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Abstract 

The eukaryotic nucleus is thought to contain an internal 

protein scaffolding structure which is present in interphase and 

metaphase cells. We were interested in identifying some of the 

protein components of the scaffolding structure by isolating 

proteins which have DNA attached to them (DNA attachment 

proteins). DNA attachment proteins have been previously described 

by our group, and are referred to as proteins 1, 2, 3, and 4, 

respectively. Their apparent molecular weights (Mr) and isoelectric 

values (pi) are 70,000, 4.3; 70,000, 5.3; 58,000, 5.3; and 57,000, 4.8, 

respectively. My project was to produce and characterize polyclonal 

antibodies made against these four proteins. The DNA attachment 

proteins were injected into rabbits. The serum was affinity purified 

using Protein-A sepharose chromatography. Antibody preparations 

1, 2, and 4 recognized the specific DNA attachment proteins and did 

not cross react with the others suggesting that the polyclonal sera 

recognized distinct and separate epitopes. 
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Introduction 

General Description of Nuclear Structure 

The nuclear membrane encloses the DNA of an eukaryotic cell 

within its own compartment, separating DNA from cytoplasmic 

processes, while selective transport through the nuclear pores 

creates a unique biochemical environment within the nucleus. 

Prominent structures of the nucleus include: the nuclear envelope, 

nuclear lamina, heterogeneous nuclear ribonuclear (hnRNA) network, 

nucleolus and chromatin (figure 1). 

The nuclear envelope is regarded, by definition, as a structure 

characteristic of eukaryotic cells. It divides the plasma into two 

physiological subcompartments: the nucleoplasm which contains the 

genome, and the cytoplasm which contains the cellular organelles 

and protein synthesis machinery. This division disappears only 

transiently during prometaphase to telophase during mitosis. The 

nuclear envelope is composed of two concentric bilayer membranes, 

the outer and the inner membranes separated by a perinuclear 

cisternal space. The nuclear envelope is composed of protein, 

phospholipids, and esterified cholesterol. Numerous studies have 

identified enzymatic activity associated with the nuclear membrane 

(i.e. glucose-6-phosphatase, ATPase, and redox chain reactions1). It 

has been suggested that the nuclear envelope is readily permeable to 

ions and small molecules2,3. Nuclear pores perforate the double 

nuclear membrane and lamina. The pores provide a link between the 
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Figure 1: Cross-Section of a Cell Nucleus4. The nuclear 
envelope consists of two membranes. The outer and the inner 
membranes are fused at the nuclear pores. Filaments inside the 
nucleus form a sheetlike nuclear lamina. Chromatin is shown in its 
extended interphase form. The function of the nucleolus is in 
ribosome synthesis. 
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cytoplasm and the nucleoplasm by actively controlling nuclear entry 

and exit of macromolecules. 

The nuclear lamina lines the inner nuclear envelope and is 

composed of one to four different proteins called lamins 

(Mr=60,000-70,000). It has been proposed that the lamina plays 

important roles in stabilizing the nuclear envelope and serving as an 

attachment site for chromatin to the envelope1. 

RNA polymerase II transcripts in the nucleus are known as 

heterogeneous nuclear RNA (hnRNA) molecules. Many of these 

transcripts are destined to be messenger RNA (mRNA) molecules. 

Newly made RNA in eukaryotes appears to become immediately 

condensed into a series of closely spaced protein-containing 

particles termed heterogeneous nuclear ribonucleoprotein particles 

(hnRNP particles). hnRNP particles form a dense, non-chromatin 

network or lattice structure throughout the nucleus. 

The nucleolus is a large distinct structure in the nucleus. It 

contains high concentrations of RNA and proteins. Its major 

function is ribosomal RNA synthesis and ribosome assembly. The 

nucleolus is not bounded by a membrane, but appears to be 

constructed by the specific binding of unfinished ribosome 

precursors to each other to form a large network. The size of the 

nucleolus reflects its activity and therefore varies greatly in 

different cells and can change within size in a single cell. 

A DNA molecule is an enormously long, unbranched, linear 

polymer that contains many millions of nucleotides arranged in 
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irregular but nonrandom sequence. Genetic information is contained 

in the linear order of the nucleotides. Each DNA molecule is 

packaged in a separate chromosome. The total genetic information 

stored in the chromosomes of an organism is said to constitute its 

genome. 

The nucleus contains a variety of proteins. These proteins help 

to organize, replicate, and transcribe DNA. These proteins are 

divided into two classes: histones and non-histone chromosomal (or 

nuclear matrix) proteins. The complex of both classes of proteins 

with the DNA of an eukaryotic cell is known as chromatin. Nuclear 

matrix proteins are insoluble in salt and detergent. DNA attachment 

proteins are a subset of the non-histone proteins within the nuclear 

matrix proteins. DNA attachment proteins were determined by 

detection of nucleic acids by using silver staining on the IEF/SDS-

polyacrylamide gel containing nuclear matrix proteins, by 

metabolically labeling proteins, and by Amido Black staining of 

nitrocellulose containing transblotted nuclear matrix proteins5. 

General Description of Chromatin Structure 

A problem is presented by the packaging of DNA into phages, 

viruses, bacteria, and eukaryote nuclei. The length of the DNA as an 

extended molecule would vastly exceed the dimensions of the 

compartment that contains it. The DNA must therefore be 

compressed in an exceedingly tight fashion to fit into the space 

available, and yet be able to undergo replication and transcription. 
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In addition, the DNA is contained in compact areas that occupy only 

parts of the nuclear compartment. Thus, DNA undergoes several 

orders of folding to form chromatin. Chromatin is a dynamic 

structure, constantly changing during transcription, replication, 

mitosis, meiosis, and DNA repair. Not all chromatin is folded in 

exactly the same way. Investigators have discovered five orders of 

folding of chromatin into the nucleus: nucleosomes, 30-nm fibers, 

loop domains, rosettes, and coils (figure 2). Histone proteins as 

well as non-histone proteins help to maintain these orders of 

folding. 

The fundamental packing unit of chromatin is known as the 

nucleosome, which gives chromatin a "beads-on-a-string" 

appearance. The nucleosome is the "bead" and linker DNA is the 

"string". Nucleosomes are simple repeating structures that consist 

of double-stranded DNA of approximately 200 base pairs wrapped 

twice around the outside surface of a specific complex of eight 

nucleosomal histones. 

In the living cell, chromatin rarely adopts the extended "beads-

on-a-string" form. Instead, the nucleosome fibers may be further 

packed upon one another to generate regular arrays in which the DNA 

is more tightly condensed to form 30-nm fibers. The proposed model 

of the 30-nm fiber is a solenoid coil probably containing twelve 

nucleosomes per turn7.8. Histone H1 plays an important role in 

forming and stabilizing this higher order conformation. 
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\ ROSETTE 
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(50 Kbp) 
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(30 ROSETTES) 
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(2x10 COILS) 

Figure 2: Proposed Model of the Higher Order of Folding of 
Chromatin*). There are five levels of folding of the DNA in the 
chromosome of eukaryotic cells. At the first level is the 
nucleosome. Possibly twelve nucleosomes are organized into a 30-
nm solenoid (the second level of folding). At the third level, the 30-
nm fiber is folded to form a loop of chromatin. The fourth level of 
folding is the organization the chromatin loops into the 200-300 nm 
thick rosette. Thirty rosettes are folded into the fifth level of 
folding, the coil. Coils make up the chromatids of chromosomes. 
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Based primarily ori studies of the non-histone protein 

component of the chromatin fiber, the 30-nm fiber is further 

foldedinto a series of looped domains of chromatin. Laemmli et al. 

19789 and Pienta and Coffey 198410 proposed a radial loop model in 

which many loops of DNA radiate out of a central protein core of a 

chromatid. The looped domains could be established and maintained 

by non-histone, DNA-binding proteins that clamp two regions of the 

30-nm fiber together originating and terminating at the same point 

along the chromosome axis. The typical looped domain contains 

approximately 20,000 to 100,000 nucleotide base pairs further 

compacting the DNA into to the nucleus1'11. 

The fourth level of chromatin folding is the organization of 

chromatin loops into a 200-300 nm thick rosette fiber observed 

with electron microscopy by Comings in 197712. Six loop domains 

form the rosette. The loops radiate from a protein core that follows 

a helical path along the chromatid axis of the chromosome. 

The fifth level of chromatin folding is the coil in which 30 

rosettes are stacked together to form a coil. Each coil forms a turn 

in the chromosome6. 

Investigators propose that a protein structure extends along 

the length of the interphase and metaphase 

chromatid13'14'1^."16,17. j^is structure has been termed the 

nuclear matrix or nuclear scaffold. After salt and detergent 

extraction and nuclease digestion of CHO nuclei, we identified six 
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matrix proteins that had DNA attached to them. We termed these 

proteins DNA attachment proteins. 

General Description of the Nuclear Matrix 

The early studies of Mayer and Gulick18 demonstrated a class 

of nuclear proteins which resisted extraction with buffers of high 

ionic strength (>1 M). Mirsky and Ris"l9 extracted calf thymus nuclei 

with 2 M NaCI and nucleases, and observed remaining material which 

they termed "residual nuclear proteins". The first electron 

microscopic study of such residual proteins was made by Braun and 

Ernst in I96020. Calf liver, spleen, and thymus nuclei were 

extracted with dilute salt, dilute acid, non-ionic detergent, and 1 M 

NaCI. What remained was a sponge-iike structure composed of 

nuclear membrane, a nucleolus-like structure, and a network 

connecting the two. A similar structure was later described by 

Zbarsky and Georgiev21, Georgiev and Chentsov22, Smetana et 

a|23,24( ancj Busch et al25»26. These investigators suggested that 

these residual proteins were organized into recognizable 

architectural structures within the nucleus. 

Building upon these earlier studies, Berezney and Coffey15'27 

reported that sequentially treating sucrose purified rat liver nuclei 

with buffers containing 0.2 mM magnesium (low salt buffer), 2 M 

NaCI (high salt buffer), 1% Triton X-100, and high concentrations of 

DNase 1 and RNase A generated a salt-, nuclease-, and detergent-

resistant subnuclear structure which they termed the nuclear 
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protein matrix. This matrix consisted of three distinguishable 

morphological components: a peripheral lamina, an extensive 

fibrogranular intranuclear network, and residual components of the 

nucleolus. This residual structure was composed of 0.1% 

phospholipids, 1.2% RNA, 0.1% DNA and 98% protein. Histones were 

not present. The matrix proteins were primarily, but not 

exclusively, in the molecular weight range of 55,000 to 75,000. 

Three of the major polypeptides (60,000-70,000 molecular weight) 

appeared to be associated with the pore complex-lamina component 

of the matrix2**,29, The nuclear protein matrix appeared to 

maintained the spherical shape and size of the nucleus. 

General Description of Chromosome Scaffold 

Without destroying the continuity of the DNA fiber, Laemmli et 

a|30 gently removed histone and many non-histone proteins from 

HeLa metaphase chromosomes using by competition with dextran 

sulfate and heparin. This procedure left behind some tightly bound 

non-histone proteins that helped to maintain the highly organized 

and compacted chromosomal DNA. The histone-depleted 

chromosomes sedimented in sucrose gradients as if they were still 

compacted to some extent. When these extracted structures were 

examined in the electron microscope, they were seen to consist of 

vast pools of DNA, predominantly forming loops, surrounding central 

structures that retained the overall size and shape of the original 

chromosomes31. SDS-gel electrophoresis revealed about six major 
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protein bands and about 20-25 minor protein bands of predominantly 

high molecular weights. No histones were observed32. Thus this 

insoluble scaffold fraction appeared to be enriched in certain non

histone proteins. These experiments indicated that the mitotic 

chromosome was organized into loop domains by a substructure 

composed of non-histone proteins. Laemmli termed this 

substructure the chromosome scaffold. 

The dynamic state of the nucleus is evident at the time of 

mitosis. The nuclear matrix has been observed in both 

interphase15'33 and metaphase chromosomes*10,11,14,30,31,32. 

The interphase nuclear matrix may be related to the chromosomal 

scaffold14'16. The chromosomal scaffold may be formed by a 

rearrangement of the proteins of the nuclear matrix. Both 

structures share some proteins (i.e. 47, 53, 71 kd proteins); eel! 

transformation during the cell cycle may involve protein 

modifications resulting in minor electrophoretic changes in proteins 

of the nuclear matrix; and some proteins are not in common (i.e. 77 

kd kinetochore protein in the metaphase chromosome, and the lamin 

proteins in the interphase nuclear matrix)31. 

A variety of nomenclature has been used by different 

investigators to refer to the nuclear matrix: nuclear matrix, nuclear 

framework, nuclear skeleton, nuclear scaffold, nuclear ghost, 

nuclear cage, and chromatin-depleted nucleus. All these terms refer 

to similar residual nuclear structures. There have also been 

numerous modifications of the original procedure described for 
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isolating the nuclear matrix, and it is important to recognize that 

many factors can affect the nature of the final product33. 

Models of Chromatin Folding 

It is generally accepted that a chromosome is a single DNA 

molecule that runs from one end to the other through a chromatid of 

a mitotic chromosome34,135,36, it is still unclear how the 

chromatin fiber is folded and organized to form a metaphase 

chromosome. Several models have been proposed: 

1) The folded fiber model was proposed by DuPraw33.3^. He 

suggested that the 30 nm solenoid fiber was repeatedly folded back 

on itself to make up the body of the chromatid. In the presence of 

0.01 M NaCI, regular nucleosome chains were found which condense 

into tangles. The use of 0.3 M NaCI removed a large number of 

nonhistone components from soluble chromatin, but that histone H1 

and the core histones were still bound. Exposure of chromosomes to 

0.5 M NaCI caused the nucleosomes to unravel. With still higher NaCI 

concentrations, the dissociation of the material was even more 

pronounced suggesting that a chromatin fiber, folded into higher 

order structures, may be responsible for the maintenance to the 

chromosome shape4®. 

2) The scaffold model was proposed by Laemmli et al.31. They 

suggested that a protein backbone or "scaffold" in the axis of the 

chromosome existed to which the DNA would be attached to form 
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loops of chromatin fiber (see General Description of Chromosome 

Scaffold). 

3) The chromomere loop model was proposed by Comings4"! >42 

He suggested that the attachment points for such loops were not 

necessarily located along the axis of the chromosome, but were 

thought to be distributed all over the chromosome. His observations 

implied that an intact chromatin fiber containing nucleosomes 

packed into higher order structures was a prerequisite for the 

maintenance of the characteristic shape of the metaphase 

chromosomes and that, therefore, the presence of all of the histones 

was required. These results were compatible with a model in which 

chromosomes were stabilized mainly by fiber-fiber contacts and 

gave no evidence for a shape-maintaining backbone or scaffold. 

The most widely accepted model of chromosome structure 

emerged from the work of Laemmli and colleagues in the late 1970s. 

Laemmli reasoned that since the histones are ubiquitous along the 

length of the DNA, if the DNA was organized into loops in mitotic 

chromosomes and nuclei, there must be a subset of structural non

histone proteins that bound to chromatin every 60-100 kb, and 

anchored the loops. Our research on DNA attachment proteins is 

based on Laemmli's nuclear scaffold model of chromatin binding. 

The Role of the Nuclear Matrix in Biological Processes 

Over the past several years evidence has accumulated that the 

nuclear matrix is not simply a rigid, static support structure for 
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DNA, but it is rather a dynamic and interactive scaffolding system 

that is intimately associated with such fundamental nuclear 

processes as DNA organization, DNA replication, hnRNA synthesis 

and processing, and hormone action, Suggesting that many important 

nuclear events occur not in solution, but rather in association with 

relatively insoluble structural components that are firmly bound to 

the nuclear matrix43. 

Role of the Nuclear Matrix in Replication: 

Several investigators have shown that newly replicated DNA is 

intimately associated with the nuclear matrix. These studies 

suggested that the nuclear matrix provided a structural support for 

DNA synthesis in eukaryotes analogous to the cell wall in 

prokaryotes44>45,46,47,48. 

Newly replicated DNA was isolated with the nuclear matrix of 

regenerating rat liver. Nuclear matrices from actively replicating, 

regenerating rat livers contained significant amounts of DNA alpha-

polymerase activity. Also, phosphorylation of nuclear matrix 

proteins was markedly increased during liver regeneration. Onset of 

phosphorylation of the nuclear proteins demonstrated a maximal 

level of phosphorylation at 12 hours after partial hepatectomy. 

Phosphorylation of specific proteins of the nuclear matrix preceding 

this event could be of specific importance in the regulation of DNA 

synthesis on the nucleus4^. In contrast, quiescent normal liver 

matrices were essentially devoid of alpha-polymeraseSO. 
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Eukaryotic DNA was organized into supercoiled loops anchored 

at their bases to the nuclear matrix. These loops were demonstrated 

to be equivalent to replicons, the basic length of DNA synthesized as 

continuous units^l. Pardoll et al (1980)47 proposed that the 

nuclear matrix provided fixed sites for the attachment of 

replication complexes. During DNA replication, the loops were 

reeled down through these fixed sites of synthesis forming two new 

loops of DNA that remained attached to the nuclear matrix until 

mitosis. DNA elongation (not simply initiation) occurred at 

replication sites on the nuclear matrix4**. 

Role of the Nuclear Matrix in Transcription: 

As with DNA synthesis, fixed transcriptional complexes that 

synthesize RNA have been identified on the nuclear matrix^2,53,54 

Some studies have suggested that over 95% of newly synthesized 

hnRNA is associated with the nuclear matrix53,55-59, pardoll and 

Vogelstein60 first found that ribosomal DNA was associated with 

the nuclear matrix. Ciejek et al.61 found precursor mRNAs were 

preferentially associated with the nuclear matrix compared to 

mature mRNAs. In addition, small nuclear RNA species were 

recovered along with the nuclear matrix62-®3. These studies 

collectively suggest that the nuclear matrix may be the structural 

site for RNA synthesis processing, and transport of nuclear RNA 

within the nuclei of eukaryotic cells. 
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Role of the Nuclear Matrix in Steroid Hormone Binding: 

The interaction of steroid hormones and their specific 

receptor proteins with the nucleus of target tissues is an essential 

step in the mechanism by which steroid hormones modulate nuclear 

events such as gene expression. The hormone-receptor complex is 

presumed to bind to specific regulatory sites near the genes they 

regulate, but the identification of these binding sites and the 

mechanism for specific recognition of these sites remain an enigma. 

Numerous efforts to identify and localize these nuclear acceptor 

sites to which the steroid-receptor complex binds have attributed 

this property to basic nuclear proteins of the nuclear matrix. 

Barrack and col leagues64-71  have identified and characterized 

specific steroid receptors associated with the nuclear matrix of 

both estrogen- and androgen- responsive tissues: estrogen 

receptors on the nuclear matrix of rat uterus68,69j rat |jver64t and 

hen liver67,68,70; and androgen receptors on the nuclear matrix of 

rat67,68,71 anc| human^6 prostrate. The nuclear matrix appears to 

be a significant intranuclear site of hormone receptor interactions, 

since approximately 50-75% of all the nuclear receptors are 

recovered in the isolated nuclear matrix. These receptors are 

steroid-specific and tissue specific, and accumulate in the nuclear 

matrix only in response to an appropriate hormonal stimulus, not 

indiscriminately nor as a result of the high salt conditions used to 

isolate the nuclear matrix43. The accumulating evidence thus 
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indicates a direct role for this receptor-acceptor-matrix 

interaction in regulating specific gene expression. 

The proteins we chose to study have nucleic acid attached to 

them. At this time, we do not know the function of these proteins. 

Evaluation of the Nuclear Matrix 

Various models of chromatin fiber folding have been proposed 

over the years. The radial loop/scaffold model is strongly supported 

by the available evidence. Despite its obvious attractions, several 

objections have been raised against the scaffold model. 

First, no one had ever seen an axial scaffolding or central 

protein core in intact chromosomes either in thin sections or in 

whole mounts72-8®. Recent studies of metaphase chromosomes 

after DNase treatment also showed no evidence of a protein core87. 

In addition, chromosomes are highly three-dimensional structures 

and much analytical information may be lost reducing these 

structures to two-dimensions as done in squash preparations. These 

objections point to a weakness of the term 'scaffold1. Many take the 

term to imply that the scaffold is a solid rod running up the center 

of each chromatid. Such a rod should be readily seen in thin 

sections. The scaffold is more likely to be an aggregation of 

discrete anchoring complexes that may be linked together in the 

chromosome only via the common thread of DNA. More literally, the 

term 'chromosome scaffold' describes a biochemical subtraction 

derived from chromosomes, and it is not a struptura) term at all88. 
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It is usually impossible to observe the scaffolding in intact 

chromosomes either when they are spread for electron 

microscopy33,40,89 or jn thin sections11-42. This is not surprising 

since the fibrous scaffold network is not easily distinguished from 

chromatin fibers, and since the total mass represented by the 

scaffold is <2% of the total chromosome mass90. To support the 

scaffold, electron micrographs of transverse thin sections through 

swollen, unextracted, chromosomes showed a star-like arrangement 

of the chromatin fibers, which was consistent with the presence of 

an axial element stabilizing the bases of DNA loops11'91. 

Second, biochemists also had reservations with the scaffold 

hypothesis. The scaffold is the most insoluble material derived 

from mitotic cells. Therefore if the isolated chromosomes were 

contaminated with cytoskeletal elements, these might also appear 

in the final scaffold fraction. It has also been suggested that 

scaffold components might be soluble proteins that precipitate when 

chromosomes are subjected to the extraction procedures required 

for removal of histones. However, scaffolds of apparently identical 

polypeptide composition were obtained when chromosomes were 

extracted at high ionic strength (2 M NaCI), low ionic strength (10 

mM) with the polyanions dextran sulphate and heparin, or with low 

concentration (5 mM) of the chaotropic agent lithium 

diiodosalicylate (LIS). It seemed unlikely that these diverse 

treatments would all precipitate the same sub-population of 

chromosomal non-histone proteins. In addition, morphologically 
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similar sub-nuclear structures have been isolated from diverse 

types of eukaryotic cells including rat liver15, human HeLa cei[s92
t  

mouse Friend cells57, Tetrahvmena93- and Phvsarium94. Thus, the 

nuclear matrix appears to be a universal feature of eukaryotic cells. 

Third, the original electron micrographs of Paulson and 

Laemmli31 showed a marked variation in the amount of scaffold in 

different whole-mount preparations. An alternative explanation is 

that the scaffold in whole-mount preparations represented 

incomplete dispersion of the high concentration of chromatin in the 

center of chromosomes, and when the histones were removed and the 

DNA dispersed, the remaining non-histone proteins aggregated to 

form a chromosome-shaped structure. This was due to the fact that 

in the central portions of the chromosome, the concentration of 

chromatin was so high that it was difficult to spread this material. 

Furthermore, the degree of chromosomal compaction was highly 

dependent upon the solvent, the pH, and the concentration of mono-

and divalent cations. Although there have been numerous 

modifications of the original procedure described for isolation of 

the nuclear matrix and isolation procedures are not carefully 

standardized, with every laboratory using slightly different 

protocols. It is important to recognize that many factors can affect 

the nature of the final product. Kaufmann et al.34 demonstrated that 

seemingly slight changes in the isolation procedure caused major 

changes in the morphology of the residual structures obtained. 

Particularly noteworthy are the presence or absence of ribonuclease 
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digestion step before extraction with a buffer of high ionic strength 

and the presence or absence of conditions which facilitate the 

oxidative cross-linking of protein suifhydryl groups. They believed 

that these differences account for most, if not all, of the apparent 

morphological discrepancies that have been reported. 

Fourth, one should try to disrupt the ceil gently using 

physiological conditions . Removal of the nuclear envelope by shear 

force or by the use of high salt concentrations are conditions that 

distort the contents of the nucleus. Unfortunately, conditions even 

remotely approaching physiological are rarely used largely because 

chromatin aggregates in isotonic salt concentrations into a 

gelatinous and unworkable mess. Nuclei are usually isolated by 

homogenizing cells in buffers containing about one tenth of the 

physiological salt concentration, but this destroys the 30-nm 

chromatin fiber, decondenses heterochromatin, extracts a quarter of 

the nuclear proteins, and converts RNP particles into fibers that 

cannot be redissoived in 2 M NaCI. Sub-nuclear structures were also 

extracted using high concentrations of salt (2 M NaCI), dextran 

sulphate or the detergent, LIS. The remaining sub-nuclear structures 

ranged from essentially pure preparations of a few polypeptides like 

lamins, to less pure nuclear pore complexes and envelopes, to 

complex structures like ghosts, matrices, scaffolds, folded 

chromosomes and nucleoid cages. How closely related any of these 

structures isolated using such non-physiological conditions are to 

actual ones is open to argument. Once structures were isolated by 
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any of the methods in general use, authenticity could be judged by 

the extent to which they were similar. 

Fifth, Okada and Comings42 isolated chromosomes from CHO 

cells which were examined using two protein stains, EDTA-

regressive staining and phosphotungstic acid (PTA) stain. The EDTA-

regressive stain showed RNP particles at the periphery of the 

chromosomes but nothing at the center of the chromosomes. The PTA 

stain showed the kinetochore plates but no centra! structures. On 

the other hand, Earnshaw and Laemmli^S USed silver to stain the 

protein scaffold of metaphase chromosomes and concluded that 

there existed an axial core composed of a set of non-histone 

proteins distributed along the chromatid axis that was specifically 

enhanced by the silver-staining procedure. 

One answer to the above objections was to raise specific 

antibodies recognizing scaffold polypeptides in order to permit their 

detection in intact chromosomes, to measure the efficiency with 

which they partition into the scaffold fraction, and to confirm that 

they were chromosomal in origin. Such antibodies had been obtained 

from three diffeereent techniques. First, scaffolds were prepared in 

bulk, subjected to SDS-PAGE, and discrete polypeptide bands were 

used to immunize laboratory animals96. Second, monoclonal 

antibodies had been prepared against the bulk proteins of nuclear 

matrices and chromosome scaffolds9? »98. Third, autoantibodies 

from certain patients with autoimmune diseases were shown to 

recognize components of the chromosome scaffold". We chose to 
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produce polyclonal antibodies to the DNA attachment proteins 

isolated from two-dimensional gels5. 

Topoisomerase II is a Specific Nuclear Matrix Protein 

The first scaffold antigen to which a specific polyclonal 

antibody was obtained was Sc-1 (170,000 molecular weight) from 

chicken mitotic chromosomes96, recognized by Lewis and 

Laemmli90. The Sc-1 polyclonal antibody was subsequently found to 

recognize DNA topoisomerase ||"l 00. 

At the same time, it was shown independently that 

topoisomerase II was a major component of the nuclear matrix 

fraction101. The results of indirect immunofluorescence 

experiments demonstrated that topoisomerase II was an integral 

component of mitotic chromosomes. In addition, a variety of 

immunolocalization data confirmed that topoisomerase II was 

located in a limited sub-domain of mitotic chromosomes. Little 

protein was found, if at all, in the peripheral loop chromatin, instead 

being concentrated along the chromatid axis. It thus appeared that 

topoisomerase II was located at the base of the radial loops, where 

Laemmli predicted that the structural non-histone proteins should 

be102. Detailed immunolocalization data further suggested that the 

topoisomerase II was found in numerous discrete foci which 

appeared scattered throughout the axial region of chromosomes that 

had been gently expanded for electron microscopy. These foci 

appeared remarkably uniform in size suggesting, that they might 
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correspond to discrete structural complexes. Plus, the efficiency of 

topoisomerase II recovery in the scaffold fraction (>70%) made it 

highly unlikely that this was a soluble protein trapped by 

nonspecific precipitation during scaffold formation. These data 

strongly suggested that the chromosome scaffold was not a solid 

rod-like structure along the chromatid axis. Rather, the scaffold 

was apparently made up of many discrete anchoring complexes. 

The identification of DNA topoisomerase II as a component of 

the nuclear matrix in vitro cannot be considered proof of such an 

association in vivo. Neither does it establish the biological 

significance of the nuclear matrix. It is possible that the 

association of DNA topoisomerase II with the nuclear matrix results 

from artifactual precipitation of soluble proteins during cell 

fractionation. However, even in view of these reservations, there 

are a number of implications from the observation that DNA 

topoisomerase II is a major nuclear matrix component in vitro. The 

duplex DNA binding site of the topoisomerases seems ideally suited 

for anchoring and regulating the topology of chromosome 

loops"! 1.31,103,104 Roles for type II topoisomerases in 

chromosomal replication, segregation, and transcription events have 

also been associated with the nuclear matrix. 

The mitotic chromosome, with its enormously compacted DNA 

and multitude of uncharacterized non-histone proteins, remains a 

little-known structure. The radial loop/scaffold model appears to 

best explain the ultrastructural and biochemical data available to 
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date, and yet the model remains unproven. No one has yet been able 

to follow the course of a chromatin fiber in an unextracted 

chromosome far enough to confirm or disprove the loop model. No 

one has yet been able to map the distribution on any scaffold antigen 

at high resolution in chromosomes within reasonably intact cells. 

Nor has anyone yet succeeded in demonstrating that any scaffold 

component is directly involved in the process of chromosome 

condensation. No one has yet been able to isolate and characterize 

the putative anchoring complex. However, there is very strong 

evidence that topoisomerase II may be a nuclear matrix DNA 

attachment protein. Our lab is interested in identifying the protein 

components of the scaffolding structure by isolating proteins with 

attached DNA (DNA attachment proteins). 

General Description of DNA Attachment Proteins 

Many of the nuclear proteins that maintain the structural 

integrity of eukaryotic chromatin are not well characterized. Many 

of these proteins are highly conserved through evolution. All of the 

proteins associated with chromatin may be divided into two 

catagories: histone and non-histone chromosomal proteins. 

Histone proteins represent a well characterized group of 

proteins. They are the principal structural proteins of eukaryotic 

chromosomes. They play a crucial role in packing DNA molecules 

into nucleosomes and 30-nm solenoid fibers. They are small 

molecular weight proteins containing relatively large amounts of 
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lysine and arginine and have a substantial positive net charge at 

physiological pH. They bind to DNA by non-covalent forces, mostly 

ionic interactions between the positive charged residues on histone 

proteins and phosphate group on DNA nucleotides^05-106,107. 

On the other hand, non-histone chromosomal proteins are not 

well characterized. These proteins are found in the nuclear matrix, 

hnRNP particles, and other RNAs. They are primarily, but not 

exclusively, in the molecular weight range of 55,000 to 75,000. 

They are acidic-type proteins and are very insoluble. 

It is clear from examination of one- and two-dimensional gels 

that a great many as yet uncharacterized polypeptides remain in the 

chromosome scaffold fraction. Our group isolated nuclear matrix 

proteins and identified four proteins with DNA attached to them 

from two-dimensional gels5. My project was to raise polyclonal 

antibodies to these proteins using rabbits and characterize the 

specificity of the antibodies. 

General Description of Antibody Structure 

Antibody molecules are highly specific and sensitive 

analytical reagents that can be used to explore the structure of 

complex macromolecules and to measure trace amounts of many 

physiologically important substances, such as those found in 

polyacrylamide gels of nuclear matrix proteins. Antibodies evolved 

as a principle means of defence against infection. The earliest 

written records revealed awareness that persons who recovered 
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from certain diseases could not contract them again. Thucydides 

pointed out over 2500 years ago, in a remarkable description of an 

epidemic in Athens that whatever attention the sick and dying 

received was "tended by the pitying care of those who had recovered, 

because they were themselves free of apprehension. For no one was 

ever attacked a second time, or with a fatal result."1°® jhis 

awareness led to deliberate attempts, beginning in the Middle Ages, 

to induce immunity by inoculating healtky people with material 

scraped from skin lesions of persons suffering from smallpox. The 

English physician Jenner established this procedure of variolation 

for smallpox. It was widely believed that those individuals who had 

cowpox (a benign disease acquired from cows infected with a mild 

form of smallpox) were spared in subsequent smallpox epidemics. 

To test this belief Jenner inoculated a boy with pus from a lesion of 

a dairymaid who had cowpox. Some weeks later reinoculation from a 

patient in the active stage of smallpox failed to cause illness. Many 

repetitions of these experiments led to Jenner's classic report, 

establishing that variolation leads to immunity against 

smallpox10**.''09. 

Although initially interested in bacteria and their pathogenic 

properties, Louis Pasteur became increasingly concerned with the 

prevention of infectious diseases and, thereby became the first 

great experimental immunologist. Even though comparatively little 

was understood of the ways in which various bacterial pathogens 

caused disease, Pasteur realized that methods of immunization 



3 4  

could be developed. These were initially based upon observations 

made with the chicken cholera bacillus. A level of immunity 

comparable to that elicited by the virulent organisms in surviving 

subjects could be stimulated by "attenuated" or modified strains. 

These strains were able to stimulate immunity without causing 

disease. This experimental analysis permitted the original success 

of Jenner's variolation experiments to be understood. Pasteur called 

this treatment "vaccination". Vaccination is the method whereby 

immunity to an infectious disease is stimulated by injection of the 

microorganism or its products into a host"10. 

Immunology developed as a subdiscipline of bacteriology and 

was concerned primarily with the study of immune processes as 

specific defense mechanisms against infectious agents and their 

toxic products. In 1888, Roux and Yersin demonstrated the presence 

of a soluble, heat-labile toxin in the fluid phase of diphtheria 

bacillus cultures. If this fluid culture was injected into animals, it 

caused all the systematic manifestations of diphtheria. They also 

demonstrated that the serum of such immunized animals protected 

susceptible animals against the disease. Ehrlich and Calmette 

similarly established immunity to toxins of nonmicrobial origin, e.g. 

snake venom and ricin from castor beans108. Later, toxin immunity 

was" ascribed to the development of specific neutralizing substances 

or antitoxins in the blood of the immune animal. Such antitoxin could 

be passively transferred to a non-immune animal with immune 

serum110. This result was first observed in the case of tetanus 
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antitoxin by von Behring and Kitasato in 1890111. Antitoxin studies 

subsequently gave rise to the concept of antibodies. Heidelberger 

discovered that the antibody properties of antisera are attributable 

to specific protein molecules when he showed that pneumococcal 

capsular polysaccharides precipitated specific serum proteins from 

rabbit anti-pneumococcal antisera. In 1939H2, Heidelberger 

purified antibody for the first time, it was later established by A. 

Tiselius and E. Kabat11^ that the bulk of antibodies in hyperimmune 

antisera had the electrophoretic properties of gamma globulins. 

These observations promted the analyses of substances responsible 

for immunity, and also to the practical treatment of many infectious 

diseases. During the following ten years many serologic reactions 

were discovered: bacteriolysis was first observed as disintegration 

of cholera vibrio, 1894; precipitation was reported with cell-free 

culture filtrates of plague bacilli, 1897; and agglutination of 

bacteria was reported in 18981°8. These reactions were all 

specific in that immune serum reacted only with the substance that 

had induced the immune response. The specificity and antigen-

binding properties of antibodies have been explored since the start 

of the century but the last twenty years have seen an enormous 

growth in their application. Antibodies are the preferred and often 

essential tools to identify, quantify, and prove the structural and 

biological properties of antigenic molecules. The range of 

applications is enormous - animal and plant hormones, enzymes, cell 

receptors and differentiation markers, serum proteins, tissue and 
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cell-specific antigens, tumor-associated antigens, microbial and 

parasite antigens, as well as others. 

Protein molecules that combine specifically with antigens are 

termed antibodies or immunoglobulins. Antibody molecules have a 

common structure consisting of four polypeptide chains, two heavy 

and two light arranged as shown in figure 3. Human antibodies have 

been assigned to five classes based on primary structure of their 

respective heavy chains: IgG (gamma), IgA (alpha), IgM (mu), IgD 

(delta), IgE (epsilon). Each immunoglobulin class modulates specific 

biological effects, although each can bind to the same antigen with 

the same high degree of specificity. Thus, the antibody molecule is 

unique in that it is endowed with two distinct properties: the 

specific one of binding to unique antigens and the non-specific one 

of interacting with inflammatory cells and/or soluble serum 

components. There are two types of light chains: kappa and lambda. 

Antibodies react with antigens by virtue of their terminal 

antigen-combining sites where both the heavy and light chains 

associate to create the combining site. The antigenic determinant is 

a small portion of the antigen, no more than a few amino acids long. 

Antibody molecules can bind two identical antigenic determinants. 

Interaction of antibody and antigen depends upon the stearic 

configuration of both molecules, permitting a close fit between the 

antibody-combining sites and the corresponding determinant of the 

antigen. 

Porter in 1959115 demonstrated that treatment of rabbit IgG 
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Figure 3. The Basic Structure of IgG114. Antibody molecules 
consist of four polypeptide chains: two heavy chains and two light 
chains held together by interchain disulfide bonds. Each chain can be 
divided into two regions or domains: the carboxy terminals of the 
peptide chains have a relatively constant structure, and the amino 
terminals of the peptide chains are characterized by sequence 
variability. The site to which the antibody binds antigen are located 
at the amino terminal portion of the molecule. The hinge region is 
flexible and permits variation in the distance between the antigen 
binding sites, allowing them to operate independently. Intrachain 
disulfide bonds in both the light and heavy chains encloses loops of 
60-70 amino acid residues. 
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antibody molecules with the enzyme papain, in the presence of 

cysteine, separated the molecule into two major fragments (figure 

4). One of these fragments retained the antigen-binding capacity of 

the intact molecule and hence was termed Fab fragment (ab refers to 

antigen binding). The other fragment did not combine with antigen 

but was readily crystallizable and hence was termed Fc fragment (c 

refers to crystallizable). Papain cleaves the interchain disulfide 

bridges of the hinge region of an IgG molecule . The subsequent 

discovery that certain biologic properties of antibody molecules, 

such as transport across the maternal-fetal membranes, interaction 

with the complement system, and fixation to the heterologous 

tissues resided on the Fc fragment of IgG, established the concept 

that antibody molecules were bifunctional. The ability of an 

antibody molecule to combine with a single antigenic determinant, 

or a closely related determinant, resides in the Fab portion of the 

molecule, whereas certain biologic properties that determine the 

subsequent deposition of the antigen resides in the Fc portion of the 

molecule. 

Different products result from the action of pepsin on the IgG 

molecule (figure 4). Pepsin cleaves the IgG heavy chain at a site 

distal to the interchain disulfide bridges in the hinge region. The 

portion of the molecule corresponding to the Fc fragment produced 

by papain treatment is digested by pepsin into peptide fragments. 

The two antigen-binding fragments, each of which is slightly larger 

that the Fab fragments produced by papain and hence is designated 



3 9  

i 

low mol. wt. 
peptides 

taG . 
gocig' 

pFc'-

.234 

PEPSIN 

secondary papain 
cleavage points PAPAIN 

224 

Fab 

Figure 4. Enzymatic Cleavage of Human IgG116. Pepsin 
cleaves the heavy chain to yield the F(ab')2 and Fc fragments. Papain 
splits the molecule in the hinge region yielding two Fab fragments 
and the Fc fragment. 
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Fab', remain linked. Thus, a bivalent fragment termed F(ab')2. 

results from the action of pepsin on IgG1*!?. Reduction of interchain 

disulfide bond(s) in this fragment gave rise to two antigen-binding 

fragments. 

Edelman"! "19 treated IgG molecules with reducing agents in 

the presence of urea. This treatment led to a decrease in molecular 

weight, suggesting that the IgG molecule consisted of disulfide-

linked peptide chains. Less drastic reduction (resulting in the 

splitting of only a few disulfide bridges), followed by treatment 

with propionic acid, permitted the separation by gel filtration of 

two components with molecular weight of 50,000 and 25,000 

daltons. Based on the molecular weight of the original IgG molecule 

of 150,000 daltons and the proportion of high and low molecular 

weight components, it was concluded that such molecules consisted 
i 

of two heavy and two light polypeptide chains. 

Availability of homogeneous light chains and intact 

immunoglobulin molecules permitted the elucidation of the primary 

structure of these proteins. The amino acid sequences of 

approximately one hundred light chain proteins have been 

determined. The carboxy terminal half of light chains had a constant 

sequence and the amino terminal half of light chains had a variable 

sequence. Heavy chains were found to consist of segments of 

variable and constant amino acid sequence composition. 

An immunoglobulin molecule has two intrachain disulfide 

bonds in the light chain - one in the variable and one in the constant 
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region. Similarly, there are four such bonds in the heavy chain. Each 

disulfide bond encloses a peptide loop of 60-70 amino acid residues. 

Each immunoglobulin peptide chain is composed of a series of 

globular regions with a similar secondary and tertiary structure 

(folding). 

Further examination of the variable segments of both heavy 

and light chains discloses that variation is constrained: certain 

residues (termed framework residues) do not change from one IgG 

molecule to another, and only a limited number of different amino 

acids occur at certain other positions. However, some positions of 

the variable region show great variability in sequence composition. 

These segments are designated as hypervariable regions. According 

to current concepts, the variable regions contribute to the formation 

of antigen-binding pocket or cleft on the Fab portion of the antibody 

molecule. Extensive folding of the variable segments serves to bring 

the hypervariable regions into close spatial proximity forming a 

structure complementary to that of a given antigenic determinant. 

The remaining residues of the variable segments are viewed as 

maintaining the hypervariable regions in appropriate alignment in 

the antigen-binding site"12^ 

The portion of the IgG molecule which is particularly 

vulnerable to attack by papain and pepsin is termed the hinge region. 

This region consists of about fifteen amino acid residues and 

includes the cysteines that form the inter-heavy chain disulfide 

bridges. 
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Certain biological functions are associated with antibodies. 

Antibody molecules of several classes have the ability to neutralize 

the soluble exotoxins produced by bacteria. Antibodies have the 

ability to agglutinate or clump bacteria, viruses, fungi, yeasts, and 

other potential parasites, facilitating the task of phagocytic cells. 

Antibodies are capable of activating the complement sequence. In 

addition to binding to antigen, the antibody molecules can interact 

with inflammatory cells and soluble molecules and thus can 

modulate important biological phenomena such as cell lysis, 

phagocytosis, degranulation, and secretion of intracellular 

components from neutrophils, macrophages, and mast cells, etc. 

Antibodies have long been used as reagents in the detection, 

measurement, and purification of biological molecules as well as for 

treatment of diseases. 

Practically all natural antigens possess several antigenic 

determinants, each capable of eliciting antibodies. In addition to 

the heterogeneity on the antibody response to an antigen, resulting 

from numerous determinants on an antigen, the population of 

antibodies produced against a single determinant is also highly 

heterogeneous with respect not only to class of heavy chain and to 

binding affinity, a reflection of the primary amino acid sequence of 

the combining site of the molecule. The antibody register is, 

therefore, of enormous size and possesses a wide scope for 

specificity. 
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A polyclonal serum is the conventional serum product of an 

immunized animal reacting to a single antigenic determinant or 

multiple determinants. Polyclonal serum is the product of many 

responding clones of B lymphocytes and plasma cells and is 

consequentlyheterogeneous at many levels: in affinity, classes and 

subclasses of antibodies produced, specificity, and titer. The 

properties of a polyclonal antiserum will be an average of these 

properties, depending upon composition of the mixture. Polyclonal 

antibody preparations contain a variety of antibody molecules 

directed against the antigen, as well as antibodies which react 

against irrelevant antigenic determinants. Without affinity 

purification, specific antibodies in a polyclonal antiserum are 

represented by a maximum of 20-30% of immunoglobulins in most 

cases. In addition, the quality of polyclonal serum raised against a 

particular antigen will generally vary from animal to animal. 

Carefully characterized polyclonal reagents are preferable for most 

immunolocalization assays because they generally recognize 

multiple epitopes on a single antigen. Multiple epitopes recognized 

by polyclonal reagents are less likely to be destroyed be fixation 

procedures than the single epitope recognized by a monoclonal 

antibody. 

On the other hand, monoclonal antibody preparations exhibit 

constant specificities and affinities as well as they are available in 

unlimited amounts. Monoclonal antibodies are usefull for detailed 

mapping of structure-function relationships. A major fraction of 
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monoclonal antibodies that score positive on solid phase or 

immunofluorescence assays do not respond to further biochemical 

characterization of the corresponding antigens. Lack of reactivity in 

immunoblotting or immunoprecipitation assays may be due to 

negligible sensitivity of these techniques, although, it is frequently 

due to low affinity of individual monoclonal antibodies or to 

particular conformation requirements of epitopes. 

We chose to produce polyclonal antibody sera in rabbits 

against the isolated DNA attachment proteins. The IgG fraction was 

purified using Protein-A sepharose affinity chromatography 

columns. 

Production of Polyclonal Antibodies 

The amounts and types of antibodies formed vary widely with 

the conditions of immunization since every antigen is different and 

every animal responds individually. Thus, there is no single 

procedure for animal immunization that guarantees an ideal product. 

The essential properties of antisera are high titer coupled with high 

average avidity and specificity. Certain principles can be adopted 

which together form the 'ground rules' for antiserum production. 

Chemical Composition of the Antigen: 

Immune responses can be produced against a wide range of 

molecules differing in their chemical composition. The more 

complex the antigen, in terms of chemical composition, the more apt 
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it is to produce a strong immune response. The most extensively 

studied antigens are proteins and polysaccharides, i.e. bacterial cell 

walls, which can be strongly immunogenic due to their complexity. 

Simple molecules like lipids, steroids, and nucleic acids are either 

weakly immunogenic, or not at all, unless they are associated with 

an immunogenic carrier. Other factors that determine the 

immunogenicity of an antigen are 1) the accessibility of antigenic 

determinants for antibody production and 2) the number of antigenic 

determinants associated with the antigen. Thus, diversity in antigen 

composition is a necessary factor in immunogenicity121. 

Size of the Antigen: 

Small antigens of 5,000-10,000 molecular weight that 

normally are not immunogenic because of their size and/or host 

responsiveness require conjugation to a carrier protein (i.e. albumin) 

or a hapten (i.e. dinitrophenyl or trinitrophenyl). The use of a 

complex protein carrier or hapten has the advantage that, being 

thymus dependent, the compound immunogen involves the induction 

and proliferation of T helper cells which collaborate in producing 

the anti-carrier or anti-hapten response. Larger molecules tend to 

be stronger antigens because they may have a higher degree of 

conformation with multiple antigenic determinants. There is no 

fixed general rule concerning the size that an antigen must be in 

order to be immunogenic, however, the larger the antigen, the more 
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chances of chemical complexity and of the presence of different 

antigenic determinants within the molecule122. 

Foreignness of the Antigen: 

There is an overriding necessity for a molecule to be seen as 

foreign by the recipient animal in order to mount an immune 

response. Antigenicity of a molecule depends to a great extent on 

phylogenetic relationship between host and antigen. Those 

molecules that are foreign to the host are the ones most capable of 

stimulating an immune response generating the broadest set of 

antibody specificities for the antigen12^.124. 

Use of Adjuvants: 

Adjuvants are substances whose physical and/or biological 

properties augment the immune response. Most adjuvants act by 

increasing macrophage and T cell helper functions and because the 

antigen persists in tissues. An advantage for using an adjuvant is 

that optimal immunizing doses may be reduced to microgram 

quantities yielding the best quality antiserum in terms of titer and 

affinity. The most effective and widely used adjuvants are the 

water-in-oil emulsions developed by Freund. This adjuvant consists 

of a mixture of mineral oil, a suspension of heat-killed 

Mycobacterium, and an emulsifier, Arlacel A125,126. 
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Dosage of the Antigen: 

Every antigen has an optimal immunogenic dose range. Dose 

effects vary with conditions of immunization. For instance, the 

smallest effective dosage of a typical protein in solution for a 

rabbit may be 100 ug, whereas injected with an adjuvant might be 

1-10 ug. Similarly, the threshold dose is usually much lower in 

previously primed animals than in immunologically naive ones127. 

Physical State of the Antigen: 

Aggregated molecules are immunogenic, while monomers are 

tolerogenic12**. 

Immunization Schedule: 

Many antigens require critical immunization schedules 

sometimes involving several inoculations129. 

Route of Immunization: 

Another important factor in determining immunogenicity is the 

route of immunization. Immunogens are usually injected under the 

skin (intradermally or subcutaneously) or into the muscle, depending 

upon the volume injected and the irritancy of the immunogen. 

Interperitoneal and intravenous injections are also used especially 

with particulate antigens. Feeding and inhalation of antigen are 

effective only under special circumstances when preferential 

syntheses of IgA antibodies is desired. Regardless of the route of 
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immunization, most antigens eventually become distributed widely 

throughout the body via lymphatic and vascular channels129. 

Choice of Animals: 

Mice and rats are best suited to intensive husbandry. They are 

available in many inbred genetic strains. They show uniform 

response characteristics; thus, in batches, can be reliable sources of 

antibody. Their special contribution is that, through inbreeding, they 

offer unique opportunities for studying allelic systems such as the 

histocompatibility gene complex, allotypes, and isoenzymes. In 

addition, mice and rats are the only two species of laboratory 

animals that can be utilized for in vitro cell fusion to yield 

monoclonal antibody secreting hybridomas. However, inbred strains 

of mice and rats show strain differences in response to molecules of 

low immunogenicity therefore, choice of strain may be very 

important. Mice and rats yield only a few milliliters of blood and 

require sacrifice to obtain this. If large quantities of antibodies are 

needed rabbits are preferred. At least 100 ml of blood may be 

harvested over a period of several months with final exsanguination 

volume of up to a further 150 ml which is very stable on storage. 

Rabbits give excellent IgG responses to a wide variety of antigens 

with adjuvant usage. They are an outbred species however and 

responses vary between rabbits; thus more than one animal should 

be used for each immunogen and their sera tested individually. 

Sheep and goats are the recommended animals for bulk production of 
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antisera in excess of five liters. Always use several animals for 

immunization with any antigen and test each animal's response 

individually. As a general rule use young adult animals, avoiding aged 

stock. Mice and rats of 3-4 months of age and rabbits of 4-6 months 

of age are ideal. A preliminary bleed should always be taken from 

each animal prior to immunization"!30. 

We chose to produce polyclonal antibodies against the four DNA 

attachment proteins. The solubilized proteins were emulsified in 

Freund's Complete Adjuvant and subcutaneously injected into New 

Zealand White rabbits. 
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Materials and Methods 

Tissue Culture of Chinese Ovarv Cells 

Chinese Hamster Ovary Cells (CHO-K1, American Type Culture 

Collection, Rockville, MD) were maintained in exponential growth as 

a monolayer in McCoy's 5A medium, supplemented with 10% fetal 

bovine serum and 1% penicillin/streptomycin (all from Gibco, Inc., 

Grand Island, NY). CHO cells were grown in T-75 tissue culture 

flasks (Costar, Cambridge, MA) to a final density of approximately 

10.0 x 106 cells/flask and were kept in a 37° C humidified incubator 

of 95% air and 5% CO2. 

Bright Field Microscopy 

Preparation of Scaffold Proteins: 

CHO cells were washed twice with phosphate buffered saline 

(PBS) (10 mM KH2PO4, 150 mM NaCI, pH=7.4) and extracted by 

incubating the cells as a monolayer for 2 minutes at 25° C with 5 ml 

of an extraction buffer containing 10 mM TRIS-HCI, 0.01 M EDTA, 

0.5% Triton X-100, 1.95 M NaCI, pH=8.0. The soluble proteins were 

discarded. The bottom of the flasks were washed twice with PBS. 

The resulting insoluble proteins are defined as scaffold proteins^. 

Preparation of Nuclei: 

CHO cells were washed twice with PBS, scraped into 10 mis of 

20 mM TRIS solution/flask, counted, centrifuged at 2,000 rpm for 10 

minutes, then resuspended at a concentration of 2 x 10® cells/ml in 
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a nuclei isolation buffer containing 20 mM TRIS, 5 mM DTT, 1 mM 

MgCl2. and incubated for 15 minutes at 25° C to cause swelling of 

the cells, monitored with phase contrast microscopy. The cells 

were transferred to ice for 5 minutes and then the cell membranes 

were ruptured using a glass Dounce homogenizer equipped with a 

tight-fitting (type B) pestle (Kontes, Vineland, NJ). Ten strokes 

were required. The resulting nuclei were separated from 

cytoplasmic debris by centrifugation (900 x g/10 minutes). The 

nuclei were washed twice with PBS and resuspended in 1 ml 20 mM 

T R I S 1 3 1 .  

Scaffold preparations were obtained by the two different 

methods described above. Photographs of intact cells, scaffold, and 

nuclei preparations were taken using a Nikon Phase Contrast 

Inverted Microscope with 40/0.55 objective (Tokyo, Japan) using 

I If o rd HPS film (ASA 400) (llford). 

Isolation of Nuclear Matrix Proteins From 

Chinese Hamster Ovarv Cells 

CHO cells were grown in six T-75 tissue culture flasks (see 

Tissue Culture of Chinese Hamster Ovarv CellsV The cells were 

washed twice with PBS and extracted by incubating the cells as a 

monolayer for 2 minutes at 25° C with 5 ml of the extraction buffer. 

The flasks were rinsed twice with 25 ml of PBS/flask to stop the 

extraction process; all PBS was removed and the soluble proteins 

were discarded. The resulting insoluble proteins were defined as 
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nuclear matrix proteins. The nuclear matrix proteins were then 

incubated with DNase I (200 units/ml) (Bethesda Research 

Laboratories, Gaithersburg, MD) and RNase A (200 units/ml) (Cooper 

Biomedical, Inc., Malvern, PA) for 30 minutes at 25° C. The insoluble 

proteins and DNA was collected. Two flasks were pooled into one 

centrifuge tube. The bottom of the flasks were rinsed with 4 ml of 

cold methanol and pooled with the insoluble proteins. The proteins 

were pelleted by centrifugation at 12,000 rpm for 30 minutes at 4° 

C. The pellet was resuspended in 600 ul dH20, extracted with 300 ul 

chloroform (2:1, dH20:chroloform), and centrifuged in a 

microcentrifuge at 12,000 rpm for 10 minutes at 4° C. The aqueous 

layer was discarded. The pellet was resuspended with 1200 ul cold 

methanol and centrifuged. The pellet was resuspended in 300 ul of 

an isoelectric focusing (IEF) lysis buffer containing 9.5 M urea, 2% 

LKB ampholytes 2-11/4-6 (Pharmacia LKB Biotechnology, 

Piscataway, NJ), 5% 2-mercaptoethanol, and 2% Nonidet P-40. Using 

a Vibra Cell sonicator equipped with a mini probe (Sonics and 

Materials, Inc., Danbury, CT), the proteins were resuspended for 10 

second burst on a setting of 50. The nuclear matrix structural 

proteins were subjected to electrophoresis using in the first 

dimension isoelectric focusing according to the procedure of 

0'Farrell132 and in the second dimension as a 10% polyacrylamide-

SDS slab gel according to the procedure of Laemmli"133. 

Modifications within the gel included a 1:1 mixture of pi 3.5-10.0 

and pi 4.0-6.0 LKB ampholytes. The IEF gels were subjected to 
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electrophoresis using 400 volts for 20 h at 15° C. The pH gradient 

within the gels was determined by measuring the pH of 1-cm gel 

slices in 2 ml of triple distilled water. The proteins were 

transblotted onto nitrocellulose (Schleicher and Schull, Keene, NH) 

according to the procedure of Towbin"'34. 

Definition and Preparation of DNA Attachment ProteinsS 

CHO cells were grown in six T-75 tissue culture flasks to a 

final density of approximately 10.0 x 10® cells/flask (see Tissue 

Culture of Chinese Hamster Qvarv CellsV Cellular proteins were 

labeled using 5.0 uCi/mmol of [35S]methionine (specific activity 

1500 Ci/mmol) (NEN Research Products, Wilmington, DE) for 18 h in 

medium containing 10% of the normal concentration of methionine. 

DNA attachment proteins are defined here as proteins which 

remained attached to DNA after its banding in 5.7 M CsCI density 

gradients. The procedure used was a modification of a technique 

reported by Razin et al13^, The DNA was isolated by lysing the CHO 

cells (1.0 x 108 cells/ml) with 0.1% Sarkosyl in PBS at 55° C for 15 

min. The sample was extracted with an equal volume 

chloroform:isoamyl alcohol (24:1, v/v) and the aqueous phase 

sedimented through 5.7 M CsCI using procedures previously 

described"!3®' "I3?* ^38> 139. The gradients were formed using a 

Beckman Ti-55 vertical rotor operating at 33,000 rpm for 48 h. The 

recovery of a sufficient quantity of protein for analysis using this 

procedure required the use of approximately 3.0 x108 cells, divided 
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into eight aliquots and each applied to a 40-ml preparative CsCI 

gradient The DNA was collected from the gradient, methanol 

precipitated, treated with DNase 1 and RNase A, chloroform 

extracted, and methanol precipitated. Proteins were subjected to 

electrophoresis using in the first an dimension IEF gel and in the 

second dimension a 10% polyacrylamide-SDS slab ge!. (See Isolation 

of Nuclear Matrix Proteins From Chinese Hamster Ovarv Cells!. 

Amido Black staining (0.1% Amido Black in 45% methanol and 10% 

acetic acid) was performed after the transblotting of the proteins 

onto nitrocellulose. Amido Black is an anionic dye used to detect 

nucleic acid as well as proteins. It is an intercalation dye which 

binds to the same sites on DNA which are accessible to oxygen by 

diffusion and can detect one base pair of nucleic acid140. 

One-Dimensional Gel Electrophoresis of Whole Cell 

Homoaenate. Scaffold, and Nuclear Proteins 

Preparation of Whole Cell Homogenate Proteins: 

CHO cells were grown as a monolayer in two T-75 tissue 

culture flasks (see Tissue Culture of Chinese Hamster Ovarv Cellsl. 

The cells were rinsed twice with PBS and scraped into 1 ml 1 x PBS. 

The bottom of the flasks were rinsed with 4 ml cold methanol which 

was collected. The cells were sonicated, methanol precipitated, 

chroloform extracted, and then methanol precipitated (see Isolation 

of Nuclear Matrix Proteins From Chinese Hamster Ovarv Cells!. 
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After the second methanol precipitation, the pellet was resuspended 

in 500 ul PBS, and sonicated. 

Preparation of Scaffold Proteins: 

CHO cells were grown as a monolayer in six T-75 tissue 

culture flasks (see Tissue Culture of Chinese Hamster Ovarv Cells^. 

The cells were rinsed twice with PBS. The monolayers were 

incubated with the extraction buffer (5 ml/flask) for 2 minutes at 

25°. The flasks were rinsed twice with 25 ml PBS/flask to stop the 

extraction process; all PBS was removed. The cells were scraped 

into 1 ml PBS. The flasks were rinsed with 4 ml cold methanol 

which was collected. The cells were sonicated, methanol 

precipitated, chroloform extracted, and then methanol precipitated 

(see Isolation of Nuclear Matrix Proteins From Chinese Hamster 

Ovarv Cells^. After the second methanol precipitation, the pellet 

was resuspended in 500 ul PBS, and sonicated. 

Preparation of Nuclear Proteins: 

Nuclei were prepared as previously described (see Bright Field 

Microscopy: Preparation of Nuclei^. The nuclei were sonicated, 

methanol precipitated, chroloform extracted, and then methanol 

precipitated (see Isolation of Nuclear Matrix Proteins From Chinese 

Hamster Ovarv Cells^. After the second methanol precipitation, the 

pellet was resuspended in 500 ul PBS, and sonicated. 
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The protein concentrations of the whole cell homogenate, 

scaffold, and nuclei preparations were determined by the Bradford 

Reaction1^, j^is reaction is based on the observation that 

Coomassie Brilliant Blue G-250 exists in two different color forms, 

red and blue. The red form is converted into the blue upon binding of 

the dye to protein. The protein-dye complex has a high extinction 

coefficient thus leading to great sensitivity in measurement of the 

protein. The binding of the protein to the dye is a very rapid process 

(approximately 2 minutes), and the protein-dye complex remains 

dispersed in solution for a relatively long time (approximately 1 h), 

thus making the procedure very rapid and yet not requiring critical 

timing- for the assay. The standard assay method consisted of 

preparing a standard curve (50 ug to 100 ug) using Bovine Serum 

Albumin Fraction V (BSA) (Sigma Chemical Company, St. Louis, MO). 

Unknown protein concentrations could be determined from the BSA 

standard curve. Protein solution containing 10 - 100 ug protein in a 

volume up to 0.1 ml was pipetted into 12 x 100 mm test tubes. The 

volume in the test tube was adjusted to o.1 ml with PBS. Bradford 

Reagent (5.0 ml) was added to the test tube and the contents mixed 

either by inversion or vortexing. The Bradford Reagent consisted of 

0.1% (w/v) Coomassie Brilliant Blue G-250 (BioRad Laboratories, 

Richmond, CA), 4.7% (w/v) ethanol, 8.5% (w/v) phosphoric acid 

diluted to final volume of 1 L, filtered through a Whatman No. 1 

filter, and stored in a dark bottle. Absorbance was determined on a 
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Spectro Ultrospec K (LKB Biochrom, Ltd., Cambridge, England) at 595 

nm between 5 minutes and 1 h. 

A profile of the proteins present in whole cell homogenate, 

scaffold, and nuclear preparations of CHO cells was obtained using 

10% SDS-polyacrylamide slab gel electrophoresis and Amido Black 

staining of the gel. Proteins (34 ul) at a concentration of 9 ug/lane 

were loaded onto the 10% SDS-polyacrylamide gel. 

Antibody Production in Rabbits 

The nuclear matrix proteins were transblotted onto 

nitrocellulose, stained with Amido Black. Proteins 1, 2, 3, and 4 

were excised from the paper and solubilized in 300 ul of dimethyl 

sulfoxide and mixed with an equal volume of Freund's Complete 

Adjuvant (Gibco, Inc., Grand Island, NY). This mixture was injected 

subcutaneously in multiple sites into the backs of male New Zealand 

white specific pathogen free rabbits (Myrtle Rabbitry, Thompson, 

TN). The rabbit sera had been screened prior to use to eliminate 

animals containing antibody that would react with the DNA 

attachment proteins. A total of three injections were given at two 

week intervals. The rabbits were bled from ear veins two weeks 

after the last injection*'42 . 
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Affinity Purification of Immunoglobulins 

From Whole Rabbit Serum 

Blood (40 ml) was collected from each rabbits and allowed to 

clot overnight at 4° C. The blood was centrifuged using an IEC 

Centra-8R centrifuge (International Equipment Company, Needham 

HTS., MA) at 600 x g at 4° C for 20 minutes to separate the blood 

cells from the serum. The serum was collected and passed through a 

Protein-A CL-4B Chromatography column (Pharmacia LKB 

Biotechnology AB, Uppsala, Sweden) to affinity purify the 

immunoglobulins. The purification was carried out at 4° C. The 

column was washed with 10 volumes of a buffer containing 7.66 mM 

KH2P04, 85.72 mM K2HPO4 (anhydrous), 0.1 mM phenylmethylsulfonyl 

fluoride (PMSF), 0.02% sodium azide (NaN3), pH=7.0 to remove 

unbound serum proteins before elution. The immunoglobulins were 

eluted using a buffer containing 0.1 M glycine-HCI, 0.1 mM PMSF, and 

0.02% NaN3, pH=3.0 and collected in fractions143.144. The fractions 

were restored to pH 7.0 using 150 ul 1.0 M MOPS buffer. The 

fractions were monitored by gel electrophoresis, and the antibody 

containing fractions were pooled. BSA (0.1%) was added to the 

immunoglobulin fractions as a stabilizer. The antibody preparations 

were aliquoted and stored at -20° C untii needeed. 
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Specificity of Polyclonal Antibodies: 

Immunoblot 

Specificity of the polyclonal antibody preparations was tested 

using a modification of the immunoblot technique by Towbin11*4. 

This assay was carried out at 25° C and all reagents were made in 

PBS containing 0.06% Tween 20 (PBS-T). The nitrocellulose 

transblot of nuclear matrix proteins, (see Isolation of Nuclear 

Matrix Proteins From Chinese Hamster Ovarv Cellsl. was soaked in 

PBS-T overnight. The blot was incubated for 1 h with the purified 

polyclonal rabbit immunoglobulin preparations at a 1:500 dilution . 

The blot was rinsed with 0.1% Triton X-100 for 15 minutes, 0.5 M 

NaCI for 30 minutes, and PBS-T for 15 minutes. The blot was 

incubated for 1 h with 125l-goat anti-rabbit IgG (NEN Research 

Products, Wilmington, DE) at a dilution of 1:1000 . The blot was 

rinsed with 0.1% Triton X-100 for 30 minutes, 0.5% Triton X-100 for 

15 minutes, 0.5 M NaCI for 30 minutes, followed by two rinses with 

PBS-T for 10 minutes each. The immunoblot was allowed to dry and 

exposed to Kodak X-OMAT AR Diagnostic Film (Eastman Kodak 

Company, Rochester, NY) for 1 or 2 days at -80° C. 

Amino Acid Sequencing 

Nuclear matrix proteins were obtained from CHO cells (see 

Isolation of Nuclear Matrix Proteins From Chinese Hamster Ovarv 

CellsV The proteins were transferred to Immobilon-P Transfer 

Membranes (Millipore, Bedford, MA) and the position, of the proteins 
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detected using Amido Black staining. Six replicate gels were used 

to obtain sufficient material for sequencing (approximately 10 ug/ 

protein). Proteins 1, 2, and 4 were excised from the membranes, 

placed into microfuge tubes, stored at -80° C, and shipped with dry 

ice to maintain -80° C temperature. The sequencing reactions were 

performed by the Dept. of Biology Protein Sequencer Facility, 

University of California, San Diego; La Jolla, CA. 

Enzvme-Linked Immunosorbent Assay 

(ELISA) 

In order to characterize the titer of the anti-protein-4 

antibody preparation, an ELISA was performed using proteins from 

either whole cell homogenate, scaffold, nuclear preparations, or 

BSA. In the ELISA145, antigen is incubated in a plastic 96-well 

plate. Small quantities become absorbed onto the plastic surface. 

All unbound proteins are washed away. {The plate may then be 

blocked with excess of an irrelevant protein to prevent any 

subsequent non-specific binding of proteins). The antibody to be 

tested is added, which binds to the antigen. A ligand is an antibody 

molecule which can detect the antibody to be tested and is 

covalently coupled to an enzyme such as horseradish peroxidase. 

This ligand binds to the antibody to be tested. The bound ligand is 

visualized by the addition of a chromogen such as 2,2'-azinobis (3-

ethylbenzthiazoline-6-sulfonic acid) (ABTS) - a colorless substrate 

which is acted on by the enzyme portion of the (igand to produce a 
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colored end-product. The amount of the antibody to be tested is 

measured by assessing the amount of colored end-product by optical 

density scanning of the plate. 

The ELISA procedure used was a modification of a technique 

reported by Scuderi et a|146. immulon-1 96-well plates (Dynetech 

Laboratories, Inc., Chantilly, VA) were coated with 0.3 ug/150 ul of 

antigen (whole cell homogenate proteins, scaffold proteins, nuclear 

proteins, or BSA) diluted in a carbonate buffer containing 15.0 mM 

Na2C03, 34.5 mM NaHCC>3, 3.0 mM NaN3, pH=9.6. The plates were 

incubated overnight at 4° C. All subsequent steps were carried out 

at 25° C. Between each step of the assay, the plates were washed 

twice with PBS containing 0.05% Tween 20 (PBS-Tween) and twice 

with PBS alone. Non-specific binding was prevented by incubating 

the wells for 2 h with 200 ul/well of PBS-Tween containing 0.1% 

BSA. Purified rabbit polyclonal protein-4 immunoglobulin (150 ul) 

at various dilutions were added to each well and incubated for 1 h. 

Goat anti-rabbit-IgG (H + L chains) conjugated to horseradish 

peroxidase (BioRad Laboratories, Richmond, CA) (150 ul) were added 

at a dilution of 1:200 and incubated for 1 h. ABTS (200 ul) [100 mM 

citric acid (monohydrate), 0.1 mM ABTS (Sigma Chemical Company, 

St. Louis, MO), ph=4.2, as chromogen, and with 0.1% H202as 

substrate] were added to each well. After 10 minutes, 50 ul of 0.1 N 

NaOH were added to each well to halt the reaction. The plates were 

stored at 4° C overnight. Optical density readings were made on a 

Titertek Multiscan MC (Flow Laboratories, McLean, VA). 
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Resul ts  

Bright Field Microscopy of Chinese Hamster Ovarv Cells 

CHO cells were grown as a monolayer culture and visualized 

using bright field microscopy. The cytoplasm and nuclei of the cells 

were clearly defined and distinct nucleolar regions were present 

(white arrow) (Figure 5, top, panel). The monolayer culture was 

treated with a lysing solution to yield a scaffold preparation which 

was also visualized by bright field microscopy (Figure 5, bottom 

panel). The scaffold structures contained cytoplasmic remnants 

(white arrow), distinct nuclei, and no visible nucleolar regions 

(Figure 5, bottom panel). 

CHO cells were grown as a monolayer, harvested, and 

resuspended into PBS. The cells in suspension contained cytoplasm, 

distinct nuclei, and well defined nucleolar regions (Figure 6, panel 

A). Compared to the attached cells (Figure 5, top panel), the 

suspended cells were extended (Figure 6, panel A). The suspended 

cells were added to the nuclei isolation buffer whereby they were 

observed to swell and the vacuoles induced by the process were also 

noted (Figure 6, panel B). The swollen cells were ruptered and the 

observable cytoplasm was removed, resulting in intact nuclei with 

distinct nucleolar regions (Figure 6, panel C). The nuclei were 

resuspended in the lysis buffer which removed the bulk of the 

cytoplasmic remnants (Figure 6, pane D). 

Attached whole cells (Figure 5, top panel) appeared to have 

cytoplasmic organization when compared to whole cells in 



Figure 5. Bright Field Microscopy of Chinese Hamster Ovary 
Cells Attached to Tissue Culture Flask. CHO cells were grown 
as a monolayer culture and photographed without fixation using a 
Nikon inverted microscope (40/0.55 objective). The nucleolar 
regions are indicated by the white arrow (top panel). The monolayer 
of CHO cells was extracted with 2 M NaCI and 0.5% Triton X-100 and 
rinsed with PBS to yield a scaffold preparation. Cytoplasmic 
remnants are apparent (white arrow, bottom panel) and the nucleolar 
regions cannot be seen. 



6 4  

Figure 6. Bright Field Microscopy of Chinese Hamster Ovary 
Cells in Suspension. CHO cells were grown as a monolayer, 
harvested, and resuspended in PBS (panel A). The cells were added 
to the nuclei isolation that caused the cells to swell. Vacuoles were 
observed in the cytoplasm of the cells (panel B). The swollen cells 
were dounced with a glass douncer to yield intact nuclei (panel C). 
The dounced nuclei were extracted with the extraction buffer (panel 
D). 
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suspension (Figure 6, panel A). It is possible to obtain scaffold 

preparations by one of two methods either by incubating the 

monolayer culture with the extraction buffer containing 10 mM Tris-

HCI, 0.01 M EDTA, 0.5% Triton X-100, 1.95 M NaCI, pH=8.0 (Figure 5, 

Bottom panel) or by extracting nuclei with the same buffer (Figure 

6, panel D). The nuclei in figure 6, panel D contained less 

cytoplasmic contamination when compared to nuclei in figure 5, 

bottom panel. For the source of nuclear matrix proteins, we chose to 

use CHO cells as a monolayer. 

Two Dimensional Gel Electrophoresis** 

Cellular proteins of CHO cells were labeled with 

[35s]methionine. Nuclear matrix proteins were extracted from these 

cells using salt, detergent, and nuclease digestion. The insoluble 

proteins were subjected to electrophoresis using isoelectric 

focusing (IEF) gel electrophoresis in the first dimension and a 10% 

polyacrylamide slab gel in the second dimension. The proteins were 

transblotted onto nitrocellulose (figure 7). DNA attachment proteins 

are numbered 1-4. The most abundant numbered protein in the DNA 

attachment preparation was 4, followed by 3, 2, and 1. Antibodies 

were prepared against proteins 1, 2, and 4. The rabbit injected with 

protein-3 did not produce antiserum agaist protein-3. Further 

attempts to produce an antiserum against protein-3 in this rabbit 

failed. 
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Figure 7. Two-dimensional gel electrophoresis of the 
protein fractions5. Cellular proteins were labeled using [35s] 
methionine and were analyzed be an isoelectric focusing gel in the 
first dimension followed be a 10% polyacrylamide SDS-gel in the 
second dimension. Four DNA attachment proteins are indicated by 
arrows. The molecular weight distributions are shown at the left of 
the figure as Mr x 103. 
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One-Dimensional Gel Electrophoresis 

A profile of the proteins present in whole cell homogenate, 

scaffold, and nuclear preparations of CHO cells was obtained using 

10% SDS-polyacrylamide gel electrophoresis (figure 8) and Amido 

Black Stain. The apparent molecular weight distributions are shown 

at the left of the figure as Mr x 103. The left lane contained the 

proteins present in the whole cell homogenate preparation, the 

middle lane contained the proteins present in the scaffold 

preparation , and the right lane contained the proteins present in the 

nuclear preparation. Many proteins were present particularly in the 

left and middle lanes which ranged in molecular weight of greater 

than 200,000 to less than 25,000. Using this analysis, the whole 

cell homogenate and the scaffold preparations were 

indistinguishable. This data was consistent with the microscopic 

observation of the cytoplasmic contamination present in the 

scaffold preparation (figure 5, bottom panel). The nuclear 

preparation did contain a protein pattern which was distinguishable 

from the left and middle lanes. 

The proteins within these preparations were used to test the 

titer of the polyclonal antibodies for the DNA attachment proteins 

by ELISA. 
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Figure 8. One-Dimensional Gel Electrophoresis Analysis of 
Protein Fractions. Whole cell homogenate (left lane), cage 
preparation (middle lane), and extracted nuclear preparation (right 
lane) were analyzed by 10% polyacrylamide SDS-gel electrophoresis. 
The gel was stained with Amido Black Stain. Molecular weight 
distributions are shown at the far left of the figure as Mr x 103. 
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Affinity Purification of Immunoglobulin From Rabbit Serum 

The elution profile of an antiserum from Protein-A sepharose 

affinity chromatography column was obtained using 10% 

polyacrylamide gel electrophoresis and Amido Black Stain (figure 9). 

The apparent molecular weight distributions are shown at 

the left of the figure as Mr x 103 and the lane definition is labeled 

across the top of the figure. Lane 1 contained standards. Lanes 2-3 

contained pre-elution fractions. Lanes 4-15 contained eluted 

immunoglobulin fractions. The majority of the immunoglobulin was 

detected as heavy chains (apparent Mr=42,000, open arrow, figure 9) 

and light chains (apparent Mr=25,000, closed arrow, figure 9). 

Specificity of Polyclonal Antibodies 

Nuclear matrix proteins were isolated, electrophoresed, and 

transblotted onto nitrocellulose paper. Specificity of the polyclonal 

antisera was determined by the immunoreactivity of the 

preparations to nuclear martix proteins transblotted onto 

nitrocellulose. The nitrocellulose paper was stained with Amido 

Black (figure 10, top panel). The presence of nucleic acid was 

apparent in association with the proteins marked as 1 and 2. 

Protein-1 had an apparent Mr=70,000 and an apparent pl=4.3; 

protein-2 had an apparent Mr=70,000 and an apparent pl=5.3. 

Protein-2 appeared to have three isoforms. A progression of a 

heavily stained region associated with protein-2 was also observed. 

The middle pane! is an autoradiograph of antibody-1 reaction with 
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Figure 9. One-Dimensional Gel Electrophoresis Analysis of 
Affinity Chromatography Fractions of Immunoglobulins. The 
molecular weight distributions are shown at the left of the figure as 
Mr x 103. The lane numbers correspond to the elution fractions from 
the column. Immunoglobulin was eluted from a protein-A sepharose 
affinity chromatography column as heavy chain (open arrow) and 
light chain (closed arrow). The majority of the immunoglobulin was 
observed in lanes 4-9. 
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Figure 10. Specificity of Polyclonal Antibodies Raised 
Against DNA Attachment Proteins 1 and 2. Nuclear matrix 
proteins were analyzed by an isoelectric focusing gel in the first 
dimension, followed by a 10% polyacrylamide SDS-page gel in the 
second dimension, were transblotted onto nitrocellulose, and stained 
with Amido Black. DNA attachment proteins 1 and 2 are indicated by 
numbered arrows (top panel). A two-dimensional gel pattern of 
nuclear matrix type protein was transblotted onto nitrocellulose and 
probed with polyclonal antibody-1 (middle panel) or polyclonal 
antibody-2 (bottom panel). The secondary antibody was 125|. 
conjugated goat anti-rabbit (NEN Research Products, Wilmington, 
DE). 
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protein-1. Although the relative abundance of protein-1 appeared to 

be low, the antibody reaction was very prominent. The bottom panel 

is an autoradiograph of antibody-2 reaction with protein-2. 

The top panel of figure 11 is an Amido Black staining of the 

nitrocellulose containing the transblotted nuclear matrix proteins. 

Protein-4 was present in relatively low abundance. The presence of 

nucleic acid staining, which did not correspond to discernable co-

migrating protein, is indicated by the solid arrow. The middle panel 

is the autoradiograph of antibody-4 reacting with protein-4. 

The individual antibody preparations made against proteins 1, 

2, and 4 recognized specific DNA attachment proteins and did not 

cross react with each other. These polyclonal sera recognized 

distinct and separate epitopes. 

Amino Acid Sequencing 

Proteins 1, 2, and 4 were removed from gel patterns, and the 

amino acid sequences at the N-terminal domains were determined. 

Table 1 illustrated that the amino acids found in the position of the 

gel pattern of protein-1 matched those of the known sequence of 

bovine fetuin144. Table 2 illustrated that the amino acids found in 

the position of the gel pattern of protein-2 matched those of the 

known sequence of BSA. Table 3 illustrated that none of the amino 

acids found in the position of the gel pattern of protein-4 matched 

those of the known sequence of cytoplasmic hamster v iment in 1 4 ^  

Further, an analysis of the current computer data bases indicated no 
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Figure 11. Specificity of Polyclonal Antibodies Raised 
Against DNA Attachment Protein-4. Nuclear matrix proteins 
were analyzed by an isoelectric focusing gel in the first dimension, 
followed by a 10% polyacrylamide SDS-page gel in the second 
dimension, were transblotted onto nitrocellulose, and stained with 
Amido Black. DNA attachment protein-4 is indicated by numbered 
arrow. The solid arrow refers to a position of detectable nucleic 
acid labeling where no discernable protein is present (top panel). A 
two-dimensional gel pattern of nuclear matrix type protein was 
transblotted onto nitrocellulose and probed with polyclonal 
antibody-4 (bottom panel). The secondary antibody was 125|_ 
conjugated goat anti-rabbit (NEN Research Products, Wilmington, 
DE). 
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Table 1. N-Terminal Amino Acid Sequences of Protein-1 

Protein-1: lle-Pro-Leu-Asp-Pro-Val-Ala-

GIy-Tyr-(Lys)-Glu-Pro-Ala-(Ala) 

Fetuin: lle-Pro-Leu-Asp-Pro-Val-Ala-

Gly-Try-Lys-Glu-Pro-Ala-Cys 

The amino acid sequence of the bovine fetuin is derived from 
the known nucleotide sequences147 and is shown for 
comparative purposes. The parenthesis indicate a possible or 
an undetermined amino acid. 
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Table 2. N-Terminal Amino Acid Sequences of Protein-2 

Protein-2: Asp-Thr-( )-Lys-Ser-Glu-lle 

BSA: Asp-Thr-His-Lys-Ser-Glu-lle 

The amino acid sequence of BSA was derived from the known 
nucleotide sequences and is shown for comparative purposes. 
The open parenthesis indicate an undetermined amino acid. 
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Table 3. N-Terminal Amino Acid Sequences of Protein-4 

Protein-4: Asp-Val-Leu-Gln-Gly-( )-Ala-Val-Gln-( ) 

Vimentin: Ser-Thr-Arg-Ser-Val-Ser-Ser-Ser-Ser-Tyr 

The amino acid sequence of the hamster vimentin is derived 
from the known nucleotide sequences*' 48 and is shown for 
comparative purposes. The open parenthesis indicate an 
undetermined amino acid. 
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known match to any previously characterized proteins (data not 

shown). 

Enzvme-Linked Immunosorbent Assay 

Because amino acid sequencing of the nucleic acids in the 

positions of proteins 1 and 2 in two-dimensional gels were 

determined to be related to bovine fetuin and BSA, we decided to 

titer the antiserum prepared against protein-4. 

In figures 12 and 13, different dilutions of the polyclonal 

antiserum (anti-protein-4) were used to determine the titer (based 

on optical density read at 405 nm) of the antibody bound to the 

immobilized antigen. Open boxes represent the reaction with 

antibody-4, and the closed boxes represent the reaction with pre-

immune serum. In figure 12, the top graph represents the reactivity 

of the antibody preparation and pre-immune sera to the proteins in 

whole cell homogenate. There was no apparent difference between 

the two antibody preparations. The bottom graph of figure 12 

represents the reactivity of the antibody preparation and pre-

immune sera to the proteins present in nuclei. The reaction using 

antibody-4 was noteably higher than the pre-immune sera. The titer 

at 50% reactivity was 30, which was three-fold higher than that of 

antibody-4 binding with pre-immune sera. 

Figure 13, top graph illustrates the binding of the antibody-4 

preparation and pre-immune sera to BSA, an unrelated protein, (top 

graph). Reactivity of either antibody preparations for BSA was less 

than 0.3 O.D. units at all antibody dilutions. The bottom graph of 
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Figure 12. Titer of Polyclonal Antibody-4 Determined by 
Enzyme-Linked Immunosorbent Assay. The titer of polyclonal 
antibody-4 was determined using whole cell homogenate (top graph) 
or extracted nuclei preparation (bottom graph) as the bound proteins 
in an ELISA. The reaction of Antibody-4 (open boxes) and the pre-
immune sera (closed boxes) to the antigens was determined. The 
secondary antibody was horseradish peroxidase conjugated goat 
anti-rabbit (BioRad Laboratories, Richmond, CA), 
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Figure 13. Titer of Polyclonal Antibody-4 Determined by 
Enzyme-Linked Immunosorbent Assay. The titer of polyclonal 
antibody-4 was determined using BSA, an unrelated protein (top 
graph) or cage preparation (bottom graph) as the bound proteins in an 
ELISA. The reaction of Antibody-4 (open boxes) and the pre-immune 
sera (closed boxes) to the antigens was determined. The secondary 
antibody was horseradish peroxidase conjugated goat anti-rabbit 
(BioRad Laboratories, Richmond, OA). 
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figure 13 is of the scaffold protein preparation as the bound antigen 

in the ELISA. At 50% reactivity, antibody-4 had reactivity of 10 O.D. 

units to the proteins present in the scaffold preparation. 
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Discussion 

Nuclear structure is very complex. The nuclear envelope is 

composed of two concentric bilayer membranes, the outer and the 

inner membranes. The nuclear lamina lies closely apposed to the 

nuclear envelope. The nucleolus is a large distinct structure within 

the nucleus. DNA is also packaged inside the nucleus. 

A problem is presented in packaging DNA into the nucleus of 

eukaryotic cells. The length would greatly exceed the dimensions of 

the compartment that contains it. The DNA must therefore be 

compressed tightly to fit into the space available. In addition, the 

DNA is contained in a compact area that occupies only a portion of 

the nuclear compartment. Thus, DNA undergoes several orders of 

folding to accomplish this task. 

Investigators propose five levels of chromatin folding: 

nucleosome, 30-nm fiber, loops, rosettes, and coils. Histone 

proteins play major roles in forming and stabilizing nucleosomes 

and the 30-nm fiber. Loop, rosettes, and coils could be established 

and maintained by DNA attachment proteins of a nuclear scaffold or 

matrix. 

Many investigators propose that a protein structure or scaffold 

extends the length of the interphase and metaphase chromatid. The 

nuclear matrix is not simply a rigid, static structure, but is rather a 

dynamic and interactive scaffolding system that is intimately 

associated with such fundamental nuclear processes as DNA 

organization, DNA replication, hnRNA synthesis and processing, and 
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hormone action. The nuclear scaffold is salt-, nuclease-, and 

detergent-resistant. This structure is 98% protein, representing 

only 10% of the original nuclear proteins. 

The proteins involved in the nuclear scaffold are not 

extensively characterized. They are primarily in the molecular 

weight range of 55,000 to 75,000 as discussed earlier in the 

Introduction. They are acidic, non-histone type proteins. 

Topoisomerase II has been identified as the predominant non-histone 

DNA attachment protein of the nuclear matrix. It is an enzyme that 

introduces double-stranded nicks into double-stranded DNA to 

untwist the helix during DNA metabolism. Immunolocalization 

studies using polyclonal and monoclonal antibodies against 

topoisomerase II by fluorescence and electron microscopy showed an 

immunopositive reaction going through the kinetochore along a 

central axial region that extended the length of the chromatid. The 

scaffold appeared to consist of an assembly of foci. These foci were 

located at the bases of the loops. A location predicted by the radial 

loop model of chromatin structure. 

The approach here was to identify which nuclear proteins 

contained attached DNA and to characterize these proteins further 

using polyclonal antibodies. The antigens were isolated directly 

from the denaturing gels, and polyclonal antibodies were generated 

using rabbits. These antibodies could provide important tools for 

analyzing the distribution of the antigens within intact cells and 
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characterizing the antigens biochemically. First, a characterization 

of the antibodies was required. 

CHO cells were visualized by bright field microscopy. Attached 

and suspended cells contained distinct cytoplasmic and nuclear 

regions with well defined nucleolar regions (white arrow). Attached 

cells appeared to have more cytoplasmic organization when 

compared to the cells in suspension (figure 5, top panel and figure 6, 

panel A). 

Scaffold proteins can be obtained by two methods: (1) by 

treating the monolayer with the extrection buffer containing (figure 

5, bottom panel) or (2) by causing the cells to swell, ruptureing the 

cell membranes, and treating the nuclei with the extraction buffer 

(figure 6, panel D). The first method yielded a scaffold preparation 

with cytoplasmic contamination (white arrow) when compared to 

the second method. 

The profile of the proteins in the whole cell homogenate and 

the scaffold preparations were indistinguishable which was 

consistent with the microscopic observation of the cytoplasmic 

contamination present in the scaffold preparation (figure 7, bottom 

panel). The protein profile of the nuclear preparation was 

distinguishable from that of the whole cell homogenate and scaffold 

preparation (figure 7). 

The results of [35S]methionine labeling of CHO proteins 

indicate that at least four nuclear proteins had DNA attached to 

them (figure 8). In addition to the DNA observed co-migrating with 
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protein-2, a progression of DNA was present in the more basic pH 

range (pi 5.6-6.0). We speculate that the DNA migrating in the more 

basic range may represent DNA which was "trailing off" the protein 

or was attached to protein(s) which we cannot detect with 

metabolic labeling methods5. 

Topoisomerase II appears to be a major nuclear scaffold 

protein of interphase nuclei as well as mitotic chromosomes. 

Evidence indicates that topoisomerase II may be localized at the 

bases of the DNA loops suggesting that this enzyme might be one of 

the nonhistone scaffold components responsible for topological 

closure of the domains"102,149. Because topoisomerase II has been 

identified as covalently linked at the 5'-OH end of a cleaved DNA 

strand as a reaction intermediate, it has a suggested role in DNA 

synthesis for segregation of newly synthesized molecules and/or to 

provide the unlinking activity necessary for fork 

propagation150'151 -152. 

Pure preparations of immunoglobulins were obtained from 

whole rabbit sera using affinity chromatography on a protein-A 

sepharose CL-4B column (figure 9). The individual antibody 

preparations produced against proteins 1, 2, and 4 were highly 

specific and did not cross react with each other when tested against 

the original source of antigen (figures 10 and 11). These polyclonal 

antisera recognized distinct and separate epitopes. Also, these 

proteins were not digestive breakdown products of the same larger 

protein, suggesting they were distinct proteins. 
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The antibody reactivity to a protein of an apparent Mr=57,000 

and pl=4.8 suggested the presence of a vimentin-like protein present 

in the nucleus of cells. Vimentin is an intermediate filament 

protein and a cytoplasmic structural protein"!53. Previous reports 

have suggested that vimentin is a DNA binding protein based upon a 

variety of in vitro binding studies"' 54-157 dimensional gel 

patten of nuclear matrix type proteins were transblotted onto 

nitrocellulose and probed with a monoclonal antibody specific for 

vimentin. The vimentin monoclonal antibody recognized protein-45. 

However, the antiserum raised against protein-4 did not recognize 

vimentin (data not shown). Amino acid sequencing of protein-4 

showed no homology to the known sequences of hamster vimentin. 

These results suggested that one of our DNA attachment proteins 

may be vimentin-related. Unfortunately, amino acid sequencing of 

proteins 1 and 2 indicated the presence of bovine fetuin and BSA, 

presumably from the fetal calf serum used to supplement McCoy's 

medium. These non-cellular proteins are a significant source of 

contamination on the nitrocellulose blots. 

The ELISA assay is a means of screening and titering antibody 

preparations. The polyclonal antiserum raised against protein-4 had 

a low avidity since its reactivity with a whole cell homogenate 

protein preparation was 10 O.D. units and with a nuclear protein 

preparation was 30 O.D. units using identical amounts of proteins 

(0.3 ug/150 ul) (figures 11 and 12). This antibody may require 

extracted protein for recognition and binding which may account for 
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the lower titer for the whole cell homogenate protein preparation 

when compared to the titer for the nuclear protein preparation. 

Alternatively, the nuclear protein preparation may be enriched for 

protein-4. 

In summary, four proteins were isolated which were attached 

to DNA in eukaryotic cells. We produced polyclonal antisera to three 

of these proteins (1, 2, and 4) by conventional methods from rabbits 

using protein-A sepharose affinity chromatography. These 

antibodies were judged to be specific since they reacted solely with 

their antigen. Protein-4 was selected for further study because 

amino acid sequencing of proteins 1 and 2 were of origin and because 

a vimentin monoclonai antibody reacted with protein-4 on transblots 

of nuclear matrix proteins. The titer of the protein-4 antibody 

preparation was highest against extracted nuclei as the bound 

antigen as judged by an ELISA. 

DNA-protein complexes can be generated in intact CHO cells by 

the use of ionizing radiation. Proteins 1, 2 and 4 from CHO cells 

were analyzed according to the presence of attached DNA before, 

during, and after radiation. Of the three DNA attachment proteins 

investigated, only protein-4 increases in its association with DNA 

after ionizing radiation158. protein-4 is a possible candidate for 

participating in the radiation-induced blockage of DNA synthesis. 

Future work will focus on studying the possible importance of 

protein-4 to nuclear structure. 
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