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Introduction 

A. Statement of the Problem 

Mor.phologically speaking, the mammalian nucleus is 

considered to be organized into domains critical to 
r 

structural-functional relationships. Recognized domains 

include the nuclear envelope whose primary function 'is 'to 

define the nucleus itself and sequester it from the cytoplasm, 

the nucleolus, involved in synthesis and processing of 

ribosomal RNA, and the nuclear pore complexes responsible for 

regulated import and export between the nucleus and the 

cytoplasm. There are still other domains, such as the nuclear 

matrix, whose functional relationships have yet to be fully 

established. Furthermore, it is strongly suspected that 

.additional domains exist, as evidenced by recent studies by 

Ascoli and Maul (1991) identifying a new domain termed the 

nuclear dot domain. 

It is notable that much of the information available 

detailing aspects of nuclear substructure and molecular 

organization has been obtained via immunological methods. 

Naturally occurring antibodies from patients with autoimmune 

diseases such as systemic lupus erythematosus and rheumatoid 

arthritis, as well as monoclonal antibodies provided by 

hybridoma technology have provided reagents with which to 
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obtain critical information about this organelle. As a 

result, there is much published data detailing the structural 

and functional characteri-stics of nuclear substructure, 

including sites of DNA replication and tRNA synthesis, 

localization of the nuclear lamina and protein composition of 

~ the nucleolus. 

In the course of our raising murine monoclonal antibodies 

to isolated mitotic chromatid configurations in an effort to 

elucidate aspects of nuclear substructure/function, one 

monoclonal, an IgM monoclonal with kappa type light chain 

(mAb-1) was produced which recognized a unique repetitive 
/ 

nuclear epitope worth further.investiga~ion. The goal of this 

study was to use this newly raised immunological reagent t·o 

obtain important, new information concerning nuclear 

substructure. Specifically, to identify, as well as, 

biochemically and molecularly characterize this detected 

epitope as either a new nuclear domain or a previously 

unrecognized component of a known nuclear domain. 

B. Review of Related Literature 

Generalized struc-ture of the mammalian nucleus. The cell 

nucleus is the principle site for storage and utilization of 

genetic information in the eukaryotic cell. This organelle 

houses the principle genome and serves as the site of DNA and 

RNA synthesis. Structurally speaking, the eukaryotic nucleus 

is surrounded by a nuclear envelope formed by two concentric 

lipid bilayer membranes separated by a perinuclear space 
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approximately 40 nm wide (Franke et al., 1981). The inner 

membrane, which is supported and shaped by a two dimensional 

network of fibrous proteins termed the lamins, defines the 

periphery of the nucleus itself. The outer lipid bilayer of 

the nuclear membrane in many cells is studded with ribosomes 

and is continuous with the endoplasmic reticulum (Wolfe, 

1993). The outer ·and inner membranes of the nuclear envelope 

appear to fuse at frequent intervals to form sites for the 

nuclear pore complexes. The earliest evidence suggesting the 

existence of these channels linking the nucleoplasm to the 
) 

cytoplasm was obtained in 1876 when Hertwig (Newport and 

Forbes, 1987) observed a punctate pattern on nuclear envelopes 

via light microscopy. The advent of electron microscopy 

allowed further elucidation of the ultrastructure of these 

complex supramolecular assemblies. These electron microscopic 

studies revealed the pore complexes to be composed of two 

outer rings, one ring affixed to each side of the nuclear 

envelope, containing eight globular subunits. These outer 

rings, which appear to be mirror images of each other, are 

supported by a third ring consisting of a central aperture 

termed the transporter from which extend eight radially 

arrayed spokes. It appears that the nuclear pore complexes 

allow small molecules of 90A or less to passively diffuse 

through, while regulating the active·. transport of larger 

molecules (Akey, 1989, Reichelt et al., 1990). Some studies· 

have observed filamentous structures extending from the pores 
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(Finlay et a.l., 1991, Dingwall and Laskey, 1992), the function 

of these filaments is unknown. However, because they do 

appear to selectively bind· particles coated with nuclear 

proteins, it is, speculated that they could serve as 

microtubule tracks for nuclear.protein import (Finlay et al., 

1991) . 

Also indirectly associated with the nuclear pore complex 

is a.class of proteins termed the Nuclear Localization Signal 

Binding Proteins (NLSB.Ps)· involved in -regulated nuclear 

import. Following synthesis in the cytoplasm, proteins enter 

the nucleus through the nuclear pore complexes. Certain 

proteins are transported to ·the nucleus if they contain an 

active Nuclear Localization Signal (NLS) . A speculative scheme 

for the process of nuclear localization suggests that 

cytoplasmic binding proteins recognize NLS containing proteins 

and deliver such proteins to the nuclear po~e. A nuclear 

protein must first be recognized by a NLSBP.at the nuclear 

·pore and then transported into the nucleus (Silver et al., 

1989, Silver, 1991). There have been a number of proteins 

identified which bind to proteins bearing nuclear localization 

signals. In addition to cytoplasmic compartmentalization, a 

number of these NLSBPs are localized at the nuclear envelope 

as well as at the intranuclear structure termed the nucleolus, 

suggesting that some of these proteins may transverse the 

nuclear pore complex either bound or unbound to NLS-containing 

proteins. 
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As previously mentioned, within the nucleus itself is the 

electron dense sub-organelle termed the nucleolus. The 

nucleolus serves as a dis.tinct biochemical and structural 
7 

.. entity_ within which· ribosomal genes and their products are 

sequestered from the rest of the genome and the nucleoplasm. 

It serves as the site. for ribosomal gene transcription, 

ribosomal RNA processing and periribosomal part.icle formation 

(Busch and Smetana, 1910, Spector, 1993). 

Also· in the nonmitotic nucleu·s, ch,romosomes exist as 

extended nucleoprotein fibers termed chromatin (Ga~ser and 

Laemelli, 1987) . Chromatin in eukaryotic cells is classified 

as either heterochromatin or euchromatin, based on its degree 

of condensation at interphase. Heterochromatin refers to the 

trans·criptionally inactive condensed form while euchromatin 

defines the noncondensed chromatin form (Comings, 19·80) . 

Other structural components of the cell nucleus are the 

nuclear matrix and the nucleoplasm. The nuclear matrix 

consists of the insoluble proteinaceous structural framework 

of the nucleus that includes the nuclear lamina and pore 
,, 

complex and internal ribonucleoprotein network (Berezney et 

al., 1974, Fey et al., 1991). This nuclear matrix is 

suspended in the nucleoplasm, the "fluid-like" substance in 

which solutes of the nucleus are dissolved (Newport and Forbes 

1987) . 

Immunological studies have allowed a greater understanding of 

the mammalian nucleus. Many of the known details of nuclear 
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substructure have been obtained via immunological methods; 

specifically, immunological probes to the ·proteinaceous 

components of the nucleus. In recent years, naturally 

occurring antibodies in autoimmune serum, as well as 

monoclonal and polyclonal antibodies have yielded important 

information. As a result, there is much published data of 

characteristic immunofluorescence staining patterns produced 

by antibodies against functionally important nuclear proteins. 

Some notable examples include the use of autoimmune sera and 

polyclonal antibodies to detect the fibrillogranular center of 

the nucleolus and its component·proteins, fibrillarin and RNA 

polymerase I, viewed as a punctate immunofluorescence limited 

exclusively to the nucleolus (Scheer and Rose, 1984, Ochs, 

1985, Reimer, 1987). Immunolabeling with autoantibodies and 

monoclonal antibodies has also allowed the identification and 

localization of RNP antigens, sites for mRNA processing. 

These antigens were identified as diffuse speckles throughout 

the nucleoplasm (Billings et al., 1982, Petersson et al., 

1984, Nyman et al., 1986). These same types of immunological 

reagents and methods were ·used for identification and 

localization of the La antigens as integral sites for tRNA 

. synthesis. These sites were immunofluorescen~ly detected as 

clusters localized in interchromatin granules excluded from 

the nucleolus (Rinke and Steitz, 1982, Carma-Fonseca et al., 

~989) . Still, immunofluorescent analysis with monoclonal and 

polyclonal antibodies to newly incorporated nucleotides 
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allowed for detection of temporal sites of DNA replication. 

These sites were identified by intranuclear staining at early 

S-phase with a shift to perinuclear staining by late S-phase 

(Nakayasu and Berezney, 1989 ,. ·Mills et al., 1989) . DNA 

replication sites were further 'identified by 

immunofluorescence with antibodies to the· proliferating cell 

nuclear antigen (PCNA) . Antibodies to PCNA allowed 

visualization of these antigen~ as large nucleoplasmic 

speckles in proliferating cells (Bravo and MacDonald-Bravo, 

1987). Similarly, the localization of the nuclear lamina, its 

reversible depolymerization during mitosis, and its protein 

relationship to cytoplasmic intermediate filaments were 

established with the use of monoclonal antibodies to 

individual lamin proteins (Gerace et al., 1978, Gerace and 

Blobel, 1980). Immunolabeling with specific lamin antibodies 

yielded a continuous staining of the nuclear periphery with 

greatly reduced staining of the nu~lear interior. Monoclonal 

and polyclonal antibodies have also allowed for the 

establishment of the characteristic staining patterns of 

nuclear pore proteins, recognized as a finely p!J.nctate pattern 

about the nuclear periphery (Davis and Blobel, 1986) . A 

similar speckled pattern at the nuclear rim, as well as in the 

nucleolus and cytoplasm .was detected via immunofluorescence by 

antibodies identifying sites for nuclear localization signal 

binding proteins (Yoneda et al., 1988, Li and Thomas, 1989, 

Garcia-Bustos et al., 1991) . Finally, through the use of 
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polyclonal antibodies, identification of a group of major 

nuclear matrix proteins, immunofluorescently detected by a 

strictly interior nuclear location, has been acheived 

(Nakayasu and Berezney, 1991). In all cases establishment of 

a characteristic pattern led to detection of a specific 

protein ultimately leading to a· definition of function. 

The function (s) of many structural domains of. the mammalian 

nucleus remain quite speculative. Through morphological 

studies the mammalian nucleus has been shown to be organized 

into structural domains involved in various aspects of the 

major functions of the nucleus (Bouteille et al., 1974, 

Newport:and Forbes, 1987, Spector 1993). While there are some 

recognized domains such as the nuclear envelope, nuclear pore 

complex, nucleolus and RNP complexes whose functional 

relationships have been established, there are still other 

domains whose specific function(s) have yet to be determined 

and, thus, remain highly speculative. The nuclear matrix is 

one such domain. Numerous studies have implicated this protein 

network of 8 major polypeptides as a site for virtually all 

nuclear processes including DNA replication, transcription, 

RNA splicing and transport, hormone receptor functions, 

carcinogen binding and cell cycle dependent phosphorylation 

(Hodge et al., 1977, Henry and Hodge, 1983, Nickerson et al., 

1990, Nakyasu and Berezney, 1991). Convincing evidepce of 

this domain's specific involvement in each of these processes 

1"0 
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Still another recognized 

domain whose function remains .a matter of speculation is the 

nuclear bodies. First recognized in the early 1960's 

(Bouteille et al., 1974) the nuclear bodies have since been 

described as a heterogenous group of nuclear inclusions 0.2-

1.2um in diameter, which appear as fibrous granules 

encapsulated by a proteinaceous shell present only in 

activated cells (Bouteille et al., 1974, Padykula et al., 

1981, Chaly et al., 1989) . Because of their tendency. to 

increase dramatically in quantity in response to hormone 

stimulation and viral infection, it has been postulated that 

they could serve as hormone receptors and/ or in certain 

circumstances .as an early focus for viral repli-cation (Oyangi 

_et al. 1970, Fitzgerald and Padykula 1983, Brasch et al. , 

1989) . However~ these are only hypotheses which are still 

largely unsubstantiated by direct experimental evidence. In 

addition to the nuclear matrix and the nuclear bodies, recent 

studies by Ascoli and Maul (1991) have identified a new 

nuclear domain termed the "nuclear dot" domain. Data leading 

to the establishment of the newly detected antigen as a 

recognized nuclear domain included a consistent punctate 

nuclear dot immunofluorescence pattern throughout the 

nucleoplasm in early prophase and late telophase, and at the 

periphery of chromosomes at late prophase. This same 

fluorescent microscopic analysis revealed an absence of 

antigen detection in metaphase and anaphase cells. The use of 
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specific antibodies for recognition and characterization of 

this new nuclear domain allowed for the differentiation of 

this new domain from some p·reviously recognized doma~ns with 

similar fluorescence and mitotic distribution such as 

kinetochores 1 nuclear bodies 1 and RNP complexes. Furthermore 1 

the use of specific immunological reagents enabled detection 

and characterization of at least one polypeptide of the new 

domain. The function of this new . domain detected by 

monoclonal antibodies and autoimmune sera has also yet to be 

established. 

Finally 1 it is accepted that individual chromosomes 

occupy specific domains within 

(Mannuelides 1 1985) . Data which 

an interphase nucleus 

support the interphase 

positioning come from such diverse approaches as detection of 

unscheduled DNA synthesis after laser UV-microirradiation of 

G1 nuclei (Cremer et al. 1 1988) 1 by determination of the 

position of a single human chromosome in the nucleus of a 

chinese hamster x mouse hybrid cell (Cremer et al. 1 1982) I and 

detection of regions of a chromosome following in situ 

hybridization (vanDekken et al. 1 1989). In each instance a 

restricted region in the interphase nucleus was shown to be 

attributable to a specific chromosome identified in a 

dispersed metaphase spread. Significance of this chromosomal 

organization in the interphase nucleus in regards to function 

remains to be determined. 
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Many questions remain concerning some long recognized domains. 

While some components of the nuclear substructure have been 

definitively established as domains critical to nuclear 

function, they are still poorly understood biochemically, 

structurally, and functionally. The nuclear pore complex is 

one notable example. The nuclear pore complex has a molecular 

mass of 1.25 x 108D, a radius of 60nm, a height of 70 nm, and 

has eight-fold rotational symmetry with two-fold mirror 

symmetry (Figure 1) (Reichelt et al., 1990, Forbes, 1992) . 

Considering the morphological and presumably functional 

complexity of the nuclear pore complex, it is expected that 

such a structure would contain a large number of different 

polypeptides. Currently, there are eleven recognized 

vertebrate nuclear pore proteins, also referred to as 

nucleoporins (p45, p54, p58, p62, p100, p145, nup153, nup155, 

p180, p210, nup214) (Gerace et al., 1982, Davis and Blobel, 

1986, Snow·et al., 1988, Sukegawa and Blobel, 1993, Radu et 

al., 1993, Kraemer et al., 1994) which are classified into 

two major categories. One group of nucleoporins consists of 

those pore proteins that contain N-acetylglucosamine attached 

to either a serine or threonine residue (Davis and Blobel, 

1987, Snow et al., 1987, Hart et al., 1989) and as a result 

react with the lectin wheat germ agglutinin (WGA) . The 



Figure 1. Schematic Diagram of Nuclear Pore Complex Structure 

CR-Cytoplasmic Ring, NR-Nucleoplasmic Ring, BK-Basket~like 

Structure of Filaments, RA-Rad.ial ·Arms, OM-'O~ter ·Nuclear Membrane, 

IM-Inner Nuclear Membrane. 

* Taken from Forbes, D.J. (1992) Structure arid Function of the 

Nuclear Pore.complex. Annual Review of Cell Biology. 8:497. 
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other group consists of nuclear pore proteins that do not 

contain N-acetylglucosamine as evidenced by the absence of a 

reaction with WGA. It is.believed that this latter group 

comprises the majority of the vertebrate nuclear pore proteins 

(Kraemer et al., 1994). However, as of this writing only one 

nuclear pore protein of this group (nup155) has been 

identified (Radu et al., 1993). Still, it has been estimated 

that based on the dimensions of the nuclear pore complex even 

multiple copies of the recognized nuclear pore proteins of 

both classes constitute less than 10 % of the total mass of 

the complex (Gerace and B·urke, 1988, Hinshaw et al., 1992, 

Hinshaw, 1994). Furthermore, though there is 

electronmicroscopic evidence that some components of the 

nuclear p~re complex are retained by chromosomes during 

mitosis (Maul, 1977) none of the recognized nuclear pore 

proteins exhibit any degree of chromatid association during 

cell division. Thus, it appears that many-more proteins remain 

to be identified as nuclear pore components (Finlay et al., 

1991, Forbes, 1992) . Moreover, of the eleven recognized 

nuclear pore proteins, only four have been molecularly 

characterized (Starr et al., 1990, Cordes et al., 1991, 

Sukegawa et al., 1993, Radu et al., 1993). 

Finally, in addition to the nuclear pore complexes, there 

are a number of other nuclear _envelope associated structures 

whose identification and characterization have yet to "be 

completed. The nuclear localization signal binding proteins 
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are a class of such structures. While the necessity of their 

role in nuclear transport has been established; only two of 

the speculated numerous NLSBPs have been identified in human 

nuclei (Goldfarb, 1988, Li and Thomas, 1989). Moreo:ver, 

.molecular and biochemical characterization of these nuclear 

localization signal binding proteins is incomplete. 

In summary, it is clear that new nuclear domains are being 

recognized whose functions remain to be determined; and it is 

also clear that our understa'nding of known nuclear domains is, 

at this time, incomplete. 



Materials and Methods 

1. Cultured Cells 

HeLa 83 cells, a human-derived cell line, were used. This 

cell line has a chromosome number of 62 to 68 and modal number 

of 65. It is triploid for each human chromosome except for 

chromosomes 3, 13, 18, and 19 which are diploid. This cell 

line also contains four to six unidentifiable chromosomes. 

Cells in suspension culture were maintained at 36.5° C. 

2. Media 

The culture medium used was Minimum Essential Medium 

(MEM) for suspension culture (Joklik-Modified from Gibco-BRL) 

supplemented with 0.2 mM glutamine and 7% calf bovine serum 

, (Gibco-BRL) . Monolayer medium used was Minimum Essential

Eagle (Gibco-BRL) supplemented with 10% fetal calf serum 

(Gibco-BRL) and 0.2 mM glutamine. 

3. Freezing and Thawing Procedures for BeLa S3 cells 

HeLa 83. cells at a count of appx. 107 cells/ml were 

placed in freezing media (73% MEM, 2% glutamine, 20% calf 

bovine serum, and 5% glycerine) . Cells were divided into 2 ml 

aliquots and placed in an alcohol bath brought to -20°C or 

less with dry ice for at least 20 minutes. Frozen vials of 

15 
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cells were immediately transferred to a liquid nitrogen 

freezer. 

Two vials of HeLa 83 · cells at a concentration of 107 

cells/vial were obtained from liquid nitrogen freezer. After 

thawing quickly under hot running water, cells were washed 

once in 50 ml complete medium (MEM with 0.2 mM glutamine and 

7% calf serum), and were then .suspended at a count of 40x10 4 

cells/ml in complete -medium and maintained in suspension 

culture. 

4. Cell Synchrony 

·.Populations of HeLa 83 cells passing through mitosis with 

a mitotic index of 20% to 30% were obtained after a double 

thymidine blockade. Twelve ml of 0.1 M thymidine in Minimum 

Essential Medium (Sigma) were added to 600 ml of cells at a 

concentration of 35 x 10 4 cells/ml. Fourteen hours later 

cells were collected by centrifugation at 600 x g and 

suspended in 600 ml of fresh culture medium. Nine hours later 

12 ml of 0.1 M thymidine was added. Thirteen hours later the 

cells were again collected by centrifugation at 600 x g and 

suspended in 600 ml of fresh prewarmed (37°C) culture medium. 

Continued incubation for 8-10 h at 37° C yielded populations 

of cells passing through mitosis (Hodge.et.al. 1977). 



5. Aqueous Preparation of Mitotic Chromatid 

Configurations 
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Metaphase plates from metaphase cells and chromatid 

structures (prenuclei) f·rom anaphase and telophase cells were 

isolated as previously described (Hodge et. al. 1990) .. 

Essentially, synchronized cells with 20-30% passing through 

mitosis wer~ washed with Earle's salts and then a 0.9% NaCl 

solution containing 5 .. o mM MgC12 followed by suspension in 

Aqueous Isolation Buffer (10 mM Hepes-NaOH, pH 5.8~6.0, 10 mM 

NaCl and SmM MgC12 ; AIB) con~aining NP-40 and O.SM sucrose. 

After a 10 minute incubation at 4°C, cells were collected by 

low speed centrifugation and suspended for 30 minutes in AIB 

buffer to which a mixture of Tween 40-desoxycholate (prepared 

as a stock solution containing 2 val 10% Tween-40 plus 1 val 

10% sodium desoxycholate) was added at a 1: ~0 dilution. At 15 

minute intervals the preparation was agitated for 30 seconds 

by vortex mixing. Nuclear material was then collected by low 

speed centrifugation through AIB containing 1.2 M sucrose and 

0.1% NP-40, was washed in AIB and was then suspended in AIB 

containing 15% Percell. Metaphase plates and early prenuc_lei 

were recovered from 52% percoll after density centrifugation 

in 17.5 ml stepwise percoll gradients centrifuged in an SW27 

rotor in a Beckman ultracentrifuge at 4°C for 30 minutes at 

3 1 260 x g. All solutions 1 except · the Percell gradient 

fractions, contained the protease inhibitors N-ethylmaleimide 

and phenylmethylsulfonylfluoride at concentrations of 0.5 mM 



and 1 . 0 mM, respectively. 
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For fluorescent analyses late 

prenuclei were recovered from a 42% Percell gradient fraction. 

6. Production of Monoclonal Antibody 

Hybridoma cells were produced as described Taggart and 

Samloff (1983) using a mixture ·af metaphase plates and early 

prenuclei as immunogens. C57 mice, 4 to 6 weeks of age 

containing 8:12 chromosome translocation were immunized 

subcutaneously with structures suspended in isolation buffer 

without Freund's adjuvant .. Immuniz~tions were extended until 

an anti-immunogen titer of > 80 was obtained with mice 

receiving a total of appx. 480 ug/mouse of protein. Fusions 

between immune splenic cells and myeloma cells (Fox-NY 

deficient in adenosine phosphoribosyl tranferase) was 

according to standard protocols by Lane et.al4 (1984). 

Cultures of interest were cloned and recloned by limiting 

dilution and then retested according to standard protocols 

described by Harlow and Lane (1988) . 

7. Production of Ascites Fluid from Frozen Hybridoma Cells 

Frozen hybridoma cells were thawed quickly in warm water and 

placed in 15 ml conical centrifuge tubes. The hybridoma.s were 

diluted by dropwise addition of 9 ml of warm RPMI-1640 with L

glutamine {Cellgro), supplemented with 2 mM glutamine, 100 

U/ml Penicillin, and 100 ug/ml Streptomycin. Each vial of 

thawed hybridomas contained appx. 107 cells. After mixing 

thoroughly, cells were collected by centrifugation at 600 x g 
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for 5 minutes, suspended in 25 ml RPMI-1640 culture medium 

supplemented with 10% cloning factor (Gibco-BRL) and added to 

275 ml capacity tissue culture flasks. Such hybridoma 

cultures were incubated at 37°C in a 5% C02 atmosphere and were 

fed or subcultured according to daily cell counts. Hybridomas 

were grown until they reached. cell counts to facilitate 

injection of appx. 107 cells per mouse. 

For ascites fluid production BALB/cBy female mice 

(minimum age 8 weeks) were primed with pristane, 0.5 ml 

intraperitoneally, then immunosuppressed 15 days later with 

cyclophosphamide, 25.0 mg/kg intraperitoneally, followed 1 day 

later by intraperitoneal injection of 107 hybridoma cells. 

Ascites fluid was collected aseptically from the abdominal 

cavity one to two weeks later,· clarified by centrifugation at 

100 X g, and stored at :5°C in one to two ml aliquots. 

8. Monoclonal Antibody Isotyping 

Twice-cloned hybridomas were cloned for a third time and 

isotyping was performed using culture supernatant fluids. For 

each antibody ten such clones, producing antibody yielding 

characteristic immunofluorescence patterns, were isotyped 

using a commercially available kit (Mono AB-ID EIA kit, Zymed 

Laboratories, Inc., South San Francisco, CA). Essentially, a 

concentration of 105 chromatid configurations (immunogens) was 

used to coat pre-treated multi-well plastic microtiter plates. 

Plates were then exposed to culture supernatants containing 
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raised monoclonal antibody, washed, incubated with subclass 

specific rabbit anti-mouse immunoglobulin, · washed and 

incubated with alkaline phosphatase labeled, af_finity-purified 

goat anti-rabbit IgG (H+L) . Bound alkaline phosphatase was 

detected by absorbency at 405 nm (Table 1) after incubation 

with enzyme substrate (p-nitrophenol phosphate.) 

9. Control Antibodies . 

A number of antibodies were obtained from external sources for 

use in immuological assays as a means for comparison and 

control. The following is a list of the antibodies obtained, 

amounts and sources. 

A. Monoclonal Antibody to Nuclear Pore Protein p62- 50 ul from 

Laura Davis, Duke University, Durham, NC. 

B. Monoclonal Antibody to Nuclear Pore Protein p58- 25 ul from 

Douglass Forbes, University of California, San Diego,CA 

C. Monoclonal Antibody to Nuclear Pore Protein p54- 25 ul from 

Douglass Forbes, University of California, San Diego 

*Note- Dr. Forbes cautioned that immunofluorescence with p54 

and p58 would be difficult to obtain, based on her previous 

observations. 

D. Human Antiserum to Nuclear Lamin B- 100 ul from Gerd Maul, 

Wistar Institute, Philiadelphia, PA. 

E. Human Antiserum to Fibrillarin- 100 ul from Gerd Maul, 

Wistar Institute, Philiadelphia, PA. 

F. Monoclonal Antibody to Heat Shock Protein-70 - 500 ul Sigma 
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Chemicals, St. Louis, MO. 

G. Monoclonal Antibody to Nuclear Pore Complex Proteins- 1 ml 

Berkely Antibody Company, Richmond, CA. 

10. Protein Deter.mination 

, Protein was determined using the Lowry method (19S1) and 

the Bio-Rad Protein Assay Kit following the microassay 

procedure. 

11. Preparation of DNA-Depleted Detergent Cleaned Nuclei 

Nuclei were prepared by the method of Penman et. al. 

(1966) . A total of 48 x 10 6 HeLa S3 cells were washed three 

times in a solution of Earle salts and suspended in 

Reticulocyte Standard Buffer (RSB: 0.01 M Tris-HCl, pH 7.2 

containing 0.01 M NaCl and 1.S mM MgC12 ) at a concentration of 

107 cells/2 ml. The suspension was incubated at 4°C. for 1S 

minutes and cells were sheared by Dounce homogenization (10-12 

full strokes) . Nuclei with cytoplasmic tags were collected by 

c~ntrifugation (Damon/IEC division PR-6000) of the homogenate 

at S80 x g for S min and retention of the pellet. Nuclei were 

then detergent cleaned by suspension in RSB containing SO 

ul/ml of a mixture of Tween-40 desoxycholate (2 val 10% Tween-

40 plus 1 val 10% sodium despxycholate) followed by vortexing 

for 30 seconds. Detergent cleaned nuclei were subjected to 

DNase treatment (SO ul DNase at a 1 ug/ml concentration) by 

incubation at room temperature for 1S minutes. To remove 
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released protein, nuclear samples were collected through RSB·· 

containing 0.5 M sucrose, and washed with 1 ml RSB buffer. 

Such detergent-cleaned DNA depleted residual nuclei were used 

for SDS-PAGE analysis. The ·polypeptide profile obtained after 

SDS-PAGE for this fraction and other nuclear subfractions was 

the same whether prepared with or without the protease 

inhibitors (Sigma Chemicai Co.) phenylmethylsulfonyl fluoride 

(1 mM), Na-ptsoyl-L-lysine chl~omethyl ketone (0.1 mM), N

ethylmalemide (0.5 mM), and leupeptin ··(5 ug/ml). 

12. Isolation of Nuclear Pore-Complex Lamina Fraction 

Nuclear pore complex-lamina fractions were prepared by 

the method of Dwyer and Blobel (1976) with some modifications. 

Essentially, 

resuspended in 

diluted· with 

1.45x108 .detergent cleaned nuclei were 

5 ml of 0 .1 M MgC12 and then immediately 

4 volumes 10% (w/v) sucrose, 10 mM 

Triethanolamine-HCl (TEA-HCl) (Sigma Chemical Co.) pH 8. 5, 0.1 

mM MgC12 and 1mM dithiothreitol (DTT) (Calbiochem, La Jolla, 

CA). 5 ug DNase and 1 ug RNase A (Sigma Chemical Co., St. 

Louis, MO) were added per milliliter, and the sample was 

incubated at room temperature for 15 min. After underlaying 

with a fifth (5 ml) of the sample volume of ice cold 10 mM 

TEA-HCL (pH 7 ~ 5) buffer containing 30% sucrose, 1 ~ MgC12 and 

1 mM DTT, the sample was centrifuged at 500 x g for 10 minutes 

at 4° C. The pellet was suspended by dropwise addition of 5 

ml of 10 mM"TEA-HCl ·(pH 7.5) containing 10% sucrose, 0.1 mM 
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MgC12 .and 1 mM dithiothreitol (DTT) then 5 ug DNase and 1 ug 

RNase A were added per milliliter. The sample was incubated 

and centrifuged as before. ·The resulting pellet representing 

crude nuclear envelopes was resuspended by vortexing and 

dropwise addition of 10% sucrose, 10 mM TEA·-Hcl (pH 7. 5), 0.1 

mM MgC12 , 1· mM DTT and 0. 5 rill 20 % Triton X-100. The 

suspension was incubated on ice for 10 minutes and then 

centrifuged without a. sucrose cushion at 500 x g for 10 

minutes at 4° C. The pellet was resuspended by vortexing and 

·dropwise addition of 5 rnl 10 mM TEA-HCl pH 7.5, 0.1 mM MgC12 

and·1 mM DTT containing 10% sucrose. To this suspension 5 ml 

of a solution of 100 mM TEA-HCl (pH 7.5) containing 2.0 M NaCl 

was added. After incubation on ice f0r 10 minutes, a nuclear 

pore complex-lamina fraction was collected by centrifugation 

at 500 x g for 10 minutes at 4°C. 

13. Isolation of Nuclear Matrix Fractions 

Detergent-cleaned ·nuclei were treated with Tween-40 

desoxycholate at a 1:40 d~lution of a stock solution (2 vel 

10 % Tween-40 plus 1 vel 10 % sodium desoxycholate) and 

agitated in a vortex mixer for 30 seconds. Nuclei were then 

collected by centrifugation at 580 x g for 3 min, washed with 

RSB and suspended with vigorous pipetting on 0.01 M Tris-HCl 

(pH 7.4), containing 0.5 M· NaCl and 0.05 M MgC12 (HSB) at a 

concentration of 2x10 7 nuclei/ml. The resulting nucleohistone 

gel was digested with 50 ug/ml DNase I for 30-60 minutes at 
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37°C. Nuclear matrices were collected by centrifugation at 

600 x g for 10 minutes and incubated at 37°C for·30 minutes in 

0.01 M Tris-HCl (pH 7.4), containing 0.01 M DTT, 0.01 M NaCl 

and 0.01 M EDTA (NEB). After centrifugation, the subnuclear 

fraction was suspended in 4 ml of 0.01 M Tris-HCl (pH 7.4) 

containing 0. 001 M EDTA (TE). and sedimented . through a 

discontinuous sucrose gradient to a 60% sucrose cushion by 

centrifugation at 4°C in an SW 27 rotor for 10 minutes at 600 

x g. The gradient consisted of a cushion of 60 % (w/w) 

sucrose overlaid with 3 ml each of 1.20, 1.18.,and 1.16 g/cm3 

sucrose prepared in. TE buffer. No membranous .fractions of 

lower density were observed. The subnuclear fraction was 

collected, washed in TE buffer, and used immediately or stored . 

in sample solubilization buffer (see gel electrophoresis 

below). Routinely, the final matrix preparation contained 

0.5-1.0 mg protein. 

14. Isolation of Nucleolar Fractions 

Nucleoli were prepared by the modified combined 

procedures of Maramatsu and Onishi (1978) and Beyer et.al. 

(1977) which were all carried out at 4°C. Essentially, 

purified nuclei were suspended in 2-3 ml of 20 mM Tris-HCl, (pH 

7.2) containing 1.5 mM MgC12 and 0.02% Triton X-100 (NHS) and 

sonicated with 5-6 ten second bursts at 50 watt output (Heat 

Systems-Ultra Sanies, Inc.). The sonicate was then diluted 

appx. 10-fold with NHS, Dounce homogenized, and underlayed 



25 

with an equal volume of 0. 88 M sucrose containing 0. OS mM 

MgC12 • Dounce homogenization and centrifugation through 0.88 

M sucrose was repeated until a pure ~ucleolar preparation was 

observed by phase microscopy (usually 3-4 times) . 

15. Indirect Immunofluoresce~t Staining 

Whole cells or aqueously isolated mitotic chromatid 

configurations'. (~e.taphase plates and 'prenuclei) were fixed by 

suspension in 1% formalin in Phospahate Buffered Saline 

(1X PBS: 0.14 M NaCl, 3 mM KC1,10 mM NaHP04 , 2 mM K~P04, pH 

7.2) for 30 min at room temperature followed by two washes 

with PBS. Approximately 2 x 105 structures were applied to. 

poly-L-lysine coated slides using a cytospin centrifuge 

operating at 500 rpm for 5 min. Slides were stored at -20° C 

until needed. Deposited whole cells or prenuclei were first 

permeabil\ized with cold acetone for 1 min and then washed for 

2 min in 1X Phosphate Buffered Saline (PBS) before· staining. 

The deposited structures were exposed for 60 minutes to 

ascites fluid or· isolated immunoglobulins at vary~ng dilutions 

in PBS containing 3% bovine serum albumin (BSA) at roO'm 

temperature in a moist chamber. After washing twice in 1X 

PBS 1 structures were exposed to a mixture of fluorescein

conjugated goat anti-mouse IgG, IgM and IgA (Capp~l Research 

Products 1 ·Durham, NC) in PBS containing 3 % BSA. Again slides 

were washed twice in 1X PBS. DNA was stained by expo~ure ~or 

two minutes to bis-benzamide (H33258, Hoechst; Hanover, 
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Germany) at a concentration of 5 ug/ml in PBS. Phase contrast 

images and fluorescent images under blue, green, or violet 

excitation were obtained with a Nikon Optiphot microscope 

using a 40X or 100X. phase objective. For photography, T-Max 

400 film (Kodak, Rochester NY) was used. Confocal laser-

scanning fluorescence images we·re obtained with an argon ion 

laser (MRC-500, Bio Rad Microscience, Cambridge, MA) attached 

to a fluorescence microscope (Optiphot, Nikon, Japan) . Serial 

horizontal ,optical sections were obtained at 0.5 urn by a motor 

driven specimen stage. 

16. Sodium Dodecyl Sulfate (SDS) Gel Electrophoresis 

Proteins in isolated, detergent-cleaned DNA-depleted 

nuclei or in whole cells were fractionated by one-dimensional 

gel electroph~resis prior to immunoblotting and after 

immunoadsorption.· After solubilization in sample buffer 

( 0. 0625 M T·ris HCl (pH 6. 8) ·containing 5% mercaptoethanol, 3% 

SDS and : 10% glycerol) the result~ng polypeptides were 

separa~ed in 7.5% to 15% linear gradient slab gels or in 10% 

slab gels as described (Hodge et. al. 1977) . Apparent 

molecular weights were calibrated witn conuriercially available 

low molecular weight mass protein standards (Bio-Rad, 

Richmond, CA) : phosphorylase B (106 kDa) , bovine serum albumin 

(80 kDa), ovalbumin (49. 5 kDa), carbonic anhydrase (32. 5 kDa), 

soybean trypsin inhibitor (27. 5 kDa), and lysozyme (18. 5 kDa) . 



17. Immunoblotting 

Polypeptides separated by SDS-polyacrylamide 
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gel 

electrophoresis, were transferred electrophoretically to 

nitrocellulose membranes (0~2 um size; Schleicher and Schuell, 

Keene, NH) u~ing a buffer. composed of 192 mM'glycine and 25 mM 

Tris-base pH 8.3 for 16 hat 25 ·v. After transfer, membranes· 

were incubated in 0.02 M Tris-HCl pH 7.5, containing 0.5 M 

NaCl and also containing 0.2% Tween-20 (TTBS) as a blocking 

agent for 18-22 h at 22°C. After blocking there were 

subsequent incubations with monoclonal antibody (1/400 

dilution ·of ascites fluid or salt precipitated 

immunoglobulin), and exposure to alkaline phosphatase 

conjugated. goat anti-mouse immunoglobulin (H+L; EIA grade 

Affinity Purified 1/3000 dilution; Promega Corporation, 

Madison, WI) for 1 h each, at 22°C as described by Garfin and 

Bers 1988. Bound enzyme was visualized using the color 

developing. substrates nitro\ blue· tetrazolium (NBT) and 5-

bromo-4-chloro-3-indole phosphate (BCIP) . 

18. Immunoprecipitation of Radioactive Polypeptide from Whole 

Cells 

HeLa · S3 cells were exposed to L-methionine [ 3~ S] (25 

uCi/ml; ICN Biochemicals, Inc., Costa Mesa, CA) in methionine 

free medium containing dialyzed serum for 16 hours. 

Approximately 12 x 10 6 cells were collected, washed three 

times in Tris Buffered Saline (TBS: 10 mM Tris (pH 7.5), 150 
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mM NaCl) suspended in IPP buffer (IPP: 10 mM Tris (pH 7.5), 

,0. 5 M NaCl, 0.1% NP-40) and disrupted by sonication, via three 

40 second bursts at setting 4 with 20 second incubations on 

ice between· each burst. A clarified extract from the 

sonicated ·cells was prepared by centrifugation in a 

- microcentrifuge (Fisher Scientific, 'Pittsburgh,PA) at 10,000 

rpm for 30 minutes at 4° C. 100 ul cell extract was incubated 

overnight at 4° C with 20 ug monoclonal antibody, followed by 

incubation with protein A- Sepharose beads· (Sigma Chemical Co. , 

St. Louis, MO) for an additional 4 hours at 4° C. Beads were 

collected, washed three times in IPP buffer, and dissolved i~ 

sample buffer. The released radioactive polypeptides were 

separated by electrophoresis in 10% gels or 7. 5% to 15% 

gradient slab gels. Radioactive bands were visualized by 

exposure of the vacuum dried gel to Kodak X-OMAT AR x-ray film 

(Eastman Kodak Co., Rochester, NY) for 24--72 h at 22°C. 

19. Affinity Purification for Microsequencing and Lectin 

Binding Assays 

Isolated detergent-cleaned DNA depleted nuclei (48x106
) 

were first extracted by incubation in RSB buffer containing 

1.0 M NaCl for thirty minutes at 4°C, suspended in IPP buffer 

and disrupted ~y sonication, three 40 second bursts at setting 

4 with 20 second incubations on ice between each burst 

(Ultrasonic Homogenizer, Cole-Partner Instruments, Chicago, 

Il.). A clarified extract was prepared by centrifugation in 
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a microcentrifuge (Fisher Scientific, Pittsburgh, PA) at 

10, 000 rpm for 30 minutes at 4°C. 100 ul of residua·! nuclear 

sonicate containing ~he pro·tease inhibitors listed above was 

incubated at 4°C overnight (16 hr) with 20 ug monoclonal 

antibody, · foliowed by incubation with goat anti-mouse IgM 
. 0 

attached to Agarose beads (Sigma Immunochemicals, St.Louis, 

MO) . Agarose beads with attached antigen and anti-mouse IgM 

were collected, washed. three times in IPP,. and dissolved in 

sample buffer. The released polypeptides were separated in 

7.5-15% linear gels, and electrophoretically transferred to 

Polyvinylidine difluoride (PVDF) membra~e (Bio-Rad, Richmond, 

CA) for 5 hr at ;40 v~ 

20. L'ectin Binding Assays for Glycosylation 

PVDF containing affinity purified strips were blocked with 

TTBS for 6 hours :P~ior to probing with alkaline-phosphatase 

conjugated'wheat germ agglutinin (WGA, diluted 1:200 in TTBS) 

either in the presence or absence of 0.2 M 

N-acetylglucosamine. All strips were washed and assayed for 

lectin binding via phosphatase activity. Bound enzyme was 

visualized using the color developing substrates nitro blue 

tetrazolium (NBT) and 5-bromo-4-chloro-3-indole phosphate 

(BCIP) . 
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21. Immunoelectronmicroscopy 

High resolution immunoelectronmicroscopy was done 

utilizing two different methods. 

Pre-embedding Immunolocalization 

Saline washed HeLa 83 cells and non-detergent cleaned 

(without Tween-40 DOC) nuclei· at a concentration 4 x 106 

cells/ml were fixed by suspension in 1% formalin for 30 

minutes at room temperature, washed anq suspended in PBS with 

3% BSA. After permeabilization with cold.acetone and washing 

in 1X PBS, samples were placed in a humid chamber at room 

temperature for 2 hours with different monoclonal antibodies 

(mAb-1 and controls) diluted to a 'concentration of 1/200 in 

PBS with 3% BSA and 0.1% sodium azide. After washing in PBS, 

samples were incubated with goat anti-mouse IgG+ IgM 

conjugated with 10nm gold (BioCell Research Lab, Redding, CA) 

at a 1: 10 dilution in PBS with 3%' BSA for 16 h at 4°C. 

Following a series of washes (3-4) in 1X PBS, the samples were 

post-fixed by supension in f%' glutaraldehyde for 30 minutes at 

room temperature. Samples were then rinsed twice with 

distilled water for 2 minutes per rinse and post-fixed in 1%' 

Os04 for 1 hour at room temperature and then rinsed four times 

in distilled water for 2 minutes per. rinse. Following 

dehydration in a graded ethanol series (incubation in 50%', and 

70% ethanol two times for two minutes, incubation in 85%, and 

95% ethanol two times for 5 minutes, and 'incubation in 

absolute alcohol three times for ten, minutes) , samples were 



31 

incubated in propylene oxide two times for 10 minutes per 

incubation. The samples were infiltrated ·with a 1:1 

preparation of propylene oxide and epon A-12 media overnight. 

The tissue was then infiltrated_ with 100% epon A-12 overnight. 

After infiltration with 100% Epon, the samples were placed in 

a 60° oven overnight. The embedded samples were cut using 

diamond knives obtaining silver to gold sections; sections 

were then dried onto 100 mesh nickel grids. The specimens 

were stained with 5% uranyl acetate for 10 minutes and lead 

citrate (0.4% NaOH, 0.4% lead citrate in distilled water) for 

5 minutes. 

Post'-embedding Immunolocalization 

Saline washed HeLa S3 cells and isolated non-detergeant 

cleaned nuclei were 'fixed by suspension in 2% glutaraldehyde 

for 30 minutes at room temperature and resuspended in PBS with 

3% BSA. Samples were then rinsed in distilled water, post

fixed in Os04 , dehydrated, infiltrated, embedded, and 

sectioned as in the pre-embedding procedure. Nickel grids were 

floated on 25 ul of primary antibody (mAb-1- and controls) at 

_a 1/100 dilution in PBS_ c-ontaining 3% BSA and 1% NaN3 , and 

incubated for 3 hours in a humid chamber at room temperature. 

Grids were the~ rinsed two times in 1X PBS- and floated on 25 

ul of goa·t, anti-mouse IgG+IgM conjugated with 10 nm colloidal 

gold (BioCell Research Lab, Redding CA) at a 1:10 dilution for 

2 hours in a humid chamber at room temperature. Grids were 

dip rinsed two times in lX PBS followed by succesive washings 
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in distilled water. Grids were allowed to air dry, and stained 

with uranyl acetate and lead citrate as in the ·pre-embedding 

immunolocalization procedure. 



Results 

1. Demonstration of Immunoqens 

With regard to mitotic nucl.ear formation, we have used 

the terms early and late prenucleus to describe in temporal 

terms morphological events ·: (Hodge et. al. 1990) . 

Synchronized, cultured, human derived HeLa S3 cells were 

stained with a DNA dye to display these mitotic prenuclei 

(Figure 2) • Early prenuclei are sets of chromatids after 

metaphase in which there appears to be a lateral association 

of chromatids resulting in the formation of chambered 

structures which become more condensed. In mitotic terms this· 

is equivalent to anaphase and early telophase. In contrast, 

late prenuclei (late telophase) are decondensing structures in 

which chromatids are fully decondensed, chromatin is 

rearranged and the nucleus nearly .reformed (Hodge et. al. 

1990) . Of importance, it was populations of metaphase plates 

and early prenuclei isolated by detergents and density 

flotation fractionation from human derived HeLa S3 cells that 

were used as immunogens for antibody production as described 

in Materials and Methods. 

2. Characterization of Monoclonal Antibodies 

Monoclonal antibodies were made in response to metaphase 

plates and early prenuclei according to standard protocols as 
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Figure 2. Immunoqens 

Cultured human derived HeLa 83 cells were stained with·a DNA 

dye (bis-benzamide) were used to display nuclei and what we have 

termed metaphase plates and mitotic prenuclei at varying degrees of 

association. "m" denotes a typical metaphase pl·ate with radially 

arrayed chromatids. Early prenuclei· el, e2, and e3 represent the 

temporal sequence of separation of chromatids after metaphase. 

There is an apparent increasing lateral association of chromatids 

with. formation of a central chamber in these anaphase cells. 

Finally, "1" denotes late,prenuclei in a telophase cell. These are 

decondensing structures in which chromatids are fully decondensed, 

chromatin is rearranged and the nucleus is nearly ~eformed . . Of 

importance, it was a mixture of .. metaphase plates and early 

prenuclei that were isolated and used as immunogens for monoclonal 

antibody production. 
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detailed in Materials and Methods. Upon screening ascites 

fluid preparations from selected hybridomas, it·was necessary 

to characterize the heavy ·and light chain classes for the 

newly \ . d 
ra~se antibodies. Rabbit antibodies to mouse 

immunoglobulin components were used to · determine these 

isotypes. Final determination was obtained 

spectrophotometrically after ~ddition of Substrate to alkaline 

phosphatase labeled goat anti-rabbit antibody (Table I) . 

Because alkaline· phosphate amounts were significantly 

detectabie only after addition of rabbit anti-mu heavy chain 

and anti-kappa light chain, it was c.oncluded that mAb-501 

isotyped as an IgM monoclonal with kappa type light chain. 

Conversely, for· mAb-289 alkaline phosphatase levels were 

highest after addition of rabbit anti-gamma 1 heavy chain and 

rabbit anti-kappa light chain, thus, indicating that this 

latter monoclonal was of the IgG1 class with kappa type·light 

chain. mA.b-501, which henceforth will be referred to as mAb-

1, recogn~zed, ·as de.tailed below, an epitope worth. further 

investigation and was therefore, the monoclonal of interest 

for this study. mAb-289, henceforth referred to as mAb-2, is 

a control produced at the same time as mAb-1 using the same 

immunogens. 



Table I. Isotype Determination 

Twice cloned hybridomas were cloned for a third time and isotyping 

was performed using culture supernatant fluids. For each antibody 

three such clones were isotyped using a commercially available kit. 

Isotype determination was obtained by alkal-ine phosphatase labeled 

goat anti -rabbit antiboojjes"j!lJl..ri:r.e.cted ·to rabbit antibodies to mouse 

immunoglobflz1itJ~6mponetittsq_ Boun.ar·arlka.;line phosphatase was detected 

by absorbency at5l405 nm EJ.:fter .:ii.zic1WatrrdionmW'i th enzyme substrate as 

described;: l.n ~e Ma teri'alaT· a.Dl"d ·Methods. The .. results are the means 

+ S.E. from ~r~cl~uaerqiscb.rtype~ frmrw·three monoclonal antibody 

preparations~\~-2 (mAb-289) as a cancrol, and 1, ·2, and 3 refer 

to separate prepaxatio"lm3:tJiC;.::piAb-1 (mAb-501) .~era:-ted from frozen 

hybridoma cells during the coursJe of these st.adies. {-

r. l~ :r.r. . ~ 

a·. , sq . n.-: 



36 

Table 1. Isotyping of Raised Monoclonal Antibodies 

Rabbit mAb-289 mAb-501 mAb-501 mAb-501 
anti-nwuse preparation 1 preparation 2 preparation 3 
antibody 
anti-!l heavy 0.004 ± 0.003 0.206 ± 0.005 0.211 ± 0.006 0.204 ± 0.003 
elwin 
anti-y 3 hem•y 0.056 ± 0.004 o.o52 ± o.om 0.049 ± 0.004 0.051 ± 0.002 
chain 
allli-y 1 hem·y 0.29~ ± 0.003 0.015 ± 0.002 0.017 ± 0.003 0.014 ± 0.003 
elwin 
anti-y 2b heavy 0.065 ± 0.002 0.0 I ~± 0.002 o.o:w ± 0.004 0.017 ± ().(){)4 
elwin 
anti-y 2a heavy 0.019 ± 0.004 o.o57 ± o.om 0.055 ± 0.005 0.053 ± ().()()6 
chain 
anti-a heavy 0.009 ± 0.002 o. om~ ± cu >4 0.0 I 0 ± 0.002 ().()()9 ± ().()03 
chain 
anti- K light 0. 152 ± 0.005 0.226 ± 0.006 0.230 ± 0.004 0.223 ± 0.004 
elwin 
anti-A. light 0.004 ± 0.004 0.0 12 ± 0.003 0.0 I 0 ± 0.003 ().()09 ± 0.005 
elwin 
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3. Localization of the Epitope 

A. Immunofluorescent analysis of isolated prenuclei 

Chromatid association ·and mitotic nuclear formation is 

revealed more clearly in isolated structures, therefore 

populations of such prenuclei were ·analyzed. By 

immunofluorescence it was · ob.se·n:ed '::-that,.: .. mAb-1 detected an 

epitope distributed . in a. 'PUnct.a·t~~ pat1;tern .OJtfar the entire 

surface of the_~ chr0mosomes· ... in_ metapha-<Se pla_tes:.. and early 

prenuclei ( ct:>mpare phase .. and"" ·flu0·re:sce'nt image.s, :<Figure 3, 

panels A and B) . ·;However.-;~:. in la·te p-ren.uo.il~~ei· (~ig:tl:t.e 3, panels 

C and D) fluorescent ex-amination revealed distribution of the 

epitope in c:nr:o~ganized speckled pa:t:te_:lf.:n at the periphery of 

the nearly formEH:1 nucleus . ( la.te prenucleus) . :\::.- :>. ·. 

When prenuclei were ordered sequen.tiallya detection of· 

the fluorescent pattern · cou~d be more precisely foliowed 
. . 

through the previous processes of chromatid. as·s.ociation during 

nuclear formation (Figure 4) . Throughout this process, from 

metaphase plates to the chambered structure, seen in early 

telophase, the epitope was consistently detectable as a 

punctate~ spe~kled pattern across the· chromatid surfaces 

(Figure 4, nuinbers ·1-10). In subsequent late prenuclei 

(Figure .4, numbers 11-18) in. which chromatid detail is 

increasingly less apparent, the_ speckled epitope becomes 

organized in a repetitive pattern about the periphery of the 

late prenuclei. 



Figure 3. Epi tope Detection of Populations of Early and Late 

Prenuclei Stained with Monoclonal Antibody-1. 

Populations of early and late prenuclei were isolated, fixed 

in 1 % formalin and fluorescently stained with monoclonal antibody. 

They were then examined by phase contrast microscopy and by 

immunofluore~cent microscopy using blue excitation. Panel A (phase 

contrast) and Panel B (immunofluorescence) are paired images of an 

isolated population of predominantly metaphase plates (m) and early 

prenuclei · (e) . Fluorescent examination reveals a speckled pattern 

or domain specific epi tope across the entire surface of the 

chromatids of these particular mitotic structures. Panel C and 

Panel Dare paired images of populations of late prenuclei (1). 

Fluorescent ·microscopy (Panel D) reveals the epitope to be 

distributed in an organized punctate pattern about the periphery of 

the nearly reformed nucleus. (arrowheads), marker bar represents 

10um. 
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Figure 4. Sequential Ordering of Prenuclear Intermediates with 

·Regard to E;.pitope Location. 

After staining with mAb-1, images of isolated prenuclei were 

obtained from a polar perspective by light microscopy using a 100X 

phase objective with and without blue excitat.ion. To demonstrate 

mitotic nuclear formation, prenuclear intermediates were 

sequentially ordered beginning with·a metaphase plate (numbers 1 

and 2) and ending with a newly formed nucleus (n~ers 17 & 18). 

Images 1 and 2; A metaphase plate composed of a circular 
I 

cluster of chromosomes recognized by its relatively large size, and 

radially arranged and paired chrom~tids.· Images 3 and 4, 5 and 6, 

7 and 8. 9 and 10 are single sets of chromatids .after separation 

from a metaphase plate. In these structures chromatid detail is 

still apparent. Epitope is detected on each of these structures as 

a speckled pattern distributed over the entire surface of the 

prenucleus. Images 11 and 12, 13 and 14, 15 and 16, 17 and 18 

demonstrate a .~ontinuing loss of the .internal chamber, an 

increasing sizef1;·;·;~_i'p~ogressive reorgari.ization. of internal chromatin 

and reestablislmlent of a dense nuclear periphery. Note: the 

epi tope
1 
is now detectable at the· periphery of these late mitotic 

prenuclei. Marker bar represents ioum. 
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B. Optical sectioning and epitope detection 

To confirm the localization and distribution of the 

epitope detected by mAb-1 throughout the depth of metaphase 

plates, early prenuclei, and late prenuclei, such structures 

with differing degrees of chromatid association were imaged 

and sectioned optically by confocal laser scanning fluorescent 

microscopy (Figure 5). In structures composed of distinctly 

recognizable chromatids, metaphase plates and early prenuclei, 

immunofluorescence was;apparent as a punctate pattern across 

the- surface of chromosomes throughout the " depth of the 

structure (Figure 5, panels 1 through 3). Furthermore, while 

optical sectioning through late prenuclei, the epitope was 

localized to the periphery as the depth of focus passed 

through the middle of the structure (Figure 5, panels 4 

through 8) . optical sectioning confirmed the 

distribution of the epitope detected by mAb-1 throughout 

mitosis. 

4. Immunofluorescent·Analysis of Isolated Prenuclei with 

other Nuclear Antibodies. 

A. I~munofluorescent analysis with control ~-2. 

It was necessary to establish the uniq~eness and 

potential significance of the epitope staining pattern 

obtained with the newly raised mAb-1. mAb-2, as stated above, 

was a control antibody raised in response to the same 



Figure 5. Optical Sectioning of Prenuclei Stainedwith mAb-1 

Confirmation of epitope localization and distribution was 

obtained with confocal laser scanning fluorescent microscopy. 

Prenuclei were isolated, fixed, deposited, and stained with 

monoclonal antibody as in the previous figures. Serial horizontal 

sections were obtained at 0. 5 um increments under a 60X oil 

immersion lens using a Bio-Rad MRC--500 Confocal Imaging System. 

Panels l, 2, and 3 are optical sections through a metaphase plate 

(m) and early prenuclei (e) o· Panels 4, 5-f 6, 7, and 8 are optical 

sections through two late prenuclei. Sections through a metaphase 

plate (m), and early prenuclei (e) resulted in images with a 

speckled pattern across the surface of the chromatids regardless of 

the· depth of focus (Panels 1,2,and 3). Furthermore, optical 

sections through late prenuclei(l) show that the epitope initially 

appears on the surface, it is then localized to the periphery as 

the depth of focus passes through the middle of the structure 

(arrowheads). Marker bar represents lOum. 
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immunogens and by the same procedures as described for mAb-1 

(detailed in Materials and Methods) . As previously. recorded, 

mAb-2 was isotyped as an IgG1 monoclonal with kappa type light 

chain (Table I) . Populations of isolated prenuclei 

fluorescently stained with the control mAb-2 revealed a 

markedly different fluorescent-pattern from that seen with 

mAb-1 (Figure 6) . On metaphase plates and early prenuclei 

this monoclonai antibody (mAb-2) yield~d a fluorescent pattern 

about or around individual chromatids (Figure 6, panels A and 

B) not in a speckled pattern on the chromatid surface. 

Furthermore, on late prenuclei (Figure 6, panels C and D) 

thoush t:;here was a faint degree of fluorescence at the 

periphery of late prenuclei it was in a continuous pattern and 

only evident photographically after long term exposure. These 

results indicate that the epitope detected by mAb~l and its 

mitotic distribution pattern was indeed unique. It appeared 

unlikely to be an ·artifact d~tected by any antibody raised by 

these particular methods in response to· these specific 

antigens, when assayed by fluorescein conjugated secondary 

antibody. 

B. Immunofluorescent analysis with antibodies to recognized 

nuclear domains. 

To further establish the novelty of the epitope detected 
. . . 

by· mAb-1, comparative immu~ofluorescent analyses were done 

with monoclonal and· polyclonal anti~od~es to recognized 

nuclear domains with ·sim:L'lar immunofluorescent patterns. 



Figure 6. Fluorescent Analvsis of Mitotic Prenuclei with Control 

mAb-2. 

Populations of isolated prenuclei identical to those stained with 

mAb-1 were fluorescently stained ·with a control monoclonal antibody 

raised by the same methods and using the same immunogen sources as 

mAb-1. As with mAb-1 paired images of phase contrast and 

immunofluorescence were obtained. Panels A and B metaphase plates 

(m) and early prenuclei (e) stained with control mAb-2 upon 

fluorescent examination reveal staining about or around individual 

chromatids as opposed to the .speckled punctate pattern seen on 

chromosome sufaces stained with mAb-1. Furthermore, though late 

prenuclei (1) (Panels C and D) stained with this control antibody 
I 

reveal a faint degree of fluorescence about the nearly formed 

nuclear periphery, this fluorescence is in a continuous pattern, 

and not in a circumscribed pattern as seen with.mAb-1. Also this 

peripheral fluorescence was only evident photographically after 

long term exposure. Marker bar represents 10um. 
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Because mAb-1 detected an epitope which localized to the 

periphery ·of the nearly formed nucleus in ·an organized 

punctate pattern, we obtained antibodies to nuclear pore 

complex proteins, nuclear lamina proteins, and nuclear 

localization signal binding proteins, all of which are 

peripherally placed nuclear domains. 

Immunofluorescent analysis of isolated prenuclei stained 

with monoclonal antibody to nuclear pore protein p62 revealed 

an epitop~ mitotic distribution pattern: different from that 

detected by mA.b...:l (Figure 7) . While. there was some similarity 

with the punctate staining about the nuclear periphery in late 

prenuclei, the epitope detected by anti-p62 appeared to be 

more . abundant in number and distribution was: at apparently 

more freque.:nt intervals. Most notably; there was an. absence 

of staining in metaphase plates and the staining seen in early 

prenuclei appeared to be about or around individual chromatids 

as opposed to the discrete foci on chromatid surfaces seen 

Furthermore, it appeared that fluorescent 

detection in early prenuclei was dependent on the degree of 

association of the chromatids after metaphase. Early 

prenuclei at the point of initial association (Figure 7 I 

panels G· and H, structure e) exhibited no fluorescent 

detection of epitope. However, as chromatids became more 

associated and the structures· prepared for telophase (Figure 

7, panels G and H, structure .el) fluorescence became 

detectable around the sets of chromatids. These results were 



Figure 7. Fluorescent Analysis of Mitotic Prenuclei with Antibody 

to Nuclear Pore Protein p62. 

Isolated prenuclei were fixed, deposited, and stained as in 

the previous figures and viewed by either violet or blue 

excitation. Panel A. C. E. G. and I (violet excitation) and Panel 

B. D. F. Hand J (blue excitation) are paired images, respectively, 

of a mixed population of isolated prenuclei 'stained with the DNA 

dye bis benzimide H33258 (violet excitation) and stained with 

monoclonal antibody to the nuclear pore protein p62 (~lue 

excitation). Fluorescent examination reveals that while there is 
1 

some similarity with t~e punctate staining about the periphery in 

late intermediates (1), the nuclear pore epitope p62 appears to be 

more abundant in number and distribution is at more frequent 

intervals than the epi tope detected by mA.b-1. Note the absence of· 

staining by . anti -p62 in metaphase plates (m) and the staining 

pattern in ·early prenuclei that appears to be about or around 

ind~vidual chromosomes as opposed to discrete foci on the chromatid 

surfaces as se.en with mA.b-1.' (Monoclonal antibody to p62 was 

kindly provided by Laura Davis, Duke University) Marker bar 

represents 10 um. 
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consistent with previously observed movements of nuclear pore 

proteins in whole cells throughout mitosis, that is, a 

reversible dispersal into the cytoplasm at late prophase and 

a reassociation with the . re-forming· nucle:us during late 

anaphase and early telophase (see Discussion). Similar 

results were observed with polyclonal antibodies to nuclear 

pore proteins p54 and p58 (Figure 8) . 

Ailother peripherally placed nuclear domain is the nuclear 

lamina. As extensively established in previous whole cell 

studies (Gerace et al., 1978 6 Gerace and Blobel 1980, 

Courvalin et al., 1994), the nuclear lamina is visualized 

immunofluorescently in a contiunous pattern at the periphery 

of interphase nuclei. We were able to obtain similar results 

with isolated mitotic chromatid configurations. Essentially, 

high titer anti-lamin B antiserum was used to stain mixtures 

of metaphase plates and early prenuclei or late prenuclei. 

Initial observations revealed that lamin B was readily 

detectable in populations of late prenuclei in a continuous 

pattern at the periphery of these structures, in contrast to 

the punctate, speckled pattern at the periphery detected by 

mAb-1. Furthermore, lamin B was only readily detectable in 

less than 3 % of early prenuclei and, as expected, metaphase 

plates were not stained (Data not shown) . This, once again, is 

markedly divergent from the behavior of the epitope detected 

by mAb-1 which was continuously associated with chromatid 

surfaces of metaphase plates and early prenuclei. 



Figure 8. Fluorescent Analysis of Mitotic Prenuclei with Antibody 

to Nuclear Pore Proteins p54 and p58. 

Isolated prenuclei were fixed, deposited, and stained as in 

the previous figures and. viewed by either violet or blue 

excitation. Panel A (violet excitation) and Panel B (blue 

excitation) are paired images of a mixed population of isolated 

prenuclei stained with polyclonal antisera to nuclear pore protein 

p54. As seen in comparative analysis with monoclonal antibody to 

nuclear pore protein p62, p54 lightly stained the periphery of late 

prenuclei (1) in a finely punctate pattern. However, there was 

absence of staining of chromosomes in metaphase plates and early 

prenuclei. 

Panel C (violet excitation) and Panel D (blue excitation) are 

paired images of a mixed population of isolated prenuclei stained 

with polyclonal antisera to nuclear pore protein p58. Fluorescent 

analysis reveals that staining of isolated prenuclei is limited to 

late· structures in a diffuse pattern. Moreover, there was no 

staining of metaphase plates or early prenuclei with polyclonal 

antisera to p58. (Antisera kindly provided by Douglass Forbes, 

University of California, San Di.ego) 
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Finally, antibodies to nuclear localization signal 

binding proteins (NLSBPs) were used for· comparative 

immunofluorescent analysis.· As mentioned in the introduction 

there have been two NLSBPs identified in human cells. A 

personal communi.cation with John Thomas of New York University 

School of Medicine to obtain antibody to the 66kDa NLSBP in 

human cells revealed that this protein was later identified as 

Heat shock· protein-70.. Commercially available antibody. to 

Heat shock protein-70 used for immunofluorescent analysis 

failed to detect an epi~ope bf any kind in isolated prenuclei 

(Data not shown) . 

These evidences taken together · ( summarize·d in. Table 2) , 

the lack of detection of both an identical epitope staining 

and mitotic distribution pattern as seen with mAb-1 by any of 

these antibodies to known nuclear domains, indicate that mAb-1 

detects a novel epitope localized to the nuclear periphery 

that is not detectable by antibodies to recognized nuclear 

domains. 

5. Relationship between Detected Epitope and Cytoplasmic 

Components 

A. Detection of Epitope(s) in Whole Cells 

It was conceivable that the epitope detected in isolated 

chromatid configurations was due to cytoplasmic.contamination 

during th~ isolation procedure. To address this concern whole 

cells were subjected to immunofluorescent analyses for 

detection of epitope. With regard to phase microscopy of 



Table II. Summa~ of Immunofluorescence Patterns Obtained with 

Anti-Nuclear Antibodies. 

Fluorescent patterns of isolated metaphase pla,tes and prenuclei 

obtained with several nuclear antibodies to known proteins were 

recorded for comparison with the fluorescent pattern seen with mAb-

1. The summary table emphasizes the novelty of the epi tope 

detected by mAb-1. 



so 

Table 2. Summary of Immunofluorescence Patterns Obtained 
with Nuclear Antibodies 

Antihouy Metaphase Plates Early Prenuclci Late Prenuclei 

mAh-1 punctate staining punctate staining of punctate staining or the 
of chromatius chroma! ids periphery 

mAh-2 staining around staining around continuous staining of the 
chromatids chromatids periphery 

(after long term exposure ) 

anti -nuclear pore no staining no staining of e I punctate staining or the 
protein po2 structures: staining periphery 

around chromatids of 
e2 structures 

anti -nuclear pore no staining no staining punctate staining of the 
protein p54 periphery 

anti -nuclear pore no staining no staining uillusc o,;taining 
protein p5X 

anti -NLSBP p66 no staining no staining no staining 
(heat shocJ.. protein 
70) 

anti -lamin B no staining no staining continuous staini ng of the 
periphery 
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intac;t mitotic cells, chromatid detail is revealed more 

clearly after exposure to, DNA dye (s'ee Figure 2)·. Therefore, 

whole cells stained with either mAb-1 or mAb-2, were also 

stained with a DNA dye to delineate chromatid structure. Dual 

fluorescence was recorded using blue excitation and violet 

excitation, respectively. Populations of randomly growing 

HeLa 83 cells, two to three percent of which were in mitosis, 

were analyzed. 

The punctate pattern of ·the epitope first detected by 

mAb-1 in isolated late prenuclei was also detectable in a 

similarly organized pattern about the periphery of the nucleus 

in whol·e cells at interphase, as well as in a speckled pattern 

on the surface of metaphase chromosomes in metaphase cells 

{Figure 9, compare panels A and B). The punctate pattern at 

the periphery of formed nuclei in interphase cells was 

observed in both suspension and monolayer HeLa cell· lines 

(Figure 10) . Interestingly enough, it was noted· that, in 

addition to the nuclear and chromosomal epitopes, in whole 

cells mAb-1 appears to stain a cytoplasmic component (s) as 

well. Still the uniqueness of the epitope detected by mAb-1 

in whole cells was further confirmed when additional 

populations of whole cells were stained with mAb~2 {Figure 9, 

panels C and D, and panels E and F) . Dual fluorescent 

analysis revealed, once again, a dramatically different 

fluorescent pattern. ·Observations under blue excitation 

(Figure 9, panels D and F) revealed fluorescence around or 



Figure 9. E;oitope Detection in Whole Cells with mAb-1 or mAb-2. 

Randomly growing human derived HeLa 53 cells in suspension 

culture were collected, washed with PBS and fixed by suspension in 

PBS containing 1 % formalin and deposited onto glass slides. After 

permeabilization with cold acetone, deposited cells were stained 

with either mAb-1 or mAb-2 followed by staining with bis-benzamide 

to display chromatid detail, and then were examined by fluore~cent 

microscopy as described in the previous figures. Presented in 

panel A are whole cells stained with DNA dye at blue excitation. 

Note the ·interphase cell,s with formed nuclei and the metaphase cell 

with a metaphase plate. Panel B is a paired image of the same 

population of cells observed at blue excitation to localize mAb-1 

indirectly stained with FITC. By focusing th~ough the cell so that 

the nuclear compartment is in focus, a circumscribed pat.tern of the 

epitope could be detected in an organized pattern about the nuclear 

periphery. Furthermore, the punctate pattern across the surface of 

chromatids was detectable on the metaphase plate. It should be 

noted that mAb-1 appeared to stain some cytoplasmic components as 

well. 

By way of control, Panels C.D and E.F are paired images of 

whole cells stained with the control antibody (mAb-2). Note in 

whole cells with metaphase prenuclei, staining appears to be about 

or around individual chromatids. Furthermore, there is no staining 
' . . . . 

of an epitope in an organized pattern about the nuclear periphery 
' i 

in interphase cells and there is no reticular cytoplasmic ?taining. 

Marker bar represents 10 um. 
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Figure 10. Detection of Bpi tope by mAb-1 in· Monolayer Cells. 

A sub-line of HeLa cells (Ohio) adapted to gror,;th as m~nolayer 

cultures, was used for fluorescent analysis because such ce.lls 

present a flattened elongated appearance which in turn maximizes 

the distinction between cytoplasmic and nuclear compartments .... 

Coverslips with attached cell.s were washed in PBS, and the cells -

were fixed in 1-t formalin. After' permeabilization with cold 

_acetone, attached cells were stained with·monoc.lonal a.I?-ti.body as 

described in the previous , figures.- Stei:ined cells were then 

examined by phase microscopy (Panels A and c) and by fluorescent 

microscopy using blue excitation, (Panels B and D). Whole-ce.lls 

were examined by focusing through the cell such that· either the 

nuclear compartment (panel A and B)· or the cytoplasmic compartment 

(panels C and D) was more in focus. Phase microscopic images 

(Panels A and C) reveal the nucleus (N), nucleolus (Nc)-, nuclear 

envelope (NE) and cytoplasm. Paired fluorescent images (Panels B 

and D) clearly reveal the d~stribution of epitopes stal.ned by mAb-

1. When focused on the nucleus (Panel B) there is a pronounced 

· -~-:~.:~-~'i,dnctate pattern at the periphery (arrowsheads) ~ This pattern is 

consistent with the results obtained with isolated nearly-formed 

late mitotic pre-nuclei. Also, it is important to note that when 

focused on the cytoplasm (Panel. D) a reticui_ar staining pattern is 

·-m~'fe apparent throughqut the cell, ·indicating recognition· ____ ,;·_p_£-
. _,.,:'·--B:;:~'"·""·!:-2:-:'. .- :· .. ::~:.;;::-;-::: 

~cytoplasmic components by mAb-1 as well. Marker bar repres_ents 

lOum. 

:-
•,ll 

; 
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about chromatids of cells at metaphase and a virtual·absence 

of fluorescence at the periphery of the nucleus in interphase 

cells with little to no staining of the cytoplasm. 

The consistent organiz.ed pattern of nuclear staining by· 

mAb-1 in whole cells indicated that the epitope detected in 

isolated prenuclei was not likely an artifact due to isolation 

from whole cells. 

B:· Immunofluorescent analyses of whole cells and 

isolated prenuclei with antibodies to major 

cytoskeletal ·components. 

To ·further address any potent~al relationship between 

cytoplasmic contamination and . epit()pe detection in isolat.ed 

mitotic prenuclei, commercially available antibodies to actin 

and tubulin, the two most abundant cytoplasmic proteins, were 

used for comparative studies. Fluorescent staining with anti-

actin and anti-tubulin monoclonals revealed typical 

fluorescent patterns that were not consistent with those seen 

in whole cells with mAb-1. Specifically,. anti.-tubulin yielded 

a reticul~r _pattern restricted to the cytoplasm,' while anti

actin yielded a homogenou~ pattern restricted to the cytoplasm· 

(Figure 11, panels. A and B, and panels C and D). Most 

notably, there was no st_aining of isolated mitotic. prenuclei 

upon dual fluorescent labeling with both anti-actin and anti

tubulin antibodies (Figure 11, panels D and F) . 

This failure of nuclear or chromatid staining by 

antibodies to two major cytoplasmic proteins appeared to 



Figure 11. ·Detection of Tubulin and Actin 

To address concerns that, the recognized epitope was due to 

cytoplasmic contamination of the mitotic configurations during the 

isolation procedure, commercially available antibodies to actin and 

tubulin the two major cytoplasmic. proteins. were used for dual 

labeling of isolated prenuclei and whole cells. 

Whole cells_ in i-sdspension culture or isolated mitotic 

prenuclei were collected, washed with phosphate balanced sal-ine 

(PBS), fixed by suspension in 1% formalin and deposited onto glass 

slides_as in the previous figure~. After per.meabilization with 

cold acetone, deposited preparations were stained with either 

monoclonal antibody against actin or monoclonal antibody against 

tubulin (both available commercially from ICN Biochemicals, Costa 

Mesa CA) followed by staining with the DNA specific dye. Stained 

cells were then examined by fluorescent;_ ·.microscopy using either 

. violet excitation for DNA (Qanels A-, C, and E) or blue excitation 

using fluorescent tagged antibody (Qanels B,D,and F). 

The typical staining pattern for each protein in whole cells 

was observed (panels A,B and C,D). Whole cell.s_ st?Lined with anti

tubulin .. exhibited a reticular pattern limited to the cytoplasm 

(panel B), while whole cells stained with actin revealed a 

homogenous pattern restricted to the cytoplasm (Panel D) . Of 

importance( neither antibody,yielded the staining pattern observed 

w~th our monoclonal antibody when used to stain isolated,mitotic 

configurations (Panels E and F). Marker represents 10 um. 
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substantiate findings from immunofluorescent studies with 

whole cells that the epitope detected by mAb-1· is not due to 

cytoplasmic contamination during isolation. 

6. Detection of Specific Polypeptides Related to Recognized 

Epitopes in Whole Cells and Isolated Nuclei. 

Once detection and localization of the epitope was 

established, it was important to determine whether or not the 

detected epitope could be attributed to a specific protein (s) . 

Imrnunoprecipitation studies with 358-methionine labeled whole 

cells and protein-A sepharose conjugated antibody were done. 

These studies revealed an absorption by mAb-1 of a prominent 

cluster of polypeptides which when analyzed by SDS-PAGE, 

migrated to the 33 kDa to 51 kDa region of the gel.. In 

contrast, the whole cell fraction, either by Coomasie blue 

staining or autoradiography after radioactive labeling yielded 

a heterogeneous profile with polypeptides migrating through 

the gel from the 180 kDa to 17 kDa regions (compare panels A 

and B, Figure 12). These results remained consistent even 

after employing variations in the procedure (compare lanes 1 

and 2, with lanes 3 and 4; Panel B, Figure 12) ·. 

Because the focus of this study was to evaluate nuclear 

substructure, it was important to distinguish any nuclear 

antigens recognized by mAb-1 from immunoreactive cytoplasmic 

antigens. -To identify a nuclear antigen (s) , proteins that co

purify with de~ergent cleaned nuclei prepared in the presence 



Figure 12. Identification of III1Illunoreactiye PolXJ2el)tides in Whole 

Cells. 

Sonicates prepared from whole cells or from whole cells 

exposed to radioactive methionine, were analyzed by 10 % SDS-PAGE. 

Panel A Polypeptides were prepared from sonicates of whole cells, 

not exposed to radioactivity, by acetone precipitation followed by 

suspension in sample buffer, electrophoresis and staining with 

Coomasie blue. Lanes 1, 2, and 3 represent 30, 60, and 90 ug of 

protein respectively. 

Panel B To label cellular proteins HeLa 83 cells .at a 

concentration of 50 x104 /ml in methionine-free medium were exposed 

to 358-methionine (SuCi/ml) for 16 hr. After disruption by 

sonication, immunoreactive proteins were absorbed from the sonicate 

using monoclonal actibody and sepharose A in the presence of high 

salt (0. 5 M) (See Materials and Methods). Sepharose A-protein 

complexes were then dissolved in sample buffer (0.0625 M Tris HCl, 

pH 6. 8, containing 5% mercaptoethanol, 3% SDS and 10% glycerol) and 

the resulting radioactive polypetides were 

electrophoresis in 10% SDS-polyacrylamide gels. 

separated by 

Radioactive 

polypeptides were detected by autora~iography using Kodak_AR Film. 

This procedure varied as follows. One procedure employed direct 

addition of the monoclonal antibody to 100 ul of sonicate 

accompanied by an extended incubation for 24 hr at 4°C followed by 

an extend~d incubation ·for 72 hi with 3 mg sepharose A. 

Autoradiography was for a relatively short time of 24 hr (lane 1) 

or for a relatively long time of 48 · hr (lane 2) . A second procedure 

permitted monoclonal antibody to react with 10 mg of .sepharose A 



Figure 12. ( c0nt.) 

for 4 hr followed.by an incubation for 16 hr.of this complex with 

100 ul oi radioactive sonicate. Again, autoradiography was for a 

relatively short time of 24 hr (lane 3) or for relatively long time 

of. 96 hr (lane 4). 

Irnmunoadsorption yielded a predominantly homogenous profile 

consisting of a cl·uster of polypeptl.des in the 33._51 kDa region of 

the acrylamide gel. Variations in the procedure for 

irnmunoadsorption yielded this same result. 
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or absence of specific protease inhibitors 

(phenylmethylsufonyl fluoride, N-ethylmalemide, ·leupeptin and 

Na-ptosyl chloro-methylketorte) I were dispersed and analyzed by 

immunoblotting (Figure 13). · Intial experiments revealed that 

enzymatic depletion of DNA did not alter the subsequent 

detection of an immunoreactive component (s) . It is known that 

actin bundles can co-isolate with some nuclear preparations, 

and that actin (43.5 kDa) and the nuclear protein histone Hl 

(34 kDa) can non-specifically bind both polyclonal and 

monoclonal antibodies. Because of this and because their si-ze 

was in the molecular weight range of immunoadsorbed proteins 

from whole cells, immunoreactivity of commercially available 

proteins were also analyzed (Figure 13) . After fractionation 

by electrophoresis in· one. dimensional SDS-gradient gels, 

immunoblotting of both nucl·ear·prepara_tions .with mAb-1 yielded 

_a cluster; of polypeptides .in the molecular weight rarig7 of 23-

51 kDa.with a prominent immunoreactive band at approximately 

51 kDa. There was no reaction of mAb-1 with actin or histone 

Hl (Figure 13, panel B lanes 3 and 4) . . Thus, of the 

polypeptide (s) detected by mAb-1 in whole cells·; there is one 

prominent polypeptide of 51 kDa that is likely the nuclear 

protein a:ssociated with the epitope detected by mAb-1 through 

immunofluorescence. ··Furthermore, the approximate size of this 

detected nuclear protein is accurate and is not the result of 

protease degradation during nuclear isolation. 



Figure 13. (cont.) 

protein profile detected by mAb-1 in nuclear fractions made in 

either the presence or absence of protease inhibitors. 



Figure 13. Identification of Immunoreactive Polypeptides in 

Isolated Nuclei. 

Detergent ci.eaned nuclei (48 x 106 ) were prepared in the 

presence and absence of specific protease inhibitors. Those 

inhibitors were, phenylmethylsu1fonyl fluoride (PMSF), leupeptin, 

· Na-ptosyl choromethyl ketone, and N-ethylmalemide (NEM) . 

Individual nuclear preparations were ·dissolved in sample buffer and 

the resulting polypeptides were separated by electrophoresis in 

7.5%-15.5% linear SDS-polyacrylamide gels. Gels were 

. electrophoretically transferred to nitrocellulose membranes for 

,immunoblot analysis. After transfer, membranes were incubated in 

0. 02% Tween-20 as a blocking agent for 16 hours. Subsequent 

incubations with monoclonal antibody, membrane washings, and 

exposure to alkaline phosphatase conjugated goat anti-mouse IgG+IgM 

were carried out essentially as described in Materials and Methods. 

Bound enzyme was visualized using the color developing substrates 

nitro blue tetrazolium (NBT) and 5-bromo-4-chl.oro-3-indole 

phosphate (BCIP). 

Panel A is a Coomasie blue stained gel of isolated detergent 

cleaned nuclei prepared in the presence (lane 1) and the absence 

(lane 2) of specific protease inhibitors. Lane· 3 is a sample of 

the cytoplasmic protein actin and lane 4 is a sample of the nuclear 

protein histone Hl. Immunoblots of these protein preparations with 

mAb-1 (Panel BJ.reveal detection of a cluster of polypeptides in 

the molecular weight range of 23-51 kDa, with a major·polypeptide 

at an appx. molecular weight of 51 kDa in th~ nuclear fractions 

only. There. is .no discernible qualitative difference in the 
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7. Detection of Immunoreactive Polypeptides in Nuclear 

Sub fractions 

To determine more precisely the nuclear location of the 

major 51 kD polypeptide det.ected by mAb-1, detergent cleaned 

nuclei were subfractionated into nuclear pore complex lamina 

fractions, nucleolar fractions; and nuclear matrix fractions. 

The nuclear subfractions were dispersed by one dimensional 

SDS-gradient gels and analyzed by immunoblotting (Figure 14) . 

The authenticity of the fractions was obtained by probing each 

subfraction with known antibodies . to protein components 

specific to a particular fraction. 

As expected, antibody to lamin B dete.cted a 67 kDa 

polypeptide and the antibody polyspecific for nuclear pore 

complex proteins detected four specific polypeptides in the 
\ 

nuclear pore complex-lamina· and nuclear matrix fractions with 

no detection of immunoreactive bands in the nucleolar fraction 

(Figure 14, panels A and B). Interestingly,\one of the four 

polypeptides detected by the anti-nuclear pore antibody 414 in 

these fractions, was calculated at a molecular weight of 51 

kDa. In contrast, antiserum to the nucleolar fibrillar 

component, fibrillarin (34 kDa), detected a polypeptide in the 

appropriate molecplar weight range in the nucleolar fraction 

only (Figure 14, panel C) . Finally, when nuclear subfractions 

were subject to immunoblot analysis with·mAb-1, a prominent 

immunoreactive polypeptide of 51 kDa was detected in the 

nuclear.pore complex-lamina fraction and the matrix fractions 
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with no detection of polypeptides in the nucleolar fraction. 

These findings suggested that the polypeptide detected by 

mAb-1, henceforth referred to as p51, was not present in the 

nucleolus but was present· in the nuclear matrix and the 

nuclear pore complex-lamina domain. The latter of which is the 

peripheral component of the nuclear matrix (see Introduction 

and Discussion) . 

8. High Resolution Immunoelectronmicroscopy of Whole Cells 

Though immunoblot analyses of nuclear subfractions indicated 

that the epitop.e detected by mAb-1 was associated with the 

nuclear pore complex-lamina, definitive localization was still 

necessary. To reach this determination, pre-embedding and 

post-embedding immunolabeling of thin sections of isolated 

nuclei were carried out. The clearest results were obtained 

with glutaraldehyde fixed, epon embedded silver to gold 

sections of whole cells. Such sections were exposed to either 

our mAb-1 or to known pore mAb-414, and bound antibody was 

detected using 10 nm gold particles· conjugated with goat anti-

mouse IgG+M. These conditions resulted in maintenance of 

satisfactory nuclear pore and nuclear envelope structure ·and 

nuclear pore ultrastructure, ·as well as satisfactory 

antigenicity. Comparison of representative sections focused 

on the nuclear periphery revealed different· degrees of 

preserved nuclear pore detail which appeared to depend in 

large part on the angle of sectioning. In addition, 



Figure 14. Identification of Immunoreactive Polypeptides in 

Nuclear Subfractions. 

Detergent-cleaned nuclei wer~ subfractionated to obtain a nuclear 

pore-complex lamina fraction, · nucleolar fraction, or a nuclear 

matrix fraction as described in Materials and Methods. Each 

subfraction was dissolved in sample buffer and the resulting 

polypeptides were separated by electrophoresis in 7. 5%"-15. 5%" linear 

SDS-polyacrylamide gels. Gels were electrophoretically transferred 
l 

to nitrocellulose membranes for immunoblot analysis. 

Immunoblotting procedures were as previously described. Bound 

human antibodies were detected by alkaline phosphatase conjugated 

goat ·anti-human IgG+M. Lane 1 (Panels A, B, C, and D) are nuclear 

pore complex lamina fractions. ·Lane 2 (Panels A, B, C, and D). are 

nucleolar fractions and Lane 3 (Panels A, B, C, and D) are nuclear 

matrix fractions. 

Panel~A is an immunoblot of the nuclear subfractions probed with 

human antiserum speci~ic for nuclear lamin B protein. These 

immunoblots reveal detection of a singular polypeptide at an appx. 

molecular weigh~ of 67 kDa (az:rowhead) in the nuclear pore complex

lamina and matrix fractions only. (Anti-serum kindly· provided by 

Dr. Gerd Maul, Wistar Institute, Phili.adelphia, PA) 

Panel B is an immunoblot of the nuclear.subfractions probed with 

mAb414 a commercially available antibody (Berkley·Antibody Co., 

Richmond, CA). that_ recognizes a conserved epitope'found in a family 

of related nuclear pore comple4 proteins. These immunoblots reveal 

detection of 4 specif·ic polypeptides at appx. molecular weights of 

·180, 150, 62, and 51 kDa (arrowheads) in the nuclear pore complex-



Figure 14. (cont.) 

lamina and matrix fractions only. 

Panel c is an immunoblot of nuclear subfractions probed with human 

antiserum to the nucleolar protein fibrillarin. These immunoblots 

reveal detection of a major polypeptide at an appx. molecular 

weight of 34kDa (arrowhead) in the nucleolar subfraction only. 

(Anti -serum kindly provided by Dr. Gerd Maul, Wistar Institute, 

Philiadelphia, PA) 

Panel D is an immunblot of nuclear subfractions probed with the 

monoclonal antibody of this study, mAb-1. These immunoblots reveal 

detection of a major polypepeptide at an appx. molecular weight of 

51kDa (arrowhead) in the nuclear pore complex-lamina and matrix 

fractions only. 
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significant numbers of immunogold particles appeared to be 

associated with pore structures. As reported by ·others (Grote 

et.al., 1995) using pore specific antibodies, and therefore 

expected, not every pore was labeled and when labled the 

number of gold particles varied (Figure 15, panels A, B, and 

C) . An examination of labeled cross sections revealed an 

apparent pattern to this pore labeling by mAb-1 mopt notably 

at the nucle~plasmic m~rgin of the po"re (Figure 16, panels A 

through F) . The position of the label appears to depend upon 

the depth of the cross section through a pore. More lateral 

sections (Figure 16, panels B, C, and D) reveal nucleoplasmfc 

immunogold particles positioned directly below the pore. More 

central sections (Figure 16, panels A, E, and F) reveal 

nucleoplasmic particles to the right or th~ left of the· pore 

or surrounding the nucleoplasmic basket region of the pore 

(Figure 15, panel C). Thus, it would appear that p5+ is not 

only pore associated, but also is uniquely positioned at·the 

base of the nuclear pore. Apparent tangential sections of 

nuclei also revealed another labeling pattern with mAb-1 

(Figure 17, panels~ and B). Occasionally circular clusters 

of immunogold particles were observed. It is conceivable that 

this pattern could result from perpendicular sections through 

the base.of the nuclear pore. 

Because immunofluorescence of whole cells revealed 

deteetion of some cytoplasmic components by mAb-1, high 

resolution immunomfcroscopy also provided a means to determine 



Figure 15. Immunogold· Labeling of Representative Sections of the 

Nuclear Periphe~ with ~-1. 

HeLa S3 cells were fixed in 2 % glutaraldehyde, post-fixed in 

Os04 and embedded in epon A,-12 as described in. Materials and 

Methods. Silver to gold 70 nm sections were obtained and incubated 

with mAb-1 diluted to a concentration of 1:100 in PBS containing 3% 

BSA followed by incubation with goat ·anti-mouse IgG+Ig M conjugated 

to 10 nm colloidal gold particles. Panels A, B, and C are 

photomicrographs of sections of whole cells displaying the 

periphery of the nucleus examined at 27, 500X. Arrowheads indicate 

colloidal gold labeling by mA.b-1 predominantly at nuclear pore 

regions of .the nucleus (n). Bar represents 100 nm. 
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Figure 16. Examination of Cross Sections of Individual Nuclear 

Pores Labeled with mAb-1. 

HeLa S3 cells were fixed, post-fixed, embedded, sectioned, 

and immunolabeled as in Figure 16. Sections were then viewed at 

77,000X so as to obtain a more detailed examination of the labeling 

pattern associated with individual nuclear pores. Labeled cross 

sections at different depths through individual pores were 

recorded. Panels A. E. and F are more central cross sections; and 

panels B. C. and D are more lateral cross sections. It appears 

that decoration of the nuclear pore with colloidal gold particles 

is located primarily at the nucleopiasmic margin (arrowheads) . Bar 

represents 100 nm .. 

'• ;·•. 
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Figure 17. Additional Nuclear and Cytoplasmic Labeling Patterns by 

mAb-1. 

HeLa S3 cells were fixed, post-fixed, embedded, sectioned, and 

immunolabeled as 'in figures 16 and 17. 

Panel A is an oblique to tangential section through the nucleus 

viewed at 22, 500X. mAb-1 colloidal gold clusters (arrowheads) are 

seen at the base of the pore, as well as at a putative tangential 

pore section." 

Panel B is a tangential section thrqugh the nuclear periphery 

viewed at 100,000X. The circular gold cluster could arise from 

labeling the area· surrounding the base of a pc:;>re. Note the 

apparent absence of stainig of the putative ·internal pore channel 

by mAb-1. 

Panel Cis a representative view of the cytoplasm stained with mAb-

1. Arrowheads indicate:(.~ clusters of gold at discrete sites 

throughout the cytoplasm. reminiscent of .Polyribosome protein 

synthesis. Some specific staining ·along elements of the 

endoplasmic reticulum can be seen . .. 

Bars represents 100 nm. 
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the source of this immunoreactivity in the cytoplasm (Figure 

17, panel C)~ Discrete clusters of colloidal gold particles, 

consistent with a polyriboso~e pattern, were detected. at 

sparse intervals throughout the. cytoplasm. In addition, a few 

singular gold particles lining the periphery of the 

endoplasmic. reticulum were observed~ Thus the cytoplasmic 

epitope detected by immunofluorescence could be due to sites 

of protein synthesis and/or epitopes associated with elements 

of the cytoskeleton.. Nevertheless, the primary nuclear 

epitope was readily evident at the nuclear pore. 

By way of comparison, identical sections of whole cells 

were immunolabeled with . polyspecific anti-·nuclear pore 

antibody mAb-414 and goat anti-mouse IgG+IgM colloidal gold .. 

Whole cells stained with mAb-414 exhibited a significant 

amount of labeling predominantly at the nuclear pore region 

(Figure 18, panels A through F) with some intranuclear and 

cytoplasm~c background labeling (Figure 19, panels A and B). 

Interestingly, detailed examination of individual nuclear 

pores labeled with mAb-414 revealed detection of epitopes at 

the cytoplasmic, nucleoplasmic and lumenal regions of the pore 

as opposed to the exclusively nucleoplasmic epitope 

localization seen with mAb .. ~1 (compare Figures 16 and 19). 

This observation was confirmed by quantification of the 

location of gold particles within labeled pores after exposure 

to either mAb-1 or mAb-414 (Table 3) . Two hundred and fifty 

mAb-414 labeled pores with an average of 3 gold particles per 



Figure 18. Examination of Cross Sections of Individual 

Nuclear Pore by ImmunoelectronmicroscoRy with . 

mAb-414~ 

HeLa 53 cells were fixed, post:-fixed, embedded and sectioned 

as in Figure 16. 70 nm silver to gold sections were incubated with 

anti -nuclear pore protein monoclonal antibody 414 diluted to a 

concentration of i:500 in PBS with 3 % BSA, followed, by an 

incubation with goat anti-mouse IgG+M conjugated to 10 nm colloidal 

gold. Sections were viewed at 77,000X for examination of nuclear 

pores stained with mAb-414. Panels A, C, and F are more lateral 

.cross-sections, whereas Qanels B, D, and E. are more central cross 

sections. Immunogold particles are localized to the cytoplasmic, 

nucleoplasmic, and lumenal regions of the nucle~r pore with this 

polyspecific antibody (arrowheads). Bar represents 100 nm. 

' ( 
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Figure 19. Examination of Nuclei and Cyto9lasm Stained with mAb-414 

by ImmunoelectronmicroscoQy. 

HeLa 53 cells were fixed, post-fixed, embedded,· sectioned and 

immunolabeled with mAb-414 as iri Figure 19. 

Panels A and B are representative photomicrographs of portions of 

whole .cells examined at 27,500X with emphasis on the nuclear and 

cytoplasmic regions respectively. · · Panel A (nucleus). reveals 

clustering of colloidal gold particles predominantly at or about 

the nuclear pores (arrowheads) with some nonspecific intranuclear 

staining present. Panel B (Cytoplasm) reveals the same nuclear 

pore staining (arrowheads) as seen in Panel A (lower right) . 

Immunogold clupters (arrowheads) in the cytoplasm are, once again, 

consistent with labeling of .polyribosomes. Single gold particles 

distributed throughout the cytoplasm could be.. nonspecific 

cytoplasmic staining. 
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Table III. Quantification of Gold Particles Bound. to Pore Complexes 

in Aritibody Labeled Sections of Whole Cells. 

Colloidal gold particle labeling by either mAb·-1 or mAb-414 

was quantified for f!pecific loca'tion within the pore complex witlJ. 

regard to cytoplasmic, nucleoplasmic and lumenal distribution. 

Immunogold particles _associated with labeled pores, which were 

readily recognized in cross-sections, were tabulated. Colloidal 

gold labeling for mAb-1 is predominantly at the nucleoplasmic 

margin, w~ereas labeling by.mAb-414 was distributed in signifcant 

quantities at all three locations. 



Table 3. Quantification of Gold Particles Bound to Pore 
Complexes In Antibody Labeled Thin Sections of Whole Cells 

Monoclonal #of Total# of Gold A vg. # of Gold Total #of Particles 
Anti hod) La he led Particle-., Counted Particles per Pore per Pore LoL·ation 

Pores 
mAh- 1 250 776 3. 1 Cytoplasmic 4 

( 1-9 ) 
Lumenal 62 

N uclcoplasmic 7 10 

m..\h -~ I~ 250 726 2.9 Cytoplasmic II~ 

( 1-6) 
Lumenal 378 

N uclcopl as mic 230 
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pore yielded a distribution of 16.3 % to 52 % and 31.7 % in 

the cytoplasmic portion, lumenal portion, and ·nucleoplasmic 

portion of the pore, respectively. In contrast, the same 

approximate amount of labeling with ~ur mAb-1 yielded greater 

than 91 % of the gold particles in the nucleoplasmic portion. 

9. Resistance of pSl to Salt Extraction 

As judged by salt extraction, nuclear pore proteins are said 

to be firmly bound to the nucleus .. (see reference below) . To 

determine whether or not p51 detected by our mAb-1 exhibited 

this same characteristic, preparations of detergent cleaned 

nuclei, digeste,d with deoxyribonuclease, were subjected to a 

series of NaCl extractions. Essentially, five individual 

nuclear preparations were subjected to NaCl extraction at 

specific concentrations for each preparation. P;reparation one 

was extracted by 0 . 2 M NaCl ,. preparation two was extracted by 

0.5 M·NaCl, preparation three ·was extracted by 1.0 M NaCl and 

preparation four was extracted by 2.0 M NaCl. Each extraction 

was performed by incubation· of the nuclear preparation in 

buffer containing the appropriate NaCl concentration for 

thirty minutes at 4°C 0 Immunoblot analysis of pellet and 

acetone precipitated supernatant fractions from each 

preparation of NaCl extracted nuclei revealed that the 

prominent 51 kDa polypeptide detected by mAb-1 was present in 

the pellet fractions up to and including 2.0 M NaCl extraction 

(Figure 20, panels B and C)·. These findings were confirmed 



Figure 20. Individual Salt Extraction of Immunoreactive 

PolXQeptides in Isolated Nuclei. 

Preparations of detergent cleaned nuclei (48 x 10 6 ) were 

incubatecj. with 50 ug deoxyribonuclease for 15 minutes at 22°C 

followed by sedimentation through 0.5 M sucrose. Individual 

nuclear samples were then suspended in RSB buffer with either 

0.2 M, o.·s M, 1.0 M or 2.0 M NaCl.and incubated on ice for 30 

minutes. After centrifugation, acetone precipitated supernatant 

fractions along with pellet- fractions were solubilized in sample 

buffer and the resulting polypeptides were separated by 

electrophoresis in 7. 5%..:.15. 5% linear SDS-polyacrylamide .gels. Gels 

were ·electrophoretically transferred to a nitrocellulose membrane 

for immunoblot analysis. Immunoblotting procedures were as 

previously described. 

Panel A is a Coomasie blue stained gel of supernatant fractions 

(lanes 2-5) and pellet fractions (ianes 6-9) from NaCl extracted 
. . ( 

nuclei (0.2 M, 0.5· M, 1.0 M or 2.0 M, respectively). 

Panels B. and C are immunoblots of supernatant and pellet fractions, 

respectively, of NaCl extract;ed nuclei probed with' inAb-1 ~ The 

detection of a major polypeptide at an appx. molecular weight of 

51kDa in the pellet fractions only, indicate that the predominant 

polypeptide detected by mAb-1 is resistant to extraction by NaCl at 

concentrations up to at least 1.0 M. 
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through serial extractions of a singular nuclear preparation 

with each increasing concentration of NaCl buffer (Figure 21) . 

Immunoblot analysis of the·supernatants resulting from each 

extraction and the remaining pellet revealed detection of a 

major 51 kDa polypeptide in the pellet only·. These results, 

together, indicated· that the· immunoreactive polypeptide 

detected by mAb-1 is resistant to extraction by high 

concentrations of NaCl. 

It was necessary to compare and contrast the extraction 

profile exhibited by pSl detected by mAb-1 with that of 

nuclear pore proteins which we previously found could be 

detected as components of detergent cleaned, DNA depleted 

nuclei. Immunoblot analyses from individual supernatant and 

pellet fractions from 0. 2 M, 0. 5 M, 1. 0 M, and 2. 0 M NaCl 

extractions were done using monoclonal antibody 414. This 

commercially available antibody, as previously mentioned, is 

polyspecific for a family of nuclear pore complex proteins 

(Figure 22) . Because there was detection of immunoreactive 

bands in the pellet fractions up through 2.0 M NaCl, these 

results confirm previous studies (Davis and Blobel 1986, Snow, 

et. al., 1987, Finlay, et. al., 1992 or see Discussion) 

demonstrating the resistance of nuclear pore complex proteins 

to high salt extraction. 



Figure 21. Serial NaCl extractions of Immunoreactive Polypeptides 

in Isolated Nuclei. 

48 x 10 6 DNA-depleted detergent cleaned nuclei were suspended 

in successive RSB buffers containing an increasing concentration 

(0.2 M, 0.5 M, 1.0 M and 2.0 M) of NaCl. The initial suspension of 

nuclei in 0.2 M NaCl/RSB was incubated at 4°C for 30 minutes. After 

centrifugation, the supernatant fraction was ·collected and the 

pellet fraction was suspended in RSB buffer with the next highest 

NaCl concentration. · Acetone precipi'tated supernatants from each 

extraction and the remaining pellet were solubilized, separated by 

SDS-PAGE and electrophoretically transferred to nitrocellulose for 

subsequent immunoblotting as in the previous figures. Panel A is a 

Coomasie blue stained gel of the supernatant fractions and pel_let 

resulting from the serial NaCl extraction. Immunoblots (Panel B) of 

the supernatants .from each extraction and pellet confirm that the 

major 51kDa polypeptide detected by mAb-1 is resistant to 

extraction by high (2.0 M) concentrations of NaCl by detection of 

protein in the pellet fraction only. 



81 

A 
0.2 0.5 1.0 2.0 p 



82 

B 0.2 o.s 1.o 2.0 P 

_ -51 kDa 



Figure 22. Immunoblot with mAb-414 of NaCl Extracted Polypeptides 

from Residual Nuclei. 

Pellet and acetone precipitated supernatant fractions from 

NaCl extracted detergent cleaned DNA-depleted nuclei were isolated, 

separated by SDS-PAGE and electrophoretically transferred to 

nitrocellulose for subsequent immunoblotting as in Figure 20~ 

Transferred nuclear proteins were probed with monoclonal antibody 

414, the commercially available antibody~ (Berkeley Antibody Co., 

Richmond, CA) ~hat recognizes a conserved epi tope found in a family 

of related nuclear pore complex proteins. Panel A and B are 

immunoblots of supernatant and pellet fractions, respectively, of 

NaCl extracted nuclei probed· with mAb-414. These immunoblots 

reveal detection of 5 polypeptides (appx. mol'. wt. 180, 150, 62, 

51, and 31· kDa) l.n the pellet fractions only indicating that the 

.recognized nuclear pore complex proteins are resistant to 

extraction by NaCl at concentrations up to 2.0 M. 
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10. Affinity Purification of p51 for Glycosylation and 

Microseguencinq 

Because identified nuclear pore proteins are essentially 

categorized into two classes based on their ability to bind 

WGA (see ~ntroduction) thus indicating the presence of 

N-acetylglucosamine, characterization of any putative nuclear 

pore protein would be incomplete without making this 

determination. In addition, efforts to further identify and 

molecularly characterize the epitope detected by mAb-1 would 

be enhanced considerably by obtaining amino acid sequences for 

the immunoreactive polypeptide associated with the detected 

epitope via microsequencing analysis. To determine the 

feasibility of ·isolating the necessary purified polypeptide 

preparation required for such analyses, detergent cleaned, 1 

M salt extracted nuclei were immunoadsorbed with mAb-1 to 

obtain the immunoreactive polypeptide of interest. 

Essentially, sonicates were ad~orbed withmAb-1 and subsequent 

antigen-antibody complexes were then pelleted by low speed 

centrifugation after adsorption with goat anti-mouse IgM 

coval~ntly bound to agarose. This pellet was subjected to 

SDS-PAGE, followed by electrophoretic transfer to PVDF 

membrane. Coomasie blue stained PVD~ membrane (Figure 23) 

revealed major stained components at approximately 62 kDa and 

22 kDa, as well as at 51 kDa and 82 kDa. Based on apparent 

size and as expected, the 65 kDa and 25 kDa polypeptides were 

judged to be IgM heavy and IgM light chains, respectively. 



Figure 23. Affinity Purification for Microsequencing and 

Glycosylation. 

Detergent cleaned, DNA-depleted salt extracted nuclei were 

sonicated and immunoadsorbed by·incubation with mAb-1 followed by 

an extended incubation with goat anti -mou'se IgM-agarose as 

described in Materials and· Methods. The 

purified polypeptides were solubilized in 

dispersed in 7. 5 -'15% SDS-polyacrylamide gels. 

resulting affinity 

sample buffer and 

Separated proteins 

were then electrophoreti9ally transferred to PVDF (polyvinylidine 

difluoride) membrane and detected by staining with Coomasie blue. 

Panel A, lanes 1, 2, and 3 are the polypeptide profiles of 

three different preparations of residual nuclei dispersed in sample 

buffer prior to immuneabsorption. 

Panel B, lanes 4, 5, and 6 represent three different 

preparations of nuclei immunoadsorbed with mAb-1. Excluding the 

two darkly staining bands at approximate molecular weights 65 kDa 

and 25 kDa which represent the heavy and light chains, 

respectively, of the IgM mAb-1, it appears that affinity 

purification with mA.b-1 yielded prominent polypeptides at 

approximate molecular weights of 51 kDa and 82 kDa (arrowheads). Of 

interest is the 51 kDa polypeptide which is consistent with the 

major polypeptid~ detected in previous immunoblot analyses of 

nuclei and nuclear subfractions. 
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Initial immunoblots with mAb-1 confirmed the 51 kDa component 

as our polypeptide of· interest. In any event, these results 

suggest that glycosylation determination and microsequencing 

of the immunoreactive polypeptide (p51) is indeed feasible. 

It should be noted, however, that in addition to the 51 kDa 

band there was also adsorption of a polypeptide which migrated 

to the 82 kDa region that is of considerable interest. Such 

a protein component could likely be associated with the 51 kDa 
' "' 

protein in vivo. Sonication would not disrupt this 

association as would SDS-mercaptoethanol dispersal of DNA-

depleted, salt extracted residual nuclei. 

11. Reactivity of Wheat Ger.m Agglutinin CWGA) with p51 

To determine-.! whether or not p51 was post-translationally 

modified with N~acetylglucosamine, affinity purified p51 was 

probed with alkaline phosphatase labeled wheat germ agglutinin 

(WGA) in the absence and in the presence of specific 

inhibitor. Protein blots (Figure 24) revealed a reaction with 
' " 

WGA that did not occur in the presence of the 

N-acetylglucosamine competitor. These results indicated that 

p51 was modified with N-acetylglucosamine and, therefore, 

would be a member of the WGA reactive class· of nuclear pore 

proteins. Interestingly, however, .unlike p51, the 82 kDa 

polypeptide co-purifying polypeptide was ·unreactive with 

labeled WGA. 



Figure 24. Pro.tein Blots of Affinity Purified Polmeptides Probed 

with WGA. 

Affinity purified components from DNA-depleted 1. o- M NaCl 

extracted nuclei were resolved by SDS-PAGE in 7.5-15 % gradient 

gels and blotted onto PVDF membrane as described in Figure 24. 

Separated proteins were probed with alkaline phosphata.se labeled 

WGA in the absence (lane 1) or presence (lane 2) of ·the competitor 

0. 2 M N-acetylgl.ucosamine, and then with the color developing 

substrate nitr_oblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indole 

phosphate (BCIP) to detect bound enzyme. Lane 1 indicates a 

positive reaction· of WGA with the 51 kDa polypeptide that did not 

occur in the presence of the N-acetylglucosamine inhibitor (Lane 

.2) • 
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12. Microsequencinq Analysis 

For more extensive characterization of p51, microsequencing 

analysis was ·attempted. Iminunopurified samples (appx. 10-15 

picomoles) prepared from DNA-depleted· salt extracted nuclei 

were submitted to the Research Services, Molecular Genetics 

Facility at the University of Georgia, Athens, GA. Using a 

ProciseTM Microsequenping S_ystem, Model 494, (Perkin Elmer, 

Foster City, CA) partial amino acid sequences for the two 

major polypeptides affinity purified by mAb-1 (51 kDa and 82 

kDa) were obtained. While the partial amino acid sequence 

derived for p51 was not definitive due to a limited degree of 

variability for a signif~cant. pe~centage of amino acids 

(Figure 25, panel A), these results did indicate that pSl 

putatively contained a substantial number of 

slutam~te/glutamine residues which is a motif 

characteristically preceding glycosylat~on sites in WGA 

reactive proteins (Aris and Blobel, 1989, Wente et al.,1992). 

Sequence analysis for the 82 kDa polypeptide was more 

productive yielding a partial amino acid sequence for this 

polypeptide up to twenty amino acids with little variability 

in amino acid interpretation (F~igure 25, panel B) . This 

information was sufficient to search a protein sequence data 

base. _To date, one such data base search, Swiss Prot, has 

been undertaken with regard to the amino terminal sequence of 

the 82 kDa protein. No substantial match was found, but of 

the 43,480 peptide sequences in the data base, forty peptides 



Figure 25. Microsequencinq Analysis. 

Affinity purified components from DNA . depleted 1. 0 M NaCl 

extracted nuclei were resolved by SDS-PAGE in 7.5-15 %·gradient 

gels and blotted onto PVDF membrane as described in Figure 24. 

Multiple bands equivalent to 10-15 pi.comoles of the major 

immunopurified polypeptides (51 kDa and 82 kDa) were excised and 

submitted to Research Services, Molecular Genetics Facility at the 

University of Georgia, Athens, GA for microsequencing analysis. 

Panel A is the partial amino acid sequence obtained for the 51 kDa 

polypeptide and Panel B is the partial amino acid sequence obtained 

for the 82 kDa polypeptide. 



Panel A. . 89-. 

p51 
·,. . - -·- -·~--

1 '2 3 4- 5 6 ·.7·· .8 9 ·10 
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p K L F 

i 

Panel B 

p82_ 

1 2 3 4'· is 6 7 8 9 ~0 11- 12 13. 

F p D K T K E M . D Q v Q H 
\. 

F 

14 15 16 ·17 18 '19 20 

E Q Q X -K Q X 

.. 
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with a degree of matching in ten to eighteen amino acid 

stretches were retrieved. The species representeq b.Y these 

forty peptides included mammals (human, mouse, rat), mammalian 

viruses, yeast and dropsophila~ ·Interestingly, thirty three 

peptides with amino acid stretches with partial matches to the 

first twenty amino acids of the-82 kDa protein, would have a 

DNA interacting capacity. Two such examples are seen in 

Figure 26. 



Figure 26. Examoles of Known Protein Sequence Similarties to the 

N-ter.minus of the 82 kDa PolZPeptide. 

Two illustrative sequence homologies between the N-terminal 

amino acids of the 82 kDa protein and proteins in the Swiss Prot 

data base. Although no match of any consequence was found, the 

fact that most known proteins with a suggestive homology were 

likely DNA binding proteins is interesting considering the nuclear· 

source and method of isolation using our mAb-1 of the 82. kDa 

protein. Bars indicate a match and colons a neutral charge. 
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Example 1: Simian Immunodeficiency Virus TAT (Trans.activating 

Regulatory) Protein 

Score .. 

82 kDa 

Tat-Si 

41.2% identity in 17 aa overlap 

10 
PDKTKEMDQVQHEQQXKQ 

11:.:1 ::1 1::· :II 
MDKGEEDQDVSHQDLIKQYRKPLETCTNKCFCKKCCYHCQFCFL.RKGLGITYHAFRTRRK 

10 . 2·o 30 . 40 ·so 60· 
. .) 

Example 2:Yeast Oligo(DA)/Oligo(DT) Binding Protein called Datin 

~core 

58.3% identity in 12 aa overlap 

10 
82 kDa PDKTKEMDQVQHEQQXKQ 

I I I I : : I I : : I 
DAT.i-Y AHNSSAAPPPHAAAASTSLPPSLDYTHQSFMDQQQQQQQQQQQQLLQQQRVDWPPKPFI 

80 90 100 110 120 .130 

.' .. 



Discussion 

The results of this investigation provide new 

information regarding specific components of the nuclear 

substructure. Specifically I with a newly raised immunological 

agent, we have identified, partially characterized and 

localized a previously unrecognized 51 kDa component of the 

nuclear pore co~plex. 

Immunofluorescent analyses ·of · isolated prenuclei and 

whole cells with the monoclonal antibody of. this study (mAb-1) 

allowed detection of a novel epitope as discrete foci on 

chromatid surfaces throughout the mitotic cycle which 

organized in a punctate pattern at the periphery of nearly 

formed (late telophase) and interphase nuclei. This 

distinctive speckled staining of the nuclear periphery with no 

intranuclear staining was similar to the immunofluorescent 

patterns described for the eleven recognized nuclear pore 

proteins p210 (Gerace et al., 1982), p62 (Davis and Blobel, 

1986), p45, p54, p58, plOD, pl80 (Snow et al., 1987), nup 153 

(Sukegawa and Blobel 1993), nup 155 (Radu et al.,1993) and nup 

214 (Kraemer et al., 1994). Others have observed a similar 

fluorescent pattern using monoclonal and polyclonal antibodies 

made to negatively charged mirror image peptides of nuclear 

localization signal sequences presumably to identify nuclear 

92 
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localization signal binding proteins (Yoneda et al., 1988, 

Goldfarb 1988, Li and Thomas 1989, Li et al., 1992). Though 

these similarities in staining at the nuclear periphery 

strongly suggested that the epitope detected by our mAb-1 was 

a nuclear envelope component of either the nuclear pore 

complex class or the nuclear · signal localization binding 

class, we observed a critical dissimilarity in behavior 

during mitosis. 

It has been previouly established that a number of 

peripheral nuclear proteins undergo reversible disassembly 

during mitosis coinciding with the disassembly and reformation 

of the nuclear envelope (Fry, i976). This behavior was 

observed initially with . components of the nuclear lamina. 

Through the use of synchronized chinese hamster ovary cultured 

cells and monoclonal antibodies to lamin proteins A, B, and C, 

investigators were able to determine the disposition of lamin 

proteins during cell division (Gerace et al., 1978, Gerace and 

Blobel 1980). Essentially, it was found that during prophase 

the nuclear lamina begins a gradual disassembly into the 

cytoplasm. By metaphase, antibody staining·with each of the 

anti-lamin protein antibodies was limited to the cytoplasm 

with no staining of chromatid surfaces. This e:xclusively 

cytoplasmic staining was maintained throughout anaphase and 

early telophase. However, during later stages of telophase at 

the time of cytokinesis, in addition to the strong cytoplasmic 

staining there was a slight detection of lamin proteins in 
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association with the nuclear envelope that became more 

pronounced as the chromosomes decondensed ·and nucleoli 

reappeared. Extensive studies with antibodies to recognized 
I 

nuclear pore proteins have ·shown that these proteins undergo 

similar behavior during mitosis (Snow e.t al. I 1987 I Forbes 

1992, Chaudhary and·Courvalirt i993). Specifically, nuclear 

pore antigens were lost from the nuclear surface during 

prophase resulting in a complete dispersal into the cytoplasm 

by prometaphase. This cytoplasmic localization was maintained 

throughout metaphase and early a~aphase~ Yet by late 

telophase there was a reassociation of nuclear pore antigens 

with chromosomal surfaces which was complete by late telophase 

and early G1. Using isolated chromatid configurations we were 

able to confirm the post metaphase findings observed in whole 

cells and consequently define, more precisely, the stages of 

reassembly of these nuclear proteins. Furthermore, studies 

with isolated prenuclei allowed us to contrast the 

characteristic mitotic distribution of these peripheral 

nuclear envelope associated structures with that of the 

peripheral epitope detected by mAb-1. As mentioned above and 

clearly established in this study, this novel epitope detected 

by mAb-1 remained firmly bound to chromosomal surfaces 

throughout mitosis 1 that is 1 there was no . evidence of a 

reversible·· disassembly of this protein during the mitotic 

cycle that would be analogous to t~ose changes u~dertaken by 

nuclear lamina and previously recognized nuclear pore complex 
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proteins, thus signifying a critical distinguishing 

characteristic of this newly detected protein from other 

peripheral nuclear envelope associated proteins. Isolated 

prenuclei also allowed. us t.o . contrast immunofluorescent 

patterns obtained with mAb-1 with those obtained with 

antibodies to Nuclear Localization Signal Binding Proteins 

{NLSBPs) . Previous studies by Li ~nd Thomas {1989 and 1992) 

using antibodies to· a 66 kDa nuclear localization signal 

?inding protein identified in human cells showed a whole cell 

staining pattern that was predominantly cytoplasmic 

particularly at those cytoplasmic structures surrounding the 

nucleus extending from microtubule organizing centers. In 

addition to this cytoplasmic stai~ing they found a weakly 

punctate staining pattern at the nuclear surface that became 

more prominent when the cells were grown to confluence. A 

personal communication in March of 1994 with John Thomas 

revealed that this 66 kDa NLSBP was later identified as Heat 

Shock protein 70. Commercially available antibody to Heat 

Shock protein 70 failed to elicit a staining pattern of any 

manner on isolated prenuclei, thus effectively distinguishing 

the newly detected epitope from Heat Shock 70 nuclear 

localization signal binding protein. 

BeGause of the bulky globular nature of the ·speckled 

epitope and the novelty of the isolation procedure, it was 

necessary to make a distinction between the epitope detected 

and cytoplasmic components, particularly actin. In addition 
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to its ubiquitous cytoplasmic presence in microfilaments, 

actin bundles have been shown to be a constituent of 

interphase nuclei and nuclea:r matrices (Jockasch et al. 1974, 

Nakayasu 1986) . Monoclonal and polyclonal antibodies. to 

various actin isoforms have allowed cytochemical localization 

of actin as globular aggregates on the surface of the nucleus. 

Specifically, this localization was detected primarily 

surrounding the nucleolar periphery (Milankov and DeBoni 

1993). Immunofluorescent analysis of whole cells and isolated 

prenuclei with anti-actin antibody as well as immunoblot 

analyses with mAb-1 against actin clearly differentiated the 

newly detected epitope from globular actin aggregates found in 

interphase nuclei. 

With regard to identification of specific polypeptide(s) 

associated with the epitope detected by mAb-1, immmunoblotting 

of nuclear preparations after one-dimensional SDS-PAGE 

separation yielded a prominent immunoreactive component with 

an apparent molecular mass of 51 kDa. Additional weakly 

staining polypeptide bands of lower molecular masses were 

detected that were · apparently not due to proteolytic 

degradation of a major polypepti?e as judged by the identical 

immunoreactive profiles of nuclear proteins obtained in the 

presence and absence of specific protease inhibitors. It is 

feasible that these faint bands suggest that mAb-1 recognizes 

epitopes common to a number of related proteins. Past studies 

indicate a tendency for cross-reactivity of immunological 
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agents directed to different nuclear proteins. Nakayasu and 

Be~ezney {1991) have shown that anti-lamin A and anti-lamin C 

antibodies each react with ·both lamins A. and C. This same 

study illustrated a trend of cross-reactivity of antibodies to 

individual nuclear matrix proteins. Specifically, cross

reactivity was found with antibodies to matrix proteins D and 

E and matrix proteins F and G. Still it is most likely that 

the minor bands detected by mAb-1 result from "excessive" 

epitope sensitivity which is often observed with monoclonal 

antibodies, especially those of the IgM class {Harlow and Lane 

1988). 

Subfractionation of the nucleus into domain specific 

components allowed further characterization of the 51 kDa 

polypeptide detected by mAb-1. Aaronsen and Blobel {1975) 

were the first to develop an isolation procedure to determine 

the protein 'composition of the nuclear pore complex. 

Digestion of the nucleus with DNase and RNase, and extraction 

with a variety of detergents ~esulted in an insoluble nuclear 

lamina-matrix aggregate containing nuclear pore components. 

Though the procedure was modified later {Dwyer and Blobel 

1976), it has been used to subsequently isolate.pore-lamina 

fractions as irnmunogens for production of monoclonal 

antibodies for a number of putative nuclear pore complex 

proteins. This modified procedure together with procE7dures for 

isolation of nucleoli {Maramatsu and Onishi 1978, Beyer et 

al., 1977) and nuclear matrices {Hodge et al., 1977) allowed 
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for subfractionation of the nucleus for comparative immunoblot 

analyses with our mAb-1, nuclear pore monoclonal antibody 414, 

anti-lamin B antibody, and anti-fibrillarin {nucleolar) 

antibody. The 51 kDa polypep.tide detected by mAb-1. was present 

in the same nuclear subfractions which yielded immunoreactive 

polypeptides recognized by anti-lamin B antibody and anti

nuclear pore complex antibody. These nuclear subfractions, 

specifically, were the nuclear pore complex-lamina and nuclear 

matrix fractions. The positive reaction of the peripherally 

located nuclear protein antibodies with the nuclear matrix 

fraction was not unexpected. It is generally accepted and 

well documented that the nuclear matrix, the structural 

framework of the nucleus composed of aqueous insoluble protein 

fibers, consist.s of the nuclear lamina, nuclear pore complexes 

and the internal ribonucleoprotein network {Berezney 1974, 

Fey et al. ·, 1991, and Hoffman 1993) . Furthermore, a review of 

nuclear.pore complex research {Forbes, 1992) suggests that use 

of the term nuclear pore complex-lamina fraction in previous 

research in this area is somewhat of a misnomer. Because of 

the virtual impossibility in 

complexes from the nuclear 

isolating the nuclear pore 

lamina; and the untenable 

connection of the lamina to the matrix, these fractions would 

be more appropriately referred to as nuclear pore complex

lamina-matrix fractions. 

Interestingly, among the four polypeptides detected by 

mAb-41.4 in nuclear subfractions one polypeptide ·was of a 
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calculated molecular weight identical to the singular 51 kDa 

polypeptide detected by mAb-1. It should be noted that the 

epitope for mAb.-.414 is a repeat sequence motif (XFXFG) found in 

a family of related nuclear pore complex proteins. 

Particularly-, , those post-translationally modified with N

acetylglucosamine (Wente et al·., 1992, Holt et al., 1987, 

Cordes et al., 1991, Berkely Antibody Co~pany 1993). Because 

of this, it is not uncommon to observe polyspecificity of this 

· monoclonal antibody with a number of proteins which have been 

judged to be nuclear pore components (Radu et al., 1993, 

Kraemer et al., 1994). Thus far mAb-414 recognizes several 

nuclear pore proteins in rat nuclei (Starr et al., 1990, Radu 

et al., 1993, Kraemer et al., 1994) in Xenopus nuclei (Akey 

and Goldfarb, 1989) and in yeast nuclei (Aris and Blobel, 

1989, Davis and Fink, 1990, Wente et al., 1992). Therefore, 

recognition of pSl by such a monoclonal which is polyspecific 

for nuclear pore complex proteins as well as isolation of this 

polypeptide by mAb-1 in the same nuclear subfractions which 

yield immunoreactive polypeptides - for mAb-414 strongly 

indicated that. pSl was, in fact, a nuclear pore complex 

component. 

High resolution immunomicroscopy with colloidal gold 

confirmed localization of the nuclear epitope detected by mAb-

1 to the nuclear pore region. Examination of· whole cells by 

electron microscopy revealed labeling by mAb-1 of the nuclear 

pore exclusively on the nucleoplasmic side as opposed to 
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labeling at each of the three regions of the nuclear pore seen 

in whole cells stained with the polyspecific ·nuclear pore 

protein mAb-414. This finding lends credence to the 

suggestion raised·after detection of nuclear pore·protein p180 

that some nuclear pore proteins may occur exclusively on 

either one or~the other side of the pore complex (Snow et al. 

1987) . The absence of colloidal gold in a number of nuclear 

pores i~unolabeled with mAb-1 and mAb-414 was expected, as 

others have obtained similar results (Radu et al., 1994, Grote 

et al., 1995) . In post-embedding immunolabeling it is not 

completely feasible to label every pore to the same extent, as 

exposure to antibody is dependent on the position of the 

antigen on the grid and whether or not this position allows 

access to antibody. Neverthe+ess,. there was a consistent 

pattern of labeling indicating specific antigen-antibody 

interactions were indeed occurring. High resolution 

microscopy also allowed clarification of the cytoplasmic 

epitope observed via immunofluorescence with mAb-1 in whole 

cells. Close examination of the cytoplasm stained with 

colloidal gold revealed dispersed clusters of label consistent 

with labeling of polyribosomes as well as. dispersed labeli:t?-g 

along the endoplasmic reticulum, thus suggesting that the 

observed reactivity of mAb-1 with the cytoplasm is due in part 

to detection of sites of protein synthesis of pSl and in part 

due to detect.ion of a cytoskeletal element(sJ. 
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p51 appears to be firmly bound to the nucleus as 

evidenced by its resistance to extraction by high molarity 

NaCl. Furthermore, it was also notable that the polypeptide 

was resistant to DNase and RNase digestion during the 

isolation of nuclear subfractions. This extraction profile, 

i.e. resistance to high salt and enzymatic degradation by 

nucleic acid specific enzymes, are considered typical 

characteristics of nuclear pore proteins {Finlay et al. , 

1991) , which we confirmed by obtaining like profiles with 

proteins detected by anti-nuclear pore protein monoclonal 414. 

Affinity purification allowed us to detect one 

post-translational modification of pSl, as well as make 

initial attempts at more ex~ensive characterization through N

terminal microsequencing. Immunoadsorption of sal-t extracted 

nuclei resulted in detection of 4 prominent bands by Coomasi~ 

blue stain. We were able to categorically disregard two 

predominantly sta~ning bands calculated at 65 and 25. kDa as 

heavy and light chain components of the IgM monoclonal mAb-1 

disassociated by solublization buffer eniployed.in SDS-PAGE. 

This deduction was confirmed after solubilization and 

separation by SDS-PAGE of an aliquot of the IgM yielded an 

identical profile of the same polypeptide {s) {Data not shown) . 

Furthermore,· subsequent immunoblots of the affinity purified 

fractions with mAb-1 did not yield detection of the 65 kDa or 

25 kDa p~)lypeptide. Thus it appeared that affinity 

purification with mAb-1 yielded the 51 kDa polypeptide and an 
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additional 82 kDa polypeptide. This additional polypeptide 

was unreactive with mAb-1 on immunoblots and thus probably 

appeared in the adsorbed samples because of a tight physical 

association with the 51 kDa protein~ It should be noted, 

however, that adsorption of this 82 kD~ polypeptide was not 

consistently seen with subsequent affinity purification 

preparations. 

Once it was clear-that isolation of the immunoreactive 

polypeptide was feasible, it. was determined that the 51 kDa 

polypeptide reacted with the lectin wheat germ agglutinin 

(WGA) . This positive reaction with WGA indicated that the 

polypeptide was post-translationally modified in some manner 

with N-acetylglucosmine. This finding was especially 

significant for it allowed categorization of the newly 

identified nuclear pore protein, p51, as a member of the WGA 

reactive class- of nuclear pore proteins. The class which, 

with the exception of p155, all heretofore recognized nuclear 

pore proteins or nucleoporins comprise. As stated previously, 

nuclear pore proteins modified with N-acetylglucosamine share 

repetitive sequence motifs which apparently account for the 

polyspecificity often observed with antibodies to these 

proteins. Determination through· WGA-reactivity of the 

association of N-acetylglucosamine with p51 is in agreement 

with the observed reactivity of p51 with the polyspecific mAb-

414. Further studies to determine the particular form of this 

glycosylation, specifically the manner in which 
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N-acetylglucosamine is linked would be informative. Previous 

studies by Holt et al. (1987) employed galactosyl ·-·transferase, 

an enzyme that t·ran'sfers galactose residues from UDP-galactose 

to terminal N-acetylglucosamine moieties, thereby identifying 

a distinctive 0-linkage of N-acetylglucosamine t·o the 

polypeptide backbone of some WGA-reactive nuclear pore complex 

proteins. It would be interesting to determine 'if this same 

linkage is found on the novel p51 nucleoporin as well. 

Initial efforts to further ·characterize p"S1 involved 

attempts at N-terminal microsequencing of the affinity 

purified polypeptide for amino acid content. Partial amino 

acid sequences obtained from p51 did not yield useful 

information about the polypeptide due to a 40% variability in 

amino acid identification. It is suspected that this observed 

variability was due to the presence of the N-acetylglucosamine 

residue(s) on the p51 polypeptide which could feasibly 

interfere with the acuity of the microsequencing procedure. 

In fact previous work by Patterson (1994) has demonstrated 
/ 

that some post-translational modifications could prove 

problematic when attempting amino acid sequence analysis. 

Furthermore, microsequencing of the non-glycosylated 82 kDa 

polypeptide, adsorbed by mAb-1 during affinity purification 

yielded a solid amino acid sequence for 20 residues with a 

variability of less than 10%. Treatment of p51 with specific 

glycosidases prior to microsequencing should determine th~ · 

extent to which glycosylation affects the ability to obtain a 
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definitive amino acid sequence of 20 or. more amino 1acid 

residues. In any event these efforts illustrate that 

microsequencing of p51 is feasible and once done successfully 

this analysis could potentially provide additional information 

about this newly identified protein. At present four of the 

recognized eleven vertebrate nuc·lear pore proteins along with 

several yeast nucleoporins have been molecularly 

characterized,. In vertebrates these are p62 (Cordes et al. 

1991)~, p153. (Sukegawa et. al. 1993) , p155 (Radu ~t al., 1993) 

and p214 (Kraemer et al. 1994) and in _yeast· these 

characterized yeast nucleoporins include NUP1 (Davis and Fink, 

1990), NSP1 (Nehrbass et al. 1990), NOP49, NUP100, NUP116 

(Wente et al.,, 1992). This characterization has allowed for 

identification of a degenerate XFXFG pentapeptide motif in 

p62, p153, p214, NSP1 and NUP1 and a GLFG tetrapeptide motif 

in NUP49, NUP100, and NUP116. Moreover, molecular 

characterization allowed investigators to determine the 

absence of a like motif in the non WGA-reactive nuclear pore 

protein p155. Complete microsequencing could potentially 

allow for comparative analysis to determine if p51 contaip.s an 

amino acid motif found in other nuclear pore proteins. Still, 
\, 

in addition to similarities between nucleoporins, other 

important information could be obtained from microsequencing. 

Studies by Kraemer et. al. (1994) identifying nuclear pore 

protein p214 found through comparative sequence ana~ysis that 

this nucleoporin was in fact a human oncogene product, the 
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human CAN protein. Although this protein had been identified 

earlier (VonLindern et al. 1992) , its subcellular localization 

had not been clearly established! Identification of p214 as 

a cytoplasmically placed pore complex component resolved this 

·issue. Once adequate microsequencing information is 

available, homology searches through computer data bases can 

be made to determine whether or not there ·exists any like 

similarity between pSl ·and other critical cellular prqteins. 

Finally, microsequencing will allow further exploration of any 

potential relationship between p51 and the additional 82 kDa 

polypeptide adsorbed by mAb-1 during affinity purification as 

well as determine the significance of this additional 

polypeptide to . nuclear pore complex structure. . In this 

regard, the search using the N-terminal sequences of the 82 

kDa protein is of considerable interest. Although no identity 

was found, it is clear that similar sequences are found 

commonly in proteins which interact with DNA. 

Identification of p51 as a nuclear pore complex component 

that remains associated with chromatid structure throughout 

mitosis is a significant finding. Prior to these findings 

none of the previously identified vertebrate, yeast, or 

amphibian nucleoporins exhibited an association with 

chromosomes throughout the mitotic cycle. However, previous 

studies by Maul (1977) demonstrated by high resolution 

electron microscopy of human melanoma cells some remnants of 

the pore complex, particularly nonmembranous structures 
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consisting of the larger ring structures and other radiating 

fibrous structures; continuously associated with chromosome 

surfaces from prometaphase ·through telophase. Furthermore, 

earlier studies by Maul et al. I (1972) using HeLa cells 

indicated that daughter cells at Gl had the same combined pore 

number as the parent cell before division. These studies in 

conjunction with the electron microscopic observations 

strongly suggested that there was a reassembly of pore 

complexes at the end of mitosis as opposed to synthesis of new 

pore components. Further studies with mouse L cells and the 

protein synthesis inhibitor cycloheximide (Maul 1977) 

demonstrated that the number of protein complexes formed after 

mitosis remained the same in the presence and absence of 

protein synthesis, thus indicating that pore complex 

reassembly· as o~posed to new pore complex synthesis was 

occurring. Furthermore, Maul was unable to detect 

distinguishable differences between the pore complexes formed 

in the presence of protein synthesis arid those ·formed in the 

absence of protein synthesis. The 51 kDa ·nuclear pore compleJ:C 

component identi'fied and characterized in this st:udy may 

indeed be a component of those nuclear pore complex structures 

that remain associated with chromosomes that are thought to be 

responsible for the rapid reformation of pores shortly after 

mitosis. Because of the exclusively nucleoplasmic 

localization by immunoelectronmicroscopy, it is our hypothesis 

that p51 is a component of the external nucleoplasmic ring' 
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and/or a component of the basket like structure of filaments 

that extend from the nucleoplasmic ring of the pore. The 

additional 82 kDa polypeptide adsorbed by mAb-1 during 

affinity purification which we believe to be structurally 

associated with p51, WO'uld be another putative component of 

the external nucleoplasmic pore·. structure.s. However, while 

p51 would be considered as an integral component of the 

nucleoplasmic ring and/or nucleoplasmic basket, p82 would 

serve as a means for anchoring the·pS1 associated structures 

to the chromatin, thereby maintaining association of p51 with 

chromosomes during mitosis. A schematic· diagram of our 

proposed concept is seen in Figure 27. Future studies with 

mAb-1 could allow further characte~ization and definition of 

function for p51, specifically immunodepletion analyses with 

nuclear reconstitution assays to determine if p51 is a 

critical anchoring component necessary for reassembly of 

nuclear pore complexes at the end of mitosis. 



Figure 27. Nuclear Pore Schematic Swnmarizing A Working Hmothesis 

A 51 kDa nuclear protein has been detected. It is a nuclear 

pore or pore-associated protein for three reasons. 

1.) Immunofluorescence locates· it in a punctate pattern at the 

nuclear periphery. 2.) Nuclear salt. fractionation demonstrates it· 

co-isolates with nuclear pore ·proteins. and 3.)" A known nuclear 

pore antibody recognizes it. Ultrastruc"tural localization with

imrnunogold places .more precisely the 51 kDa protein about or around 

the nucleoplasmic base of individual pores. Co-imrnuneabsorption 

with an 82 kDa protein-suggests that the 51 kDa protein could be a 

dimer. The 82 kDa component with putative DNA interacting capaci.ty 

would be expected to interact with and/or organize chromatin about 

the base of the pore. 

NE-nuclear envelope, ~-perinuclear space, Q-cytoplasmic pore 

region, ~-lumenal pore region, n-nucleoplasmic pore region. 
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Summary 

Efforts to analyze nuclear substructure with an original 

monoclonal antibody raised in response to isolated ·mitotic 

pr·enuclei has resulted in the identification and 

characterization of a novel 51 kDa .component of the nuclear 

pore ·complex.. In keeping with previously proposed 

nomenclature, it would be appropriate to term this protein 

nup51 (nucleo~orin of 51 kDa) . High resolution 

immunomicroscopy allowed definitive localization of this 

component to the nucleoplasmic margin of the pore. 

Furthermore, this 51 kDa component recognized by the 

monoclonal antibody ·of this study also reacted with a 

monoclonal antibody polyspecific for nuclear pore proteins. 

Through extensive immunofluorescent .analyses it was determined 

that nup51 remained associated with chromatid surfaces during 

mitosis. This mitotic distribution of nup51 is unique from 

that described for the eleven previously identified nuclear 

pore proteins. As previously established, and illustrated 

more precisely in this study with isolated prenuclei, 

previously recognized nuclear pore proteins disassemble from 

the nuclear envelope into the cytoplasm at the advent of 

mitosis and reassemble at the periphery of nearly formed 

nuclei at the end of the mitotic cycle. Still, · earlier 

109 
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electron microscopic evidence indicated that some external 

ring components of the nuclear pore complex are associated 

with chromosomes during mitosis and are thereby, responsible 

for the rapid reassembly of pores following mitosis. These 

studies indicate that nup51 is ·a component of these external 

nucleoplasmic nuclear pore structures. Biochemical 

characterization revealed nup51 exhibits an extraction profile 

typical of nuclear pore. proteins, resistance to high salt and 

enzymatic digestion by RNases and DNases. Moreover, a positive 

reaction with WGA indicated that nup51 is modified with N

acetylglucosamine and can thus be classified as a WGA-reactive 

class nuclear pore protein. Affinity purification of nup51 

with the monoclonal of this study resulted in·adsorption of an 

additional 82 kDa polypeptide which we hypothesize is involved 

in a protein-protein association with nup51. Initial efforts 

at microsequencing ha~ been undertaken to explore this 

association further as well as to allow more extensive 

characterization of nup51. 
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