cell lines and culture condition

Chinese hamster ovary (CHO) cells were maintained in alpha-modified

Eagle's medium (without nucleosides) supplemented with 5% fetal calf

serum and 5% calf serum. HeLa S3 cells were maintained in Dulbecco's

modified Eagle's medium containing 4.5 g/l glucose and supplemented with

10% calf serum. Both cell lines were grown in a 10% CO2/90% air

incubator. Chicken primary fibroblasts were a gift from Michael Bishop.

2. Indirect immunofluorescence screening of serum from CREST

patients.

CHO cells were grown on glass covers lips (12 mm diameter, Corning)

and fixed with 1% formaldehyde (Mallinckrodt) in phosphate-buffered

saline (PBS) for 5 min at 22°C. The coverslips were then washed in 0.1%

Nonidet P40 (NP40, Sigma) in PBS, and exposed to a 1:500 dilution of

CREST serum in the same buffer for 20 min at 22°C. After washing, the

cells were exposed to a rhodamine-conjugated goat anti-human IgG

antibody (Cappel) for 20 min. at 22°C. Cells were washed and stained

with 1.lig/ml bisbenzamide (Hoechst dye) to visualize DNA.

3. Metabolic labelling with **S-methionine and **P inorganic

phosphate.

CHO or HeLa cells were grown to near confluence on 150 mm diameter

polystyrene tissue culture dishes (Falcon) and isotopically-labelled

with either **S-methionine or **P-inorganic phosphate as follows:

**S-methionine labelling of cell proteins was performed by 15 hr.

incubations in appropriate media lacking methionine and supplemented

with 80 uCi/ml. '"S-methionine (Amersham), 10% serum and 10% normal

medium. **P-labellings were done with 15 hr. incubations in appropriate
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medium lacking phosphate supplemented with 100 uCi/ml **P inorganic

phosphate (Amersham), 10% serum and 10% normal medium.

4. Interphase kinetochore isolation.

Cell monolayers on polystyrene dishes were washed 3 times with

Buffer A at 4°C over a period of 2 min. Kinetochores were then labelled

with a 1:500 dilution of CREST autoimmune serum diluted in Buffer A for

30 min. at 4°c, washed twice in the same buffer, and subsequently

exposed to a rhodamine-conjugated goat anti-human IgG antibody (Cappel)

for 30 min. Nuclease digestions were performed in Buffer A1 containing

20 units/ml micrococcal nuclease (Worthington) and 10 ug/ml of the

protease inhibitor alpha 2-macroglobulin (Boehinger Mannheim) for 5 min.

at 22°C. The monolayers were then washed twice with buffer B at 4°C to

inactivate the micrococcal nuclease.

The monolayers were then washed with 3 M NaCl in buffer B (except

NP40, which is insoluble in high salt, was replaced by 0.1% Triton

X-100) for 30 sec. at 4°C. This solution was aspirated off and replaced

by 2 M urea in buffer B for 30 sec, followed by several washes with

buffer B alone. The extracted cells in the monolayer were then scraped

off the polystyrene dish using a rubber policeman and centrifuged at

5000 rpm for 5 min in a Sorvall HB4 rotor. The pellet was resuspended

in 300 kil of 4M guanidine-HCl (ultrapure, International Biotechnologies)

in buffer B (final pH is 6.95), homogenized with four strokes in a

Kontes No. 19 glass homogenizer with a tight-fitting teflon pestle over a

30 sec. period. 300ul of buffer B was added followed by four more

strokes in the glass homogenizer. The solution was loaded on top of a

4.5 ml linear sucrose gradient prepared from a 5% sucrose (w/w) solution

in buffer B with 0.1% Triton X-100 and a 65% sucrose (w/w) solution in
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buffer B without non-ionic detergents. The gradients were centrifuged

in an SW50. 1 rotor (Beckman) at 40,000 rpm for 3 hr. at 4°C. 4 drop

fractions were collected from the bottom of the tube. The assay for

kinetochore particles involved pipetting 5 ul from each fraction onto a

microscope slide and placing an 18 mm square covers lip over it. The

kinetochore particles are quantitatively adsorbed to the glass after

several hours and quantitation was done by photographing several fields

using appropriate fluorescence filters.

5. Immunoadsorption of kinetochores from peak gradient fractions.

Kinetochore-rich fractions from the sucrose gradients were pooled

and diluted with 7 volumes of buffer B containing 0.1% NP40 and

incubated with 50 pil of a washed, 10% solution of formaldehyde-fixed

Staphlococcus aureus preparation (Pansorbin, Cal Biochem) for 5 hr at

0°C without shaking. The Pansorbin was then centrifuged at 10,000 rpm

for 10 min in a Sorvall HB4 rotor and the pellet washed three times in

buffer B containing 0.1% NP40 using 1 min centrifugations in an

Eppendorf centrifuge.

6. Isoelectric focusing, SDS-gel electrophoresis, and

electrophoretic protein transfers.

The adsorbed kinetochore complexes were fractionated on 8.5%

polyacrylamide SDS gels either directly or as the second dimension after

non-equilibrium pH gradient electrophoresis using standard procedures

(O'Farrell et al., 1977). After fractionation, **S-methionine labelled

proteins were observed by fluorography followed by autoradiography. For

immunoblots, proteins were electrophoretically transferred to

nitrocellulose essentially as described (Burnette, 1981). The

nitrocellulose was then exposed to a 1:1000 dilution of the CREST sera
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followed by an ***I-labelled protein A from Staph aureus. The silver

staining of gels analysing unlabelled kinetochores was performed

essentially as described (Merrill, 1979).

7. Isolation of DNA from the kinetochore complex.

Immunoadsorbed kinetochore complexes were removed from the Staph

aureus by incubation in a buffer containing 100 mM NaCl, 10 mM Tris (pH

7.4) 5 mM EDTA, and 2% SDS for 15 min. at 37°C. The Staph aureus was

removed by a 10 min centrifugation in an Eppendorf centrifuge and the

supernatant was then transferred to a new tube. Proteins were digested

by addition of proteinase K (Merck) to 0.5ug/ml and incubation at 22°C

for 12 hrs. followed by phenol-chloroform extractions.

8. Electron microscopy.

1.0 kil of the kinetochore peak fractions of the sucrose gradients

was placed onto a carbon-coated, glow discharged parlodian copper grid

and incubated in a humidified chamber for 1 hr at 22°C. Quantitation of

the adsorbed kinetochore complexes on the grids was made by

photographing washed grids with fluorescense optics. The kinetochores

were then negatively stained with 2% uranyl acetate and viewed by

standard transmission electron microscopy.

9. Standard buffers.

Buffer A: 128mm NaC1, 2mM KC1, 8mm Na2HPO, 2mM KH2PO, 0.1%

Nonidet P40 (NP40, Shell), 10mM 2-mercaptoethanol, 10mM sodium azide, pH

7.2.

Buffer A1: same as buffer A with 5mm CaCl2.
Buffer B: 80mM KC1, 20mM NaCl, 5mm EDTA, 0.1% NP40, 15mm

Pipes, pH 7.2.
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Buffer B1. same as buffer B with additional 2980mM NaCl and

NP40 replaced by 0.1% Triton X-100.

Buffer B2: same as buffer B with 4M guanidine-HC1.

Buffer B3: buffer B without NP40 made 65% sucrose (w/w).

Buffer B Buffer B without NP40 made 5% sucrose (w/w) and4?

with 0.1% Triton X-100.
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Results

Screening and characterization of anti-kinetochore sera.

Sera from patients with the CREST syndrome of scleroderma were

screened by indirect immunofluorescence on chemically-fixed CHO cells.

Fig. 1 shows the immunofluorescence pattern of an anti-kinetochore serum

through the cell cycle. Fig. 1A reveals discrete dots in an interphase

nucleus. Through-focusing shows that each interphase nucleus has

approximately 22 of these dots and this number corresponds to the number

of chromosomes in CHO cells. After DNA replication, prophase nuclei

(Fig. 1B) have 44 dots representing the paired kinetochores of sister

chromatids. We have observed cells without condensed chromosomes with a

tetraploid number (44) of kinetochores and presume that the kinetochore

particles are assembled either during the S or G2 phase of the cell

cycle. At metaphase (Fig. 1C), the kinetochores align on the mitotic

plate in a paired configuration. The anaphase cells (Fig. 1D) show the

sister kinetochores segregated to opposite poles of the spindle. We

have obtained sera from 62 patients which yield an immunofluorescence

pattern identical to that seen in figure 1 at dilutions of 1:1000.

Comparisons based on several criteria suggest that these sera are

similar. First, approximately 95% of CREST patients have anti

kinetochore autoantibodies which exist in stable concentrations over

many years (Moroi et al., 1980; Tuffanelli et al., 1983). By

immunofluorescence assays on fixed cells, these CREST sera stain

kinetochores from all mammalian cells tested [ (human, Chinese hamster,

kangaroo rat (marsupial) ) with approximately equal intensities. All 62
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CREST sera recognize chicken kinetochores from primary chicken

fibroblasts, but the immunofluorescence signal is only a few per cent of

that derived from mammalian kinetochores. We were unable to detect an

immunofluorescence signal from a Xenopus cell line (A6).

To test whether the CREST sera would be useful probes for the study

of kinetochore function, we attempted to block the organization of

microtubules by kinetochores on metaphase chromosomes in vitro (Telzer

et al., 1975; Mitchison and Kirschner, in preparation). Metaphase

chromosomes were derived from synchronized CHO cells treated with

vinblastine in a manner which yielded kinetochores which had never been

exposed to microtubules. These metaphase chromosomes were preincubated

with one of six CREST sera at a concentration 10 fold higher than

required to saturate the kinetochore antigen by immunofluorescence, and

subsequently exposed to tubulin. None of the six CREST sera altered the

microtubule-organizing capacity of the metaphase kinetochores (Fig. 2).

Interphase kinetochores are immobilized on nuclear structures.

Moroi et al (1981) used CREST autoantibodies and immunoelectron

microscopy to show that approximately fifty per cent of the interphase

kinetochores were associated with either the nuclear envelope or the

nucleolus. We attempted to study the extent of this association by

extracting CHO nuclei with a solution containing graded increases in

NaCl concentrations from 0.5 to 2 M. This procedure removes histones

and causes the DNA from the nucleus to form a halo around the nucleus

itself (Hancock and Hughes, 1982). The kinetochores remain

qualitatively bound to the nuclear structures despite the fact that most

of the DNA from the nucleus is outside the nuclear envelope (Fig. 3)
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We used the fact that interphase kinetochores appeared tightly

associated with nuclear structures to develop an isolation scheme. We

first treated interphase nuclei with micrococcal nuclease or DNase1

followed by fixation and indirect immunofluorescence using CREST

autoantibodies. As shown in fig. 4., a, b, the interphase kinetochores

are present after extensive nuclease digestions although their staining

intensity is diminished. A 2M NaCl wash subsequent to nuclease

treatment resulted in a total loss of discrete kinetochore staining

although some nucleolar staining is now apparent (Fig. 4, c, d).

The destruction of the interphase kinetochores by sequential

nuclease digestion and high salt treatments forced an attempt to

stabilize the kinetochore by binding of the CREST autoantibodies

followed by an antihuman IgG antibody prior to the nuclease digestion.

In order to follow the kinetochores through this isolation scheme,

monolayers of CHO or HeLa cells on 12mm-diameter glass covers lips were

extracted with nonionic detergents (NP40) in PBS (buffer A) and the

kinetochores labelled in situ with the anti-kinetochore sera followed by

a rhodamine-conjugated goat anti-human antibody. All metaphase and late

prophase cells were washed off the covers lips by the detergent

extraction, leaving a monolayer of interphase cells with

rhodamine-labelled kinetochores. These covers lips with bound cell

monolayers proved to be extremely valuable because the state of the

rhodamine-labelled kinetochores could be rapidly determined using the

fluorescence microscope after applying various extraction conditions.

In addition, the cells could be exposed to numerous and sequential

treatments without the requirement of centrifugations, which tend to

result in aggregates of nuclei. Following the in situ labelling of the
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kinetochores with both CREST sera and rhodamine-labelled goat anti-human

IgG antibodies, nucleic acids were rapidly digested with micrococcal

nuclease. Micrococcal nuclease was chosen because it fails to digest

nucleic acids tightly associated with proteins (Sollner-Webb and

Felsenfeld, 1975), and would be more likely to preserve centromeric

sequences. 70ul, of micrococcal nuclease (10units/ml) in buffer A1 was

found to remove greater than 99 per cent of *P-labelled nucleic acids

in 5 min at 22°C. Redigestions with fresh solutions of micrococcal

nuclease failed to extract significant amounts of the residual nucleic

acids. Phase contrast optics revealed that this level of nuclease

digestion renders the previously phase-dense nuclei, transparent, with

the exception of the nucleoli, which become the only phase-dense

particles in the nuclei. Fluorescence optics revealed that the

micrococcal nuclease treatment had no effect on the number or

distribution of the kinetochore immune complexes in the nuclei (see

table 1). In order to solubilize some of the micrococcal

nuclease-insensitive nucleic acids and to test the stability of the

kinetochore immune complexes, a series of covers lips previously labelled

with antibodies and extracted with micrococcal nuclease as above were

exposed to various concentrations of NaCl. Using NaCl concentrations

between 150mM to 3000mM in buffer A, none was found to remove the

kinetochore immune complexes from the nuclear matrix as assayed by

immunofluorescence, while the 3000mM NaCl solution removed approximately

85 per cent of the micrococcal nuclease resistant DNA from the nuclear

matrix (Table 1). Using immunofluorescence optics and focusing at

various levels in the nucleus, a diploid number of interphase

kinetochore immune complexes (18-22/nucleus) were observed in these
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detergent, nuclease, and 3M NaCl-extracted cells (Fig.5A), while the

corresponding phase contrast image of these cells revealed only nuclear

matrices and some residual cytoplasmic granules (Fig. 5B).

Release of the kinetochore particles from the nuclear matrix

The next problem addressed was how to release the stabilized

kinetochore immune complexes from the nuclear matrix in order to further

purify these particles. Without knowing the nature of the association

of the kinetochore immune complexes to the nuclear matrix, several

chaotropic agents were investigated for their ability to release the

immune complexes intact from the nuclear matrix. Various concentrations

of urea (1M to 8M) in buffer B were used to extract covers lips with

bound monolayers of CH0 cells which had been previously labelled with

antibodies and extracted with nucleases and 3M NaCl. 2M urea failed to

dislodge the kinetochore immune complexes from the nuclear matrix,

although this concentration of urea did begin to distort the nuclear

envelope to a more eliptical shape. Concentrations of urea which were

3M and above resulted in an increasingly disrupted nuclear matrix, with

an increasing loss of kinetochore immune complexes from the nuclear

matrix, as judged by fluorescence microscopy. Surprisingly, even 8M

urea did not completely release the kinetochore immune complexes from

the covers lip during a 2 min exposure, which were observed as clusters

of 3 or 4 immune complexes on the surface of the covers lips.

High concentrations of guanidine-HCl proved to be to ideal

chaotropic agent for the purpose of freeing the kinetochore immune

complexes from the nuclear matrix. 5M and 6M guanidine-HC1 in buffer B
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completely dissolved both the nuclear matrix and the kinetochore immune

complexes during a 2 min exposure. Both 3M and 4M guanidine-HC1 had the

ideal characteristics of releasing the kinetochore immune complexes from

the nuclear matrix while maintaining the apparent structural integrity

of the majority of these immune complex particles. The structural

integrity of the liberated kinetochore immune complexes was assayed by

observing these complexes in the 4M guanidine solution by fluorescence

optics.

Large-scale preparation of interphase kinetochore immune complexes

The information obtained for the small-scale extraction of CHO

monolayers on covers lips was directly transfered to CHO monolayers

growing on 150mm tissue culture dishes. The ability to perform a number

of rapid and sequential extractions of the monolayers without

intermediate centrifugation steps made this solid phase extraction

scheme simple and adventageous. In addition, it allows the rapid

removal of soluble, cytoplasmic proteases in the very first step, as

well as precise control of exposure times for the various extraction

steps. Having determined the ideal conditions for producing stable

kinetochore immune complexes from the covers lip experiments described

above, a standard large-scale preparation would involve up to 10, 150mm

tissue culture dishes extracted with nonionic detergents, labelled with

both CREST anti-kinetochore sera and rhodamine-conjugated anti-human

IgG, digested with micrococcal nuclease, extracted with 3M NaCl, and

finally with 2M urea, as described in the Materials and Methods. At

this point the extracted cell monolayers were scraped off the
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polystyrene dishes with a rubber policeman and pelleted by

centrifugation at 10,000xg for 10 min. The pellet from up to 5 plates

of extracted cells (approximately 10° cells) was solubilized in 400 ul

of 4M guanidine-HC1 in buffer B, homogenized in a glass homogenizer,

diluted with an equel volume of buffer B, loaded onto a 4.5 ml linear

(65% to 5% w/w) sucrose gradient, and centrifuged for 3hr at 40,000 rpm

in a Beckman SW50. 1 rotor.

After centrifugation, the gradients were dripped into 5 drop

fractions (25 fractions in total) and the location of the

rhodamine-labelled kinetochore immune complexes determined by examining

5ul, of each fraction by fluorescence optics. Figure 6 shows that the

majority of the kinetochores have sedimented to approximately 57% w/w

sucrose, while the majority of the residual nuclear matrix proteins have

become solubilized by the 4M guanidine-HCl treatment and remain in the

upper portion of the gradient. The apparent migration of the

kinetochore immune complexes to 57% w/w sucrose represents a near

equilibrium position in that centrifugation at 40,000rpm for 50% longer

time (4.5hr) does not affect the observed position of the kinetochores

in these gradients (data not shown).

The assay for kinetochore particles in the gradient is made simple

by the fact that they are fluorochrome-labelled immune complexes, so

that a very accurate quantitative analysis of fractions can be performed

in minutes using a fluorescence microscope. Below the gradient profile

on Fig. 6 shows immunofluorescence micrographs of the kinetochore

particles from the kinetochore peak fractions (Fractions 2,3,4,5,6,7) in

the heavy sucrose. Apparent from these micrographs is the distribution

of larger kinetochores in the heavier fractions (F2, F3, F4) and smaller

92



kinetochores in the lighter fractions of the kinetochore peak (F5, F6,

F7, of Fig. 6). This apparent size heterogeneity is most likely an

effect of the isolation scheme and will be discussed below.

To demonstrate the effect of the 4M guanidine treatment on the

nuclear matrix, equal counts of *s-methionine-labelled proteins from

fractions across the gradient were separated on SDS-polyacrylamide gels

and detected by fluorography (Fig. 7). From this autoradiogram it is

clear that the nuclear lamins (P70, P68, and P60) are solubilized by the

4M guanidine and remain in the lightest fractions of the gradient. It

is also apparent that the kinetochore fractions (lanes 3 and 5) reveal

proteins quite different from the bulk of the matrix proteins seen at

the top of the gradient (lanes 19, 21, and 23).

Immunoadsorption of kinetochores from the gradient peak

To further purify the kinetochore immune complexes from the peak

kinetochore gradient fractions, fixed Staph aureus (Pansorbin) was added

to these pooled fractions. The efficiency of the immunoadsorption was

assayed by immunofluorescence; and conditions empirically determined to

adsorb at least 95% of the kinetochore immune complexes onto the

Pansorbin. After repeated washings of the Pansorbin in buffer B, 35-40%

of the **S-labelled proteins of the kinetochore peak fractions were

adsorbed. These proteins were judged to be specifically adsorbed in

that 2M urea in buffer B failed to remove them from the Pansorbin.

Table 1 summarizes the purification scheme in terms of the

**S-labelled proteins, DNA, kinetochore yields, and purification factors

at each step. It is clear from this table that the solid phase portion

of the purification scheme (steps 1-5) provide a means of reducing the

total protein 30-fold so that the high purification step of the sucrose
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gradient becomes feasible. The final immunoadsorption step only

provided a 3-fold increase in the purification factor for the proteins.

Only a few per cent of the DNA associated with the kinetochore peak

fractions is adsorbed by the staph aureus, indicating that a significant

amount of the relatively naked DNA associated with the nuclear skeletons

migrates into the kinetochore peak region of the gradient.

Molecular characterization of the proteins from CHO and HeLa kinetochore

particles

Interphase kinetochore particles from CHO cells

metabolically-labelled with **S-methionine contain a reproducable

profile of proteins (Fig. 8, **S-lanes). The characteristic proteins

from this immune complex are P23, P32, P39, P43, actin (A), P51, P53,

P80, and P110. If sensitive silver staining procedures are applied to

the CH0 kinetochore immune complex, the major bands are the heavy and

light chains of the human anti-kinetochore IgG and the

rhodamine-conjugated goat anti-human IgG antibody (Fig. 8, silver

stained lane). Approximately 5 to 10 rhodamine-conjugated anti-human

IgG antibody molecules can bind to each human IgG molecule during the

production of the kinetochore immune complex, and therefore we estimate

that only 10 to 20 per cent of these heavy and light chain bands is

actually the human autoantibody. The silver-stained SDS-gel on Fig. 8

confirms that what was isolated by the purification procedure is an

immune complex, and illustrates a similarity between the protein

profiles of the **S-methionine-labelled proteins and the silver-stained

proteins of the complex. To determine the antigenic target of the human

anti-kinetochore antibody, kinetochore proteins were fractionated on

SDS-gels, electrophoretically-transferred to nitrocellulose, and probed
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with the anti-kinetochore antibody followed by an ***I-labelled protein

A from Staph aureus. A doublet having an apparent molecular weight of

110,000 was observed with three different CREST sera (blot lanes in Fig.

8).

**S-methionine labelled proteins from CHO and HeLa interphase

kinetochores were compared by nonequilibrium pH gradient electrophoresis

(NEPHGE) followed by SDS-polyacrylamide gels to determine the presence

of conserved components (Fig. 9). Both CH0 and HeLa interphase

kinetochore particles contain approximately 20 predominant proteins of

which 12 have similar coordinates on 2-dimensional gels. These 12

proteins are numbered 1-12 on the gels and further characterized in

Table 2.

Physical characterization of the interphase kinetochore particle

The fact that the interphase kinetochore particle survives the 4M

guanidine treatment and migrates far into the dense regions of the

sucrose gradient suggests that it is a very tight complex of proteins

and nucleic acids. The particles isolated from the peak kinetochore

fractions were adsorbed onto plastic supports on electron microscopy

grids and negatively stained with uranyl acetate. The average particle

appears to be a roughly spherical complex of chromatin with a diameter

of 100-200nm (Fig. 10A). Occasionally an unfolded kinetochore particle

can be observed revealing regions appearing as thick chromatin fibers

(10-12 nm; Fig. 10B).

One reoccurring structural motif that was observed in these

particles was a roughly circular segment of chromatin with a diameter of

35mm. One or more of these segments was observed in greater than 50% of

the particles from the peak kinetochore fractions of the gradients. The
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apparent size heterogeneity of the kinetochores from the heavier and

lighter fractions of sucrose (Fig. 6) is in contrast to the size

homogeneity seen in the unextracted nuclei. This apparent size

heterogeneity of the isolated kinetochores most likely indicates an

instability of the complex resulting in a loss of portions of the

complex. It is also clear from Table 1 that approximately 20 per cent

of the interphase kinetochores do not survive the 4M guanidine

treatment. The fate of these kinetochores was determined by examining

the gradient fractions just above the kinetochore peak by

immunofluorescense optics (fig. 11). Fig. 11 compares the standard size

kinetochores (fig.11a) with the tiny, fluorochrome-labelled fragments

found in the fractions just above the kinetochore peak (fig. 11b).

These fragments are clearly less than one tenth the intensity of the

standard intact kinetochore and may represent the 20 per cent of the

disintegrated kinetochores together with fragments or subunits of the

large kinetochores found in the standard kinetochore peak.

From the specific activity of the *s-methionine-labelled proteins

and the total number of kinetochore immune complexes determined by

direct counting from immunofluorescence micrographs, the molecular

weight of the isolated complex could be determined:

Protein: 200 pg protein/cell) (2.6x10' cells) = 5.2×10° P8

total *s-methionine incorporation = 2.1x10° cpm

specific activity of cell protein = 0.4x10*epm/g
total kinetochore cpm -

5x10"epm
total number kinetochores isolated = 4.8x10"kinetochores

moles kinetochores isolated -
0.8x10”moles

total protein in isolated kinetochores:
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0.5x10°opm/0.4x10*epn/g protein -
1.25x10’s

molecular weight of protein in kinetochore:

1.25x10”g/0.8x10°mole = 130x10°g/mole
DNA: total DNA associated with 4.8x10"kinetochores:

= 3.7x10°g
molecular weight of DNA:

3.7x10°g/0.8x10”moles =46x10°g/mole
Total molecular weight of kinetochore particle:

46x10°20NA/mole + 130x10°gProtein =176x10°g/mole
Base pairs of DNA per kinetochore:

46xic"g|NA/mole x mole bp/660g =70,000 base pairs

We compared the size of the protected DNAs by isolating kinetochores

from cells metabolically labelled with **P-phosphate by the above

procedure using extensive digests with either micrococcal nuclease or

DNasel. When the purified DNAs of the isolated kinetochore complexes

were analyzed on a 5% acrylamide gel, discrete size classes were

obtained which did not reflect the mononucleosome pattern resulting from

total chromatin exposed to these nucleases. These fragments ranged in

size from 1500 to 200 base pairs, with definite bands appearing at

preferentially protected DNA size classes (fig. 12). If these

autoradiograms are scanned and replotted after normalizing the band

intensity to correspond to molar ratios, the graphs shown in Figure 12

are obtained.

The major DNA size class resistant to micrococcal nuclease is

between 600 and 400 base pairs (lane B, fig. 12), while the major DNA
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size class resistant to DNasel is between 450 and 300 base pairs (lane

A, fig. 12).
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Discussion

This report describes the use of human CREST antibodies to

stabilize and isolate the interphase kinetochore from both Chinese

hamster and human cell lines. Our initial characterization of sera from

62 different CREST patients show that they all yield the identical

immunofluorescence patterns on metaphase and interphase mammalian cells.

All sera possess antikinetochore antibodies which cross react with avian

primary fibroblasts, although the immunofluorescence signal is only a

few per cent that of mammalian kinetochores. We have been unable to

detect cross reaction with a Xenopus cell line with any of the sera by

immunofluorescence. Of the six sera tested for their ability to block

the in vitro organization of microtubules by metaphase chromosomes, none

of the sera showed any effect. Both the common disease state of these

patients and the similarity of the autoantibodies by several criteria

suggest that the autoantibodies recognize a common component of the

kinetochore.

Based on the observation (Moroi et al., 1982) that interphase

kinetochores were associated with other components of nuclear

architecture (nuclear envelope, nucleolus), we developed experiments to

test the degree of this association. First, the DNA from interphase

nuclei was greatly dispersed from the nucleus using graded increases in

NaCl concentrations to a level which removes nucleosomes (Hancock and

Hughes, 1982). The interphase kinetochores were shown by

immunofluorescence to be quantitatively bound inside the nucleus despite

the fact that most of the DNA was outside the nucleus. Our initial

attempts to isolate the interphase kinetochore based on its association

with the nuclear matrix was thwarted by the observation that although
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the kinetochore could survive limit digestions with nucleases, this

treatment rendered it vulnerable to subsequent high salt exposure. High

salt (2M) concentrations resulted in complete disruption of the

interphase kinetochore particles after nuclease digestion.

We were able to stabilize the interphase particle by binding both

the CREST autoantibody and a rhodamine-conjugated anti-human IgG

antibody to the kinetochore prior to nuclease treatment. The

kinetochore-immune complex then appeared stable to the sequential

treatments with micrococcal nuclease, 3M NaCl, and 2M urea, throughout

which they remain bound to the nuclear skeletons (fig. 5). These

treatments were crucial for the kinetochore isolation scheme for they

removed large amounts of DNA and proteins while yielding a crude nuclear

matrix preparation containing 95% of the interphase kinetochores.

The problem of releasing the kinetochore immune complexes from the

nuclear matrices was solved by exposing the nuclear matrices to 4M

guanidine, which dissociates the nuclear lamina and frees the interphase

immune complexes from their attachments in the nucleus. The freed immune

complexes could then be purified away from the 4M guanidine-solubilized

material on a sucrose density gradient. These immune complexes behave as

very dense particles due to their association with DNA and band at 57%

w/w sucrose. The fact that these particles were immune complexes further

aided in their purification because they could be readily immunoadsorbed

from the peak fractions by protein A on the surface of fixed Staph

aureus. Analysis of the complex by silver stain-gel electrophoresis

showed that approximately 50% of the complex was the heavy and light

chains of IgG. The other bands on the silver stained gel correspond to

those seen from autoradiograms of **S-methoinine labelled kinetochores
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(fig. 8). One of these proteins with a molecular weight of 110 k is

recognized on Western blots provbed with the CREST sera. This finding

supports earlier work that probed the CREST antigens on whole

chromosomes (Earnshaw et al., 1984). A similar set of proteins is

derived from the human kinetochore, since a two-demensional gel

comparison between CHO and HeLa show proteins of similar molecular

weight and isoelectric coordinates. The stoichiometry of the endogenous

proteins of the complex is difficult to judge on the basis of silver

staining or **S-methionine incorporation, but a rough estimate would

suggest that the major ones exist in similar amounts. Overall, we

estimate that a single kinetchore (130x10°g protein/mole) would have

approximately 2600 proteins of an average molecular weight of 50,000, or

roughly 150 copies of the 15 to 20 different proteins found in the

interphase kinetochore immune complex.

The examination of the sizes of DNA protected by the interphase

kinetochore immune complex exposed to an extensive digest of micrococcal

nuclease or DNasel showed a predominant region of 400-600 bp and 300-450

bp respectively. These protected size classes are certainly larger than

the 160 bp mononucleosome region produced from the bulk of the genomic

DNA after the nuclease treatments and may correspond to an unusual

region of chromatin at the centromere. Studies of the yeast centromere

have shown that 270 bp of DNA are protected from nucleases by the

centromeric chromatin (Bloom and Carbon, 1982).

Examination of the interphase kinetochore immune complex by

negative stain electron microscopy showed a highly compact chromatin

complex which was occasionally seen in a more unfolded, two-dimensional

form (fig. 10). From this two-dimensional view, one or more
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donut-shaped regions of 35nm diameter were often observed. Besides the

obvious chromatin fibers of the complex, these donut-shaped structures

were the only discernable feature of the kinetochore.

We know from the immunofluorescence micrographs of whole cells that

all the kinetochores of a given cell line appear similar, and therefore

that the apparent size heterogeneity observed across the kinetochore

peak (fig. 6) of the sucrose gradient meant that the kinetochores are

being fragmented by the relatively harsh treatments used for their

purification. Evidence that the kinetochores are disintegrating into

subunits comes from the observation that the tail of the kinetochore

peak of the sucrose gradient (typically fractions 5, 6, and 7) containing

both the small kinetochores and the minute kinetochore fragments of a

homogenous size. If a tertiary rhodamine-conjugated antibody were used

in the isolation procedure to amplify the overall signal, these

kinetochore fragments could be photographed (fig. 11b). These minute

kinetochore fragments are now being studied to determine if they

represent discrete subunits of the larger, intact kinetochores.

In determining how the higher eukaryotic centromere is organized

one is forced to consider the yeast centromere, which consists of a 600

bp region of which 270 bp is highly protected from nucleases, and the

observation of B. McClintock that breakponts within maize centromere can

lead to two functionally viable centromeres. These data suggest that a

higher eukaryotic centromere, which organizes a kinetochore that

organizes 15 to 40 microtubules might consist of a repeated unit similar

to that of the yeast centromere.

A combination of sequencing of the DNA protected by the interphase

kinetochore complex and the production of monoclonal antibodies to the
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isolated proteins should help to unravel higher eukaryotic centromere

organization and function.

Figure Legends

Fig. 1. Localization of kinetochore antigens through the cell cycle.

Chemically-fixed CHO cells were exposed to CREST anti-kinetochore

sera followed by a rhodamine-conjugated anti-human IgG antibody. The

left panel is the immunofluorescence micrographs and the right panel

represents the same cells stained with the dye Hoechst specific for DNA.

A. Interphase cell showing discrete foci of interphase kinetochores and

interphase DNA configuration. B. Prophase cell with paired kinetochore

staining on sister chromatids and condensed chromosomes. C. Metaphase

cell showing siter kinetochores aligned on metaphase plate. D. Anaphase

cell with a polar distribution of kinetochores. (x4000)

Fig. 2. CREST autoantibodies do not prevent the nucleation of

microtubules from metaphase kinetochores in vitro.

A. Isolated CH0 metaphase chromosome stained with Hoechst dye to

show DNA. The primary constriction is evident. B. The same chromosome

preincubated for 30 min. with a 10-fold saturating level of CREST serum

and exposed to 1.5 mg/ml PC tubulin followed by chemical fixation and

anti-tubulin immunofluorescence. No inhibition in microtubule

nucleation from the kinetochore was evident. (x4000)

Fig. 3. Kinetochores are tightly bound to the nuclear matrix.
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A. CH0 nucleus after removal of nucleosomes by graded increases in

NaCl concentrations showing kinetochores still bound to the nuclear

matrix. B. Hoechst staining of the same nucleus showing dispersal of

DNA following nucleosome removal. (x4000)

Fig. 4. Interphase kinetochores disintegrate in 2M NaCl following

nuclease digestion.

A. Interphase kinetochores are present after extensive digestion

with micrococcal nuclease. B. The same nucleus stained with Hoechst

showing most of the DNA removed by the nuclease treatment. C. Only

residual kinetochore staining remains after micrococcal nuclease

treatment followed by 2M NaCl washes. D. Same field as in C after

Hoechst staining showing lack of DNA staining even in the overexposed

micrograph. (x4000)

Fig. 5. Interphase kinetochores are associated with the nuclear matrix

after nuclease and high salt treatments.

CHO cells on a solid phase support were extracted with nonionic

detergents and kinetochores were labelled with CREST autoantibodies and

rhodamine-conjugated anti-human IgG antibodies. The interphase

kinetochores were quantitatively resistant to sequential treatments with

micrococcal nuclease, 3 M NaCl, and 2 M urea. A. Immunofluoresence

micrograph of 2 CHO cells after the above extractions showing large

numbers of kinetochores still associated with the nuclear skeleton in

one plane of focus. Through focusing reveals the presence of nearly a

full complement (22) of interphase kinetochores. B. A phase contrast

micrograph of the same field showing the extracted appearance of the CHO
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cells and an intact nuclear envelope. Several large cytoplasmic granules

that are phase-dense also survive the extraction procedures. (x4000)

Fig. 6. Sucrose density gradient profile of interphase kinetochore

immune complexes.

After solid phase extraction of **S-methionine labelled CHO cells

and solubilization with 4 M guanidine, the kinetochore immune complexes

were separated from the bulk of the cellular proteins by centrifugation

on a 5 - 65% (w/w) linear sucrose gradient: ( ) sucrose concentration,

( ) **S-methionine labelled proteins, ( ) interphase kinetochore

immune complexes. From this gradient profile it is clear that the

interphase kinetochores band at 57% sucrose far away from the bulk of

the nuclear matrix proteins, which only enter the region bounded by 20%

sucrose. The immunofluorescence assay for interphase kinetochore immune

complexes is illustrated by the 6 immunofluorescence micrographs shown

below the gradient taken from fractions 2 to 7 (F2 to F7). From these

micrographs it is apparent that these gradients separate large

kinetochores (F2, F3, F4) from small kinetochores (F5, F6, F7).

Fig. 7. Autoradiogram of fractions across the sucrose gradient showing

that the nuclear envelope is solubilized by 4M guanidine.

Attempts were made to load equal counts of *s-methionine-labelled

proteins from the various pooled fractions. Fractions were pooled

starting with the bottom labelled 1 (for fractions 1 and 2), 3 (for

fractions 3 and 4), etc. Fractions near the top of the gradient

(17, 19, 21, and 23) show nuclear lamin proteins (P70, P68, and P60),

while the kinetochore-rich fractions (3 and 5) show a different profile
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of proteins. The apparent lack of proteins in the middle fractions may

indicate that many of these proteins remain in the stacking gel.

Fig. 8. Gel electrophoretic analysis of proteins in the CH0 interphase

kinetochore complex.

A. **S-gel: autoradiograph of the **S-methionine-containing

proteins of the isolated interphase kinetochore complex resolved on an

8.5% SDS-polyacrylamide gel. The reproducible proteins are designated by

their apparent molecular weights as P23, P32, P39, P43, A (actin), P51,

P53, P80, and P110. In addition, there appears to be high molecular

weight proteins. B. Silver stained gel: Unlabelled interphase

kinetochore immune complexes were fractionated on an 8.5% polyacrylamide

gel and proteins detected by silver staining procedures. The two

predominant bands observed correspond to the heavy and light chains of

IgG immunoglobulins (IgG, H, IgG L). The less predominant bands

correspond to those detected by autoradiography of the **S-labelled

proteins. C. Blot: A doublet migrating with an apparent molecular weight

of 110,000 was detected by three different CREST sera on nitrocellulose

containing the fractionated kinetochore immune complex proteins.

Fig. 9. Two dimensional electrophoretic comparison of CH0 and HeLa

interphase kinetochore proteins.

CHO and HeLa interphase kinetochores from

**S-methionine-metabolically-labelled CHO and HeLa cells were

fractionated by non-equilibrium pH gradient ge1 electrophoresis in the

second dimension. Proteins labelled 1 to 12 on both the CHO and HeLa
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gels have similar isoelectric points and molecular weights are

summarized in Table 2.

Fig. 10. Isolated interphase kinetochore immune complexes appear to be

highly condensed chromatin fibers.

A. The majority of particles from the kinetochore fractions appear

by negative staining to represent highly condensed, virus-like

complexes. B. Unfolded complex which reveals 10-20mm chromatin-like

fibers. (x250000)

Fig. 11. Some interphase kinetochore complexes disintegrate into

fragments during 4M guanidine treatment

A. Immunofluorescence micrograph showing the kinetchores of average

size from the kinetochore peak of the sucrose gradient. B. At the same

magnification and exposure time, kinetochore fragments from fractions 7

and 8 of the sucrose gradient.

Fig. 12. The interphase kinetochore immune complex protects discrete

size classes of DNA from nucleases.

Lane A. 5% acryamide gel showing DNA resistant to DNase 1 from

isolated kinetochores derived from *Po.-metabolically labelled cells.

Lane B. Size classes of DNA protected from micrococcal nuclease by the

kinetochore immune complex. The graph of the adjusted molar ratios of

protected DNA size classes was derived from densitometry scans of lanes

A and B.

107



Table Legends

Table 1. Purification data for the kinetochore isolation scheme.

2.6x10' CH0 cells were matabolically labelled with 80uC/ml

*s-methionine for 15 hr and subjected to the purification described in

the text.

Table 2. Kinetochore-associated proteins from CH0 and HeLa cells with

similar mobilities in two-dimensional gel systems. 12 proteins seen in

figure 9 which occupy similar coordinates for both CHO and HeLa cells

have been numbered 1 to 12.
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Table 1. Kinetochore Purification

Purification Kinetochore Protein Protein DNA DNA

step yield (ug) Purification (ug) Purification

1. metabolic 100 5200 1 230 1

labelling

2. 0.1% NP40 100 1486 3.5 230 1

3. nuclease 100 742 7 13.8 16.6

4. 3M NaCl 100 248 21 2.2 104

5. 2M urea 95 148 33 2.0 115

6. sucrose 73 0.376 10000 0.63 365

gradient

7. immuno- 70 0.131 28000 0.037 4350

adsorption
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Table 2 Proteins common to CHO and HeLa interphase kinetochores

Protein Designation

(from Fig. 9)

10

11

12

MW x 10°

23

32

39

52 -

54

62

65

200+

80-120

58

50

48

pI

94

6.5

6.0

5.5

5. 6

4-7

7-7.5

6.8

7.5
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Anticentromere and Anticentriole

Antibodies in the Scleroderma Spectrum
Denny L. Tuffanelli, MD; Frank McKeon; D'Anne M. Kleinsmith, MD;
Thomas K. Burnham, MB, BS; Marc Kirschner, PhD

• We studied serum samples from 106 patients, including 80 in the
scleroderma spectrum, by indirect immunofluorescent microscopy, using
Ptk, rat kangaroo tissue culture cells as substrate. Anticentromere
(Kinetochore) antibodies were present in 28 patients, and anticentriole
antibodies were present in four patients. Anticentromere antibodies were
usually present in patients with a benign, chronic form of systemic
scleroderma, which has been termed the CREST (Calcinosis, Raynaud’s
phenomenon, esophageal involvement, sclerodactyly, and felangiectasia)
syndrome. The four patients with a previously undescribed anticentriole
antibody were all in the scleroderma spectrum. Possibly, these antibodies
may have diagnostic and prognostic importance. Further, they will be
useful in studying the structure and function of these cellular organelles.

(Arch Dermatol 1983; 119:560-566)

umerous antinuclear antibodies (ANAs) have
been described in Scleroderma.” The incidence

varies from 40% to 90%, depending on the substrate
used.” Initially, the antibodies were classified on a
morphological basis. Patterns included homoge
neous, nucleolar, speckled, granular, and thready.”
Recently, antibodies reacting with specific nuclear
macromolecules have been described. The antigens
involved included a 4S-6S RNA isolated from liver
nucleoli’ and a nonhistone nuclear protein termed
Scl-70.10

The use of tissue culture substrates in immunoflu
orescent microscopy has led to an increased appreci
ation of antibody localization. In 1980, Moroi et al"
described an ANA that reacted with centromeric
chromatin (kinetochore). That antibody is apparent

ly frequently associated with that subset of sclero
derma that comprises what some have termed the
CREST (calcinosis, Raynaud's phenomenon, esopha
geal involvement, sclerodactyly, telangiectasia) syn
drome. In 1982, we reported the presence of anticen
triole antibody in the scleroderma spectrum.”

We have studied the serum samples of a wide
range of patients with scleroderma using Ptk, (rat
kangaroo) tissue culture cells as substrate for indi
rect immunofluorescent microscopy. We have fur
ther examined the relationship of the antibodies
demonstrated and the clinical status of these
patients.

MATERIALS AND METHODS
Patients and Serum Samples

In this study, single and multiple serum samples from
106 patients were examined (Table). Ninety-two patients
were from one of our practices (D.L.T.). Fourteen were
from the Henry Ford Hospital, Detroit. A diagnosis of
localized scleroderma, based on clinical and histologic
features, was made in 22 patients. Eleven of these had
morphea, four had linear scleroderma, and seven had
generalized morphea. Thirteen patients with Raynaud's
phenomenon and Raynaud's phenomenon plus sclerodacty

Accepted for publication Nov 15, 1982.
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Biochemistry (Mr McKeon and Dr Kirschner), University of
California, San Francisco; and the Department of Dermatology
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Serum Indirect Immunofluorescent Microscopy Using Ptk,
Tissue Culture Substrate

Ptk, Data
,--

ANA"
Pa- Posi- Cellular

Diagnosis tients tive Organelles
Localized

-

scleroderma 22 13

Morphea 11 7 1 nucleolar

Linear scleroderma 4 3

Generalized

morphea 7 3

“Prodromal
scleroderma" 13 1O

Raynaud's
phenomenon (R) 5 4 3 centromere

R + telangiectasia 3 2 1 centromere
(T) 1 centriole

R + sclerodactyly
(S) 4 3 1 centromere

R + S + T 1 1 1 centromere

Systemic scleroderma 45 42
CREST syndromet 21 21 3 nucleolar

18 centromere
1 centriole

Diffuse 19 16 1 centromere
2 centriole
4 nucleolar

Inflammatory 5 5 2 nucleolar

Scleroderma variants 6 O
Scleroderma 3 O

Eosinophilic
fasciitis 3 O

Connective-tissue
diseasef 15 13

SLE 8 8

DLE 2 1

SCLE 2 2
- - -

Lupus panniculitis 1 1 1 centromere

MCTD 1 1

Dermatomyositis 1 O

Other 5

Mycosis fungoides 1 O
Photodermatitis 1 O

Pemphigoid 1 O
- - -

Biliary cirrhosis 1 1 1 centromere

No diagnosis 1 1 1 centromere

Total 106 78

"ANA indicates antinuclear antibody.
tRefers to calcinosis, Raynaud's phenomenon, esophageal involve

ment, Sclerodactyly, and telangiectasia.
#SLE indicates systemic lupus erythematosus, DLE, discoid LE,

SCLE, subacute LE, MCTD, mixed connective-tissue LE.

ly and/or telangiectasia were studied. These clinical signs
may be part of the scleroderma spectrum, while not
fulfilling the American Rheumatism Association criteria
for the diagnosis of systemic scleroderma. We have there
fore used the term prodromal scleroderma for these
patients.

Forty-five patients with systemic scleroderma were
studied. In this study, we attempted, in accordance with
majority current usage, to differentiate arbitrarily the
patients with systemic scleroderma into the CREST syn

Arch Dermatol—Vol 1 19, July 1983

drome, classic “diffuse” scleroderma, and inflammatory
scleroderma. The distinction is often difficult, and stan
dardized criteria do not exist. The CREST syndrome may
merely represent mild, chronic, or relatively early-stage
scleroderma. In addition, the CREST syndrome may not
differ substantially from the variants previously described
as Thiebierge-Weissenbach syndrome” or acrosclerosis.”
In all these patients, there may be a prolonged period of
time before internal disease manifestations are evident.

Twenty-one patients were categorized as having the
CREST syndrome. At least four of the five criteria listed
previously were present in these patients. The remainder
of the patients with definite systemic scleroderma were
subdivided into inflammatory scleroderma (five patients)
and classic diffuse systemic scleroderma (19 patients).
Patients with inflammatory scleroderma had severe
arthralgias and/or myositis as a major disease component,
and clinical and serologic features of other connective
tissue disease. Their extractable nuclear antigen test
results were negative and they historically could have had
their conditions diagnosed as sclerodermatomyositis.
Patients categorized as having classic diffuse systemic
scleroderma usually had generalized cutaneous involve
ment and progressive visceral involvement, and did not
have prominent features of the CREST syndrome.

Clinical and laboratory data were analyzed to determine
which organ systems were involved in patients with sys
temic scleroderma. Calcinosis, Raynaud's phenomenon,
cutaneous sclerosis, and telangiectasia were assessed clin
ically. Esophageal disease was diagnosed by the classic
symptoms of dysphagia and regurgitation, diminished
esophageal motility studies, and diagnostic radiologic
changes. Muscle involvement was determined by clinical
signs, muscle enzyme elevation, and/or muscle biopsy
specimen. Lung involvement was diagnosed on the basis of
clinical examination, roentgenogram, and pulmonary func
tion studies. When other causes of pericarditis or myocar
dial fibrosis had been ruled out, these findings were
attributed to scleroderma. Kidney involvement was as
sessed by measuring BP and by assays for proteinuria,
serum urea nitrogen, and serum creatinine.

Single and multiple serum samples were obtained from
the patients. The serum samples were frozen after separa
tion and stored at -15 °C.

Indirect Immunofluorescent Microscopy

The ANA tests were done on rat liver sections (92
patients), human spleen imprint (14 patients), and Ptk,
cells (106 patients). For routine ANA staining, the serum
samples were incubated with cryostat cross sections of
young rat liver, and the presence of nuclear binding was
determined by means of an indirect fluorescent antibody
technique." The immunofluorescent spleen imprint tech
nique uses touch imprints of surgically obtained human
spleen specimens as nuclear substrates.'

Cells from the rat kangaroo epithelial cell line Ptk, were
grown on 12-mm round glass coverslips in Earles modified
Eagle's medium with 10% fetal calf serum in a 10% CO,
incubator. Cells were then fixed with 1% formaldehyde in
phosphate-buffered saline for five minutes and made more
permeable with 0.1% octoxynol-9 (Triton X-100) in phos
phate-buffered saline for ten minutes. For indirect immu
nofluorescent microscopy studies, the coverslips were incu
bated in a 1:100 dilution of serum samples in phosphate
buffered saline containing 0.1% octoxynol-9 and 1% bovine
serum albumin for 20 minutes at 22 °C. After extensive
washing, a rhodamine-conjugated goat anti-human IgG
antibody in 0.1% octoxynol-9 in phosphate-buffered saline

Scleroderma—Tuffanelli et al 561
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was added to the cells and incubated for 20 minutes. The
coverslips were then washed and mounted on glass slides
in a solution of 90% glycerol in 0.2M TRIS buffer, pH 7.4.
Cells were viewed under rhodamine filters in a photomi
croscope and photographed.

ANA Results

One hundred six patients were studied. The diagnoses
are listed in the Table. Using rat liver, 32% of patients
with localized scleroderma had a positive ANA test result
(morphea, one of 11; linear scleroderma, three of four; and
generalized morphea, three of seven). Fifty-five percent of
patients with systemic scleroderma (CREST syndrome, 14
of 21; diffuse, six of 19; and inflammatory, five of five) had
a positive ANA test result with rat liver substrate. Thir
teen of 14 patient serum samples from Henry Ford Hospi
tal had positive ANA test results with human spleen and
substrate. Eight of these had been preselected on the basis
of the true speckled ANA test result.”

Using Ptk, substrate, we found that 59% (13 of 22) of
patients with localized scleroderma had ANAs (morphea,
seven of 11; linear scleroderma, three of four; and general
ized morphea, three of seven). Eight of the positive serum
samples were weakly positive in a homogeneous or granu
lar pattern. Ten of 13 patients with Raynaud's phenome
non, or Raynaud's phenomenon and sclerodactyly and/or
telangiectasia, had a positive ANA test result on Ptk,
substrate. Several of these had been preselected on the
basis of the true speckled ANA pattern found on human
spleen imprints. Forty-two (93%) of 45 patients with
systemic scleroderma had ANAs. The only negative serum
samples were from three patients with diffuse systemic
scleroderma.

Patterns on Ptk, Substrate

Several specific and nonspecific patterns were observed.
Specific patterns included nucleolar, centromere, and cen
triole. Nonspecific patterns included homogeneous, granu
lar, outlined, large speckled, and mixed.

Centromere.—Anticentromere (kinetochore) antibodies
were present in 28 patients, as seen in the following.

Diagnosis No.
CREST syndrome 18
Raynaud's phenomenon (R) 3
R + telangiectasia (T)
R + sclerodactyly (S)
R + S + T
Diffuse

Lupus erythematosus panniculitis
Primary biliary cirrhosis
No diagnosis

Six of these serum samples had yielded negative ANA test
results on rat liver substrate; the remaining specimens
were positive on rat liver substrate or spleen imprint with
a discrete speckled pattern. Of the serum samples exam
ined from Henry Ford Hospital, ten of ten true speckled
ANA test results were found to have anticentromere
antibodies when Ptk, cells were used. Anticentromere
antibody was found in 18 patients with CREST syndrome,
three with Raynaud's phenomenon, three with Raynaud's
phenomenon plus sclerodactyly and/or telangiectasia, and
one with classic diffuse scleroderma. In addition, one
patient with lupus panniculitis, one with primary biliary
cirrhosis, and one patient with an undiagnosed condition
had anticentromere antibody. Anticentromere antibody

562 Arch Dermatol—Vol 1 19, July 1983

Fig 1 (Figure on facing page).-A, Indirect immunofluorescent
staining of interphase Ptk, cells with anticentromere autoanti
bodies discloses numerous discrete dots. B, Phase contrast
microscopy of same field as Fig 1, A, indicates that punctate
staining occurs over cell nucleus. C, Indirect immunofluores
cent staining of prophase Ptk, cells with anticentromere auto
antibodies shows paired centromeres after DNA replication. D,
Phase contrast microscopy of same field as Fig 1, C, discloses
condensed prophase chromosomes. E, Indirect immunofluores
cent staining of mitotic Ptk, cell with anticentromere autoanti
bodies demonstrates ring of centromeres on metaphase plate.
F, Phase contrast microscopy of same cell as Fig 1, E, shows
distribution of chromosomes on metaphase plate. G, Indirect
immunofluorescent staining of anaphase Ptk, cell shows polar
migration of single centromere to separate poles after mitosis.
H, Phase contrast microscopy of same cell as Fig 1, G, shows
polar distribution of sister chromatids after mitosis (X7,500).

persisted for at least six years in one patient. Anticen
tromere antibodies were not present in the other patients
studied.

The anticentromere (kinetochore) antibody fluorescence
was restricted to the centromeric region of the chromo
some and was present in interphase, prophase, metaphase,
and anaphase (Fig 1). The centromere is attached to
spindle fibers in cell division.

Centriole.—Anticentriole antibody (Fig 2) was present in
four patients. One had Raynaud's phenomenon and telan
giectasia, one had the CREST syndrome, and two had
classic diffuse systemic scleroderma, as seen in the follow
ing.

Diagnosis
Raynaud's phenomenon + telangiectasia
CREST syndrome
Diffuse scleroderma

N

;
Anticentriole antibody persisted for at least five years in
one patient. The centriole is thought to organize the
mitotic apparatus in cell division.

Nucleolar.—Antinucleolar antibodies occurred in one
patient with morphea, three with CREST syndrome, four
with diffuse scleroderma, and two with inflammatory
scleroderma. A mother with inflammatory scleroderma
and her daughter with CREST syndrome both had antinu
cleolar antibody (Fig 3). The daughter had antinucleolar
antibody deposition in epidermal cell nuclei demonstrated
by direct immunofluorescent microscopy and peroxidase
staining of acral skin. The true incidence of positive
antinucleolar antibody test results on Ptk, substrate was
difficult to determine, because nucleolar staining often
was associated with and masked by homogeneous nuclear
fluorescence.

The nonspecific morphological ANA patterns, including
homogeneous, granular, etc, were noted in all forms of
localized and systemic scleroderma. No clinical correla
tions could be made.

Four patients with scleroderma had antimitochondrial
antibodies. Three had associated primary biliary cirrhosis,
and one had generalized morphea without liver disease.

COMMENT

The use of tissue culture cells instead of organ
sections as substrate for immunofluorescent micros
copy has demonstrated a high incidence and hetero
geneity of cellular antibodies in scleroderma. The
frequency of positive test results for ANA in sclero

Scleroderma—Tuffanelli et al
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Fig 2. —Top left, Indirect immunofluorescent staining of interphase Ptk, cell with anticentriole autoantibodies
shows single centriole. Top right, Phase contrast microscopy of same cell discloses extranuclear location of
interphase centriole. Bottom left, Indirect immunofluorescent staining of metaphase Ptk, cell with anticentriolar
autoantibodies discloses polar distribution of centrioles. Bottom right, Phase contrast microscopy of same cell
as Fig 2, bottom left, shows distribution of chromosomes during mitosis (X7,500).

derma has varied from 40% to 90%, depending on
the methods.” In this study, the incidence of ANA on
rat liver substrate in localized (32%) and systemic
scleroderma (55%) was similar to that reported
previously. When tissue culture cell substrates are
used, serum samples from patients with systemic
scleroderma are rarely negative for ANA."

Previously reported organ substrate patterns in
scleroderma included fine, large, and true speckles,
homogeneous, particulate, thready, and nucleolar.
Established patterns using tissue sections may show
a different pattern on cultured cell lines." Various
ANA patterns represent different nuclear antigens.
In the past, it has been difficult to specify antigens
on the basis of morphological pattern. The homoge
neous pattern can be produced by antibodies to

me!” §
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nucleoprotein or histone." Various patterns in
scleroderma and other diseases that have been called
speckled, but which should be classified as other
particulates,’ can be produced by many nonhis
tone nuclear proteins including Sm, Rnp, SSb, and
Sc1–70.3.3.11.18.1%

Moroi et al" were the first to describe an antibody
in scleroderma that reacts with the centromere
(kinetochore) of chromosomes. The same group had
previously described antibodies in scleroderma re
acting with other specific nuclear antigens, including
a nonhistone nuclear protein termed Scl-70 and a
4S-6S RNA from liver nucleoli. The anticentromere
antibody produces a discrete (true) speckled pattern
on organ sections, but on tissue culture substrate is
associated with the centromeres of chromosomes.

Scleroderma—Tuffanelli et al



Fig 3.-Left, Indirect immunofluorescent staining of interphase Ptk, cell with antinucleolar autoantibodies
discloses two large regions of fluorescence. Right, Phase contrast microscopy of same cell as Fig 3, left,
correlates site of immunofluorescent staining with intranuclear location of nucleoli (X7,500).

The antibody is tightly bound to a protein antigen on
centromeric DNA. The antigen appears to be anti
genically unchanged in mitosis. It can be seen on
each chromatid and stains each mitotic chromosome.
The centromere is a specialized region of chromatin
to which spindle fibers are attached during cell
division. There are two centromeres in each chromo
SOrne.

In this study, we have also reported four cases of
patients in the scleroderma spectrum with antibody
to centriole. To our knowledge, this naturally occur
ring antibody is exceedingly rare in humans. The
centriole is a reproducing cellular organelle that
organizes the mitotic apparatus during cell division.
Anticentriole antibody has been reported to occur in
normal rabbit serum samples.” We reported the
presence of anticentriole antibody in a patient” who
had Raynaud's phenomenon, and in whom facial
telangiectasia later developed. Antibody to mitotic
spindle apparatus (centrioles and peripolar mitotic
spindles) was observed in 11 serum samples of more
than 10,000 serum samples screened.” “Several” of
the patients were said to have had connective-tissue
disease. Anticentriole antibodies conceivably could
result from an immune response to altered centriole,
an infection by basal body-containing microorga
nisms, or a heritable factor.”

Nucleolar ANAs were present in 10% to 40% of
patients with scleroderma,” and in ten of the
patients in this study. We previously reported nucle
olar IgG deposition in skin biopsy specimens of
patients with scleroderma with high titer nucleolar
ANA.” In 1982, Khan and Tan” reported three pat
terms of nucleolar staining in scleroderma: speckled,
homogeneous, and clumpy.

Antibodies to nuclear antigens in scleroderma can
be related to clinical status. In this study, 25 patients

Arch Dermatol—Vol 1 19, July 1983

in the scleroderma spectrum had anticentromere
antibody. Clinical data from this group of cases
demonstrated that 18 had that variant of scleroder
ma called the CREST syndrome by some. These
patients had Raynaud's phenomenon, acrosclerosis,
telangiectasia, and esophageal involvement. System
ically, these patients usually had a prolonged benign
course. Three patients had only Raynaud's phenome
non and three others had Raynaud's phenomenon
plus sclerodactyly and/or telangiectasia. Sixteen had
digital ulcers. The mean age at onset was 38 years.
The mean age at the time of testing was 55 years, and
the mean duration of disease prior to the detection of
anticentromere antibody was 17 years. None of the
patients had pulmonary, cardiac, or renal disease,
and none had serologic markers of other connective
tissue disease. These data indicate that in this series,
anticentromere antibody usually occurred in older,
female patients who had a mild subset of scleroder
ma. However, few young female subjects with early
disease were studied.

Kleinsmith et al,” using human spleen imprints as
substrate, previously reported that ten of 11 patients
with the true speckled pattern, which may represent
anticentromere antibody, had benign disease with
Raynaud's phenomenon, acrosclerosis, calcinosis,
and esophageal dysmotility. In their study, the
thready pattern was associated with a high incidence
of pulmonary disease, the nucleolar pattern was
associated with diffuse skin changes, and patients
with negative ANA test results had the worse prog
noSls.

Tan et al" reported that 43 of 45 patients with
scleroderma had positive ANA test results on HEp-2
tissue culture substrate and that the anticentromere
antibody was highly selective for the CREST syn
drome. Fritzler and Kinsella” reported anticentro
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mere antibody in 26 of 27 patients with CREST
syndrome, three of 14 patients with Raynaud's phe
nomenon, and one of 60 patients with systemic LE.
Steen et al” reported anticentromere antibodies in 59
(49%) of 120 patients with CREST syndrome and
three (5%) of 64 patients with diffuse scleroderma.
Only 7% of the patients with positive anticentro
mere antibody test results had ANAs using rat liver
as substrate in this study. Bernstein et al” studied
110 serum samples from patients with primary bili
ary cirrhosis. Anticentromere antibodies were found
in ten of 20 who had primary biliary cirrhosis with
scleroderma and zero of 90 without scleroderma.

In this study, it has been demonstrated that
anticentromere antibodies are found in most
patients with that variant of scleroderma that is
characterized by Raynaud's phenomenon, acrosclero
sis, telangiectasia, and esophageal involvement
(CREST syndrome). Anticentromere antibodies may
be used in diagnosing scleroderma and usually imply
a good prognosis.

Finally, ANAs associated with specific cellular
structures have provided new tools for immunocyto

logic investigations of the cell nucleus and mitosis.
Antibodies from patients with scleroderma are of
obvious potential value in studying structure and
function of several cellular macromolecules. For
example, using the peroxidase-labeled technique
with scleroderma serum samples, Moroi et al”
studied the ultrastructural distribution of centro
mere antigen in mammalian cell nuclei. At the
ultrastructural level, it was confirmed that the anti
genic foci lay in the centromere region of the meta
phase chromosome. In interphase nuclei, the anti
genic foci were associated with the inner surface of
the nuclear envelope or with the nuclei.

The importance of these antibodies is unknown;
other antibodies to specific cellular antigens will
undoubtedly be demonstrated in scleroderma serum
samples. Their relationship to disease pathogenesis
remains to be elucidated. In any event, hybridomas
from lymphocytes of patients with scleroderma will
undoubtedly be used to produce monoclonal anti
bodies for studying the cellular biology of the centro
mere, centriole, and nucleolus.
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