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ABSTRACT 

The process of nuclear ass~m~ly following metaphase in HeLa 

S3 has been shown to proceed in a serie~ ~f sequential st~ps (Welter 

et al., 1985). Each step is characterized -by a stage specific arrangement 

and orientation of chromatids to form anaphase and telophase chromatid 

configurations (Welter et al., 1985). To determine wh~ther the chromatid 
I • 

alignment and orientation observed in He La S3· is typical of mamm_alian 

cells in general, late mitotic configurations of HeLa S3 (a near triploid 

human cell line) were compared and contrasted to those of the Indian 

muntjac (a cell line with only seven chromosomes) and LN (a human 

primary cell line) with scanning electron microscopy (SEM). 

All three cell lines ~xhibit stage specific tnitoti,c ·configurations 

when visualized with SEM following acid isolation. While chromatid 

alignment and orientat~on within an anaphase or te_lophase configuration 

are consistent within a cell line, differences in chromatid alignment 

and orientation occur between cell lines. At metaphase, the chromatids 

of all three cell lines are arranged into a radial array around the· centro

meric ring, with the larger chromatids located peripherally and the 

smaller chromatids in the center of the array. ·At anaphase, differences 

in chromatid alignment and orientation are obseryeci between the "cell 

lines. In early anaphase He La S3, many of the peripheral chromatids 

· are directed toward· the spindle pole, with the remaining telomeres 

of the peripheral chromatids directed toward the equatorial plane (Welter 

et al., 1985). In Indian muntjac anaphases, the centromeres, interconnected 
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by a structural element, the centromeric ring, lead toward the spindle 

-pole while the telomeres of all ch,romatids except y 2 are directed toward 

the equatorial plane. The anaphase orientation of chromatids obser-ved 
- ·-

in LN exhibited an orientation intermediate between that ·of Indian 

m-untjac and HeLa 83. HeLa S3 is a heteroploid (near triploid) cell line 

with > 65 chromosomes, several of which have been rearranged. The 

anaphase alignment and orientation of c.hromatids observed in the Indian 

muntjac and: LN. (both diploid) suggest that the alignment and orientation 

of He La 83: anaphase chromatids is the result of crowding the additional 

chromatids into the centromeric ring. 

Isolation of HeLa S3 mitotic chromatid configuration's with detergent 

followed by fixation in Karnovsky's solution and observation with scanning 

electron microscopy, indicates that the anaphase alignment and orientation 

is not an.artifact produced by the acid isolation procedure of Welter 

and Hodge ( 1985). However·. imm u~ofluorescence studies indicate that 

the acid, isolation does produce changes in the -molecular nature of the 

configurations. 

· A fibrous network of interconnecting fibers found on the· sur-face 

and betweenadjacent chromatids, appears to function toorganize the 

chromatids into the stage specific mitotic configurations and to stabilize 

the configurations during mitosis. High resolution ~EM of the fibrous 

network indicates that the inte-rconnecting fibers seen during late mitosis 

are actually chromatin. The f-ibrous network of the periphery of telophase 

and interphase nuclei is resistant to DNase· digestion. Non-histone chromosomal 

proteins may be complexed to the peripheral fibrous network, protecting 
( 
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the fibrous network from DNase digestion. Since the lamin proteins 

repolymerize around telophase configurations and ate observed in acid 

isolated nuclei on the basis· of immunofluorescence and immunoblot ) . 

analysis, the lamin proteins are complexe'd with the peripheral chromatin 

although a morphologically distinct nuclear lamina is not observable 

, with SEM following acid isolation. 

A model is proposed in which the interconnecting fibers function 

to bind the chromatids together, maintaining chromatid orientation 

and alignment and, _in conjunction with the lam in proteins, provide the 

skeletal framework of the nuclear membrane and pore complexes. 
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INTRODUCTION 

A. Review of Related Literature 

Chromosom~s have long been regarded as inactive participants of 

mitosis, with research being co~cent.rabed on the spip.dle apparatus and 

mechanism(s) of ·chromosome movement (for review see: Inoue, 1981; 

· Pickett-Heaps et at; 1982) .. studies on the spindle apparatus have shown 

that chromosomes· are ~ttached to the sphidle at metaphase and with 
. . 

the separation of .sister chromatidf), are ·pushed and/or pulled to the.opposite 

poles at anaphase. ~t telophase, the nU:clear envelope forms around the 

decondensing· chromosomes, estabiishing the progeny nucleus (Alberts 

et al., 1983). 

The. pro.cess of nuclea-r formation from late mitotic chromatids has 

received little attention, although numerous observations with light and 
. . 

transmission electron microscopy have indicated that nuclear· assembly 

proceeds i.n a series of steps which involvechromosome decond~~sat.io~ . 

and nuclear envelope formation (Robbins and Gonatas, 1964; Erlandson 

and de Harven, 197l; Simmons et al., 19.73). Even less is kn.own. a]:)out 

the process of nuclear ass~mbly at the molecular level, but studies are 

now appearing which utilize antibodies to nuclear proteins to study the 

changes in distribution of ·specific nuclear antigens throughout the cell 

cycle. Only one study (van Ness and Pettijohn, 1983) has correlated the. 

distribution of a particular protein to the process of nuclear assepbly 

following· metaphase. 

A model.has been proposed by van Ness and Pettijohn (1983) in·which 
. ,. . -

a nuclear-mitotic apparatus protein provides a structural basis for linking 
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telophase chromosomes: to the· spindle poles· where nuclear asssembly occurs-. 

The nuclear-mitotic apparatus protein (300 .kD) is attached to metaphase 

and anaphase chromsomes and with the. movement of anaphase chromatids 

to the spindle pole, binds the anaphase chromatids to the spindle pole. 
\ 

· Then, at telophase~ with the chromosomes bound to the spindle pole, nuclear 

reconstruction occurs. This model is based .upon immunofluorescence 

observatio.ns (van Ness ~nd Pettijohn, 1983) which s.uggest that the nuclear.,. 

m-itotic apparatus protein has specific sites of attachment on both metaphase 

and anaphase chromosomes and the mitotic spindle poles. At metaphas.e 

.and anaphase, tpe 300 kD protein is attached ~o the chromosomes. Howev~r, 

extended incubation with the antibody to the 300 kD protein results in· 

a shif~ of the protein from the metaphase and anaphas.e chromosomes 
. - . 

to the. spindle poles •. This .protein shift, seen with metaphase. and anaphase 

chromosomes, is not seen with telophase chromosomes~ pre~umably because 

the telophase chromosomes with the 300 kD protein attached, are at the 

. spindle poles. The ·binding qf the antibody to the 300 kD protein causes 

the protein to be released from the chromosomes and th~ protein is. subsequently 

bound to the spindl~ pole. The shift of the protein from the chromosomes 

to the spindle pole is observed only,..with prolonged incubation of the antibody. 

Obviously, other steps are involved in the proc~ss of nuclear assembly, 

and som~ of these steps may involve the proteins forming the nuclear 

dense lamina. The dense lamina is composed of three polyp,eptides; lamin 

A (70 "kD), lamin B (67 kD) and lam in C (60 kD) (Gerace and Blobel, 1980). 

During interphase, ~he lam ins are located at the nuclear periphery, between 

the nuclear membrane and the peripheral chromatin .(Gerace et al., 1978). 
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Lamin B is intimately associated with the nuclear membrane and may 
. . 

. - . . ' 

even be an intrinsic .mem.brane pr;ete.inbased 'on soluability studies (Gerace 
. . 

and Blobel, 1980; Lebel and Raymond/1984). ~amin A (Hancock and Boulikas, 

1982) and lamin C (Maul,person. commun.) are tightly bound to DNA. 

Due to their perinuclear distribution and their association with the nuclear 

membrane and the DNA, the lamins may provide skeletal support fo'r the· 

m,1cleus and may even be involved in the ultrastructural organization of 

the interphase chromatin. 

At mitosis, the lamina is .depolym·eriz.ed and miigrates to the cytoplasm 

·(Ge.race and Blob~h 1980). The depolyrnerization is reversible and may· 

be brought about by the. inctease in phosphorylation of the proteins. Dephos

. phorylation ot the lam ins occurs at telophase, and the lam ins reassociate 

·with the nuclear periphery (9erace ancl Bl.obe~, 1980). It is not known·. 

if the lamins direct the assembly of the nuclear .membrane or if they play 

ap active role in organizing the chromosomes into a ftinctiona,l interph~se 

nucleus. 

In addition to specific proteins, recent investigations indicate that 

the chromosomes themselves ~ay take an active role in nucl~ar assem'biy. 

Scanning electron microscopy (SEM) can. be used to visu~lize the natural 

arra:ngement of chromos~mes in a c~ll (Laane et· al.; 1977; Heneen, 1981,; _ 

Whallon, 1983). Wel~er et al. (1985) have applied the SEM to study the 

three-,.dimensional.architecture of mitotic chfomos~mes in HeLa S3. Welter 

et al. (1985) have observed with SEM, that the chromosomes are organized 

into isola table chromatid configurations. The- analysis of these chromatid 

configurations has indicated that the process-of nuclear assembly (following 
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metaphase)· proceeds in. a s·eries of sequeritial steps. These sequential 

steps include the initial peripheral binding of chromatids by interconnecting 

fibers to form an open-ended hollow, cyHndrical· structure, followed by 

structural rearrange-ments to form ~ closed, hollow, sphere-like structure;_ 

and lastly, internal and external rearrangement to _for·m a functional interphase 

structure. 

In a classical description of the metaphase plate, the ·chromosomes 

are arranged such that the centiom.eres are all in one plane, with the 

long axis of the chromosomes oriented at right angles to the spindle apparatus · 

·(Alberts et al., 1983). The size of the chromosome is important in determining 
' . 

its po$ition on t.he metaphase plate (Juricek, l975). The metaphase chromoso-mes· 

are radially arranged, with the smaller chromosome~ ~eing -located in 

the center of the array, and the larger chromosomes located peripherally. 

SEM analysis of the metaphase plate in HeLa S3 (Welter et al., 1985) 
. . 

shows that the chromosomes are radially arranged. The central concave 

area of _the plate is C?Ccupied by the smaller chromosome·s. The centrotneres 
. . . . 

of the peripheral chromosomes ~re concentrically arranged. and interconnected 

by a fibrous network, forming a- "centromeric ring". The chromatids of 
• ·, J • • • '. 

these configurations are. composed of looping fibers (. 45 nm diameter), 

and are interconnected only at the centrotneres. The centromeric intercon--. 

necting fibers are also 45 nm in diameter and .are of unknown origin (Welter 

et al., 1985). 
. . . 

. . 

Three-dimensional-visualization of HeLa 83 an~phase chromatid ·configurations 
• 1 • ' 

shows a complex alignment of chromatids that form a chamber-like structure 
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which has one end open~ The walls of _the chamber are fo~m-ed by a double 

concentdcOlayer .of peripheral chromatids (long and short arms are folded

back together). The base, or closed erld :of the chamber, is composed 

of laterally fused chromatids of t?e smaller chromosom~s. In addition_ 

to the "centromertc ring", interconnecting fibers connect adjacent chromatids 

along their lateral length._ Early anaphase configurations_ show chromatid_ 

odentation to be contrary -to the current view of RabrorJen-tation (Cremer 

et al., 1982) with regar.d to centriole position. In He La ·s3, during early 
- - ' 

anaphase-the peripheral chtomatids·ar.e oriented s1,1ch that·tne telomeres 
I 

point away from the equatorial plane. The remaining chromatids form 
. - . . . . . . . 

the lateral wall or trail behind the centromeres, as typically s~en with 

light microscopy (Welter et al., 1985). It is not known whether the chromatid 
. - -

. - . . . 

orientation -ob.served in HeLa S3 is unique to these cells, or is representative 

of mammalian· ceils in general. 

Outing late anaphase-early telophase transition, the chromatids begin_ 

to decondense. The chromatid configuration is entirely bound by a fibrous 

network, giving the surface of the configurations a smooth,- interwoven. 

appearance. An indentation appears in the telophase configurations and 

tepr'esent~ -the position of the smaller chromosomes, _bounded by the "centromeric 
. '. . '. . . . . . .. 

ring". During telophase, surface detail continues to be reduced because 

of the increase in the density of the fibrous_network, until individual chromatids 

are no longer dist-in·guishable. The indentation, which represents the opening 

to the chamber seen in anaphase, disappears and the surface topography 

resembles an interphase nucleus (Welter et al., 1985). 
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With SEM, the chromatids in I)litotic configurations are observed to 
. . . 

be interconnected by a fi?rous net~ork. This network, first seen at metaphase 

as a few fibers interconnecting the cehtrorneric regions of adjacent chromatids, 

progressively extends along the length of ~he chromatids during anaphase, 

and by late telophase, has. t~vered the ehtirt9 surface Qf the configuration 

(Welter et al., 1985). Thes.e intercon~ecting fibers appear to hold. the 

. chromatids together· during. mitosis, and could conceivably result in m~intaining · 

chromosome position· during mitosis. The fibers are 45 nm in diameter · 

and are. not morphologically distinguishable from chromatin loops.. These 

fibers may represe~t chromatin loops or, alternatively, could represent 

residual nuclear proteins e~sential to, the skeletal framework of the nucleus 

(i.e. nuclear matrix· components). 

B. Specific Aims of Research· 

I. To. determine whether chromatid alignment and .orientation observed 

in the HeLa S3, a human heteroploid cell line, is typical of mammalian 

cells in general by comparing and contrasting late mitotic configurations 

in Hela S3 with the Indian .muntjac, which represents a simplified mammalian 

cell li~e, and LN, which represents a human primary ceU line. : 

II. To ~etermine wh.ether the differences in \chromatid alignment in mitotic 
~- ' •••• ~ -- -· -· - • = ........ , ..... 

chromatid configu(t'ations observed. in HeLa S3 are artifacts produced 

by acid isolation. '· . 
. . 

III. To determine the relationship between th.e, 45 nm diameter fiber of 

the fibrous network observed with SEM in analysis of late mitotic configura-

tions to tne chromatin looping fiber and peripheral components of the 

nuclear matrix during the process of nuclear assembly following metaphas·e. 



MATERIALS AND METHOI;>S 

Cell.Culture and Synchronization: 

HeLa S3 is a human cell line derived fro.m uterine carcinoma cells, 
. . (. ' 

with a modal chl'omqsome nu.mber.of 6S .. The cells were maintained 

at 37°C in suspension culture in Eagle's miilim~l medium sup_plemented 

with 7% calf serum and 2 mM L-glutamine. Mitotic cells ·were obtained 

by selective detachment following a double thymidine block (Sirnmons 

et al., 1973). Cells were arrested inS phase by two 14 hour exposure$ 

to 2.0 mM thymidine •. The yield from 32 Blake bottles ":'as 6-8· x.lo7 

. cells with a metaphase _i~dex ranging between 88 and 95%. Anaphase· 

·. and telophase cells were obtained by incubating metaphase cells an 

additional 30 minutes at .)7°C. 

7 

Indian muntjac is an established cell line obtained from the American 

Type Culture Collection (Rockvile, Maryland), and derived from a skin· 

. biopsy from a male muntjac. The diploid chromosome nu.mber for the 

male Indian Iiluntjac is seven. The cells were grown as monolayers 

in 75 em 2 Falcon fl~sks at J7°C in Ham's. F-12 medium supplemented 

with iOOJo fetal calf serum and 2.0 mM L-glutamine. · LN is a primary 

cell line .(2n=46) derived from a human fetus, obtained.from Dr. Jay 

Tischfield (Medical College of Georgia, Augusta, GA). LN cells were 

grown i~ monolayers as d~scribed fo~ Indian muntjac. ~itotic cells 

were obtained by ·selective detachm.ent from cells in logarithmic growt-h 

phase. The yield from ~en 75 em 2 Falcon flasks was 5-7 x to5cells 

with a metaphase index ranging from 40 to 53% and 3 to SOfo anaphases 

and telophases. 



A growtp curve was prepared for Indian muntjac and LN .cells 

to determine· the days of i:naxim.um growth rate~ 5 :x: 104 cells (Indian· 
' . ) .· 

muntjac) or.l x 105 cells (LN), wer~ pfate(i in each of twelve 25 em 2 

flasks and maintained as·described above. At 24 hour intervals, two 

flask were taken at random, cells were removed from the flasks and 

a .cell count was obtained. Results we·re plotted on graph paper using 

·time as the X-axis and Iiumberof cells/flask as the·Y-axis. Generation· 

time (g) is the time .it takes for the population to double. For Indian.,,. 

mun.tjac, g = 24 hours with _day two (48 -hours) as the day of most ~apid 

growth (Fig. 1). LN has a generation time of 24 hours with day two 

as the day of most rapid growth (Fig. 2). 

A cell cycle analysis of Indian muntjac was cond:ucted to determine 

the length of Gz and S phases, as well as total' cell cycle time. These 

times are necessary for determining length of a thymidine pulse for 

synchronization. 22 mm circular coverglasses were placed in the bottom 

of each of 26 Petri dishes.' The dishes were seeded with 5 X l o5 asyn-

chr?nous cells and cultured as described above for 24 hours. On day 

8 

2 (day· of most rapid growth),.cells received a 15 minute pulse of ·3 H-methyl 
' . . . . . . . 

thymidine (65 Ci/mM) at ti~e zero. At the end of the pUlse, cells were 

washed in medium to remove the radioisotope, and incubated in fresh 

media without the/ radioisotope. · Co_verglasses were tak~n every two 

-hours for 24 hours, rinsed in deionized water and fixed in methanol:glacial 

·. acetic acid (3:1, v/v) .for 15 minutes, then air dried. Coverglasses were. 
' ' 

attached, to slide surface (tell side up) with permount and prepared · 

for autoradiography. Coverglasses were coated with photographic emulsion 
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Figure 1. Growth curve for Indian iriuntjac cells. The growth curve was 

generated by obtaining cell counts from two flasks taken at random for 

each time interval. All flasks were Jnitially seeded with 5 x 1 o4 · cells. 

The generation time is the time it takes for the population to double~ 

The shortest generation time (g) is indicative of the fastest growth rate. 

In Indian muntjac,. day two (48 hours) is the day of most rapid growth. 

Therefore, on day two of culture, the maximum number of dividing cells 

in relation to the number of interphase cells, can be obtained. The average 

generation time was 24 hours. 
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Figure 2. Growth curve for LN cells. The growth curve was generated 

by obtaining cell counts from two flas,ks taken at random for each time 

interval. All flasks were initially seeded with 1 x 105 cells. The generation 

time is the time it takes for the population to douple, and for LN is 24 

hours. lh. LN cells, day two (48 hours) is the day of most rapid growth. 

On day two in cult_ure, the~ ratio of dividing cells to interphase cells would 

be maximum. 
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Figure 3. Cell cycle analysis for Indian muntjac cells. Cells on day two 

of culture received a 15 minute pulse with 3 H-methylthymidine, and proces-

sed for autoradiography at two hour intervals. One hundred metaphase 

figures at each time period were counted .and classified as labeled or 

non-labeled. The interval between time zero and the time wh.en 50% 

of the metaphases. are labeled (star), represents an es~imate of Gz (3.8 · 

. hours). The interval between time zero and the time when the peak 

metaphase grain counts decrease (circle) corresponds to S (1 0.9 hours). 

Total cell ,~ycle time is calculated ·as the interval between time zero and 

the second increase in grain density. Since the total cell cycle is 19 hours, 
I_. 

G1 + M = 4.3 hours. 



and in~ubated in the Q.ark at 4°C for 7 - 10 days. Silver grains were 

developed in D-19. With light microscopy, 100 mitotic figures were 

counted for each time period and scored as labeled or unlabeled and 

plotted on a graph. With a total cell cycle time of 19 hours, S is 10.9 

hours, G2 is 3.8 hours and G 1 + M is 4.3 hours (Fig. 3). 

Is.olation of Mitotic Chromatid Configurations: 

Acid Isolation: 

Mitotic configurations were acid isolated following the technique 

of Welter and Hodge (1985). Mitotic cells (1 x 107) were washed once 

in 75mM KCl and fixed in methanol:glacial acetic acid (3: 1; v:v) for 

24 hours. The cells were washed three ··times in. fresh fixative- and a 

12 

drop of th~ cell suspension -was placed on a #2, 22 mm diamet_er coverglass 

and immer.sed for 2 seconds in 50% glacial. acetic acid at 102°C.· The· 

coverglass, containing isolated nuclei and mitotic chromatid configura

. tions was placed in 50% ethanol (27°C). Nuclei and mitotic chromatid 

configurations were also batch-isolated by adding 2.0 ml of 50% glacial 

acetic acid (102°C) dir~ctly to the cell suspension (1 x 107 cells) for 

5 seconds, followed by 4 ml of methanol (-15°C) or 4°C phosphate buffered 

saline (10 mM sodium phosphate, 0.9% sodium chloride, pH 7 .5). 

Detergent Isolation: 

Mitotic configurations were detergent isolated following the. te.chnique 

of Paulson (1982). M.itotic cells were washed in 0.9% NaCl and suspended 

at 107 cells/ml in lysis solution (10 ~M Hepes, pH 7.2, 10 mM NaCl,· 

5 mM MgCl2, 0.5 M sucrose, and 0.1% Nonidet P-40). The suspension 

was Dounce homogenized and layered over ·a sucrose cushion (10 mM 



Hepes, pH 7.2, 10 mM NciCI, 5 m.M MgCl2, ·0.1% NP-40, 1.2 M sucrose) .. 

The mitotic chromatid configurations were pelleted by centrifugation 

at 250 x g for 10 minutes. Isolated nucief and mitotic chromatid config.,. 

urations were washed two times in isolation buffer (10 _mM Hepes, pH 

7.2, 10 mM NaCl, 5 mM MgClz). 

Scanning Electron Microscopy (SEM): 
) 

Methanol: glacial acetic acid preparations on cover glasses were 

processed through a graded series (60-70~80-90-100-100) of ethanol 

followed by two washes in absolute acetone. Batch-treated methanol: 

glacial acetic acid preparations were also ~ehydrated through'. a graded 

13 

ethanol series .. Detergent isolated preparations were fixed for 30 minutes 

at 4°C in Karnovskx's (1:965) solution (~%. paraformaldehyde/4% glutaraldehyde) 

or met.hanoi:glacial acetic acid (3:1;· v:v) then dehydrated through a 
graded ethanol series. After· the last··ethanol step, a drop of the suspen .. ~ion 

was placed'on a Nucleopore,filter (0.2 pm pore size, Nucleopore Corp. 

CA). 

Specfmens were crltical point dried ·in a Samdri-790 accordin-g 

to standard procedure using liquid 'Carb<?n dioxide. The coverglass or 

filter was mounted on an aluminium stub with silver paint. Specimens 

were coated with 5-6 n~ gold/palladium with a Technic~ Hummer Sputter 

Coater (Daskal et al.-, 1976). Specimens-· were examined and-photog-rap-hed ---.- . 

with an AMR~IOOOA scanning electron microscope operating at30 KeV. 

Structures were photographed on Polaroid type 55 P /N film. 



Morphometric De terminations: 

Morphometric data were obtained using the Steriomettic Measurement 

and Analysis program (Scientific Microprograms, Raleigh, NC) on an 

Apple II computer. Maximum diameter was determined for metaphase, 

anaphase and telophase chromatid configurations as well as for G 1 nuclei. 

The particle measurement syste~ that is a COI?ponent of the Alphanumeric 

Display.of the scanning electron microscope was used to deter.mine 

ma:ximu~ diameter. of detergent isolated HeLa S3 mitotic configurations _ 

and morphometry of the intern~! chamber of anaphase configurations. 

Transmission Electron }4icroscopy (TEM).: 

Whole cells (1-5 x 106) or acid isolated nuclei (from 1 x 107 cells)" 

were washed twice in phosphate buffered saline (PBS), pH 7 .2. ·They 

were fixed in either parafo.rmaldehhyde/glutataldehyde (4°/o paraformalde

hyde, 5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.5; Karnovsky, 

19.65) or in 4% glutaraldehyde in phosphate buffer for' 45 minutes at 

4°C. Fixed cells \vere washed twice in phosphate buffer (PB), pH 7 .5, 

and dehydrated in a graded ethanol se~ies. After. two 15 minute washes 

in propylene oxide, the cell or nuclear pellet was transferred to a beam 

capsule. The pellet remained in araldite 6005/DDSA:propylene oxide 

(1: 1; v:v) tor overnight. ,The pellet was transferred to araldite/DDSA:propylene 

oxide (3:1; v:v) for 6 to 8 hours. The pellet was embedded in araldite·-

6005/DDSA-BDMA for 24 hours at 48°C. The embedded cells or nuclei 

were cut using glass knives and silver to gold sections were mounted 

on nickel grids. The grids were either immunoreacted as descr-ibed 

below, or post-fixed with 4% Os04. Nuclear morphology was enhanced 



by staining with 5% uranyl acetate for 10" minutes followed by lead 

cirate (0.4% NaOH, 0.4% l~ad citrate in distilled water) for 5 minutes 

(Venable and Coggeshall, 1965). The grids were exami~ed and photographs 
. . 

were-taken using a Phillips 400 transmission electron microscope operating 

at 80 KeV. 

Determination of Antibody Dilution! 

The highest dilution of antiserum which allows d~tection of the 

antigen is considered to be the optimal dilution. The Vectastain Immunoblot 

Kit includes the secondary antibody (goat· antt~mouse IgM) whose dilution 

has been pre-determined. Th~refore, only the primary antibody (mouse 

anti-lam in) dilution must be determined for immunoblot analysis •. The 

dilution of the primary /antibody was determined by dot blotting a known 

concentration of the antigen on nitrocellulose ·and reaction of the dot 

blots with serial dilutions of the prim,ary antibody. That dilution which 

prov:ides the maxim"um reaction with minimum background is the optimal 

dilution for the specified antigen concentratio~. ·The optimal dilution 

of the J9 antibody to lamins A and C for immunoblot analysis was 1:50 

(G. Maul, person. commun.) •. 

With immunofluorescence and immunogold TEM, both primary 

(mouse.~nti..:lamin or human anti-histone) and secondary antibody dilutions, 

must 'bedetermined. 'bptil!lal dilutions are determined by adding serhil 

dilutions of the pri~ary antib.ody to identical cell preparations, which 

are subsequently reacted with serial dilu~tions of the secondary antibody. 

At least one of the dilution combinations should provide maximum immuno

fluorescence with minimum background fluorescence. The optimal 

. ) 
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dilution of antibody to histone was 1:10 when reacted with FITC conjugated 

goat anti-human IgG at 1:25. J9 antibody to lamins A a11:d C gave best 

results when''diluted 1:10 with a 1:200 dilution of the FITC conjugated 

goat anti-mouse IgM. 

Immunoelectron Microscopy: 

The ·immunogold technique of Clevenger and Epstein (1984) was 

used for im·munoelectron ·microscopy. The grids were etched by flotation 

on·10% hydrogen peroxide for 10 minutes. The grids were rinsed in 

a jet stream of distilled water and incubated in a 1:100 dilution of normal 

goat serum (NGS) in PBS, pH 7 .5, for 3 minutes to block nonspecific 

binding.· The grids were incubated for up to 48 hours with the pri~ary 

antibody (mouse IgM anti-lamin; mouse Ig.M anti-nuclear envelope; or 

hum.an IgG anti-histone). After incubation with the primary antibody, 

the grids were rinsed in a jet stream of ·pBs, pH 7.5, and blocked again 

with a 1:100 dilution of NGS. The grids were incubated with a 1:2 dilution 

df secondary antibody (either goat anti-human IgG or goat anti-mouse 

IgM) conjugated to colloidal gold (40 nm or 15 nm, respectively; Janssen 

Pharmaceuticals, Beerse, Belgium), for 10 minutes. The grids were 

rinsed in distilled water and the immunogold stain was fixed with 4% 

Os04 for 10 ~inutes. The grids were rinsed in distilled water and stained 

with uranyl acetate-lead citrate, as described above. 

Preparation of Nuclear Fractions: 

Nuclear Matrix: 
. . 

Nuclear matrices (nucleic acid depleted frameworks) were prepared 

according to the procedure .of Penman (1966) from .. 8 to 10 x 108 cells, 



washed in 200-250 ml of spinner salts (0.68% NaCl, 0.04%KC1, 0.14% 

NaH2P04-H20, 0.1% dextrose, 0.220fo· NaHC03, 0.001% phenol red, 

0.017% MgCl2) at 4°C. The cells were suspended at 107 cells/ml in 

RSB (reticulocyte suspension buffer; 0.01 M NaCl, 0.01 M Tris-HCl, 
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pH 7 .2, 1.5 M MgCl2) plus 0.25% NP-40. Cells were swollen for 30 minutes 

at 4°C, then centrifuged at 600 x g for 5 minutes at 4°C. The pellet 

was suspended in the same volume of fresh RSB without NP-40. Cells 

were disrupted by Dounce' homogenization with a Dounce, A pestle. 

for 10-15 full stro~es. Nuclei were peHieted at 200 x g for J minutes 

and washed three times with RSB at 4°C. The nuclear pellet was suspended 

in RSB with a 1:40 dilution of 10% Tween 40:10% deoxycholate (2:1) 

and vortexed for 30 seconds. Nuclei were pelleted at 200 x g for 3 

minutes and washed twice in RSB at 4°C. The pellet was suspended 

in HSB (0.5 M NaCl, 0.01 M Tris-HCI, pH 7.4, 0.05 M MgCI2) at 2 x 

207 nuclei/mi. DNase I (Sigma Corp.) was added at 50 pg/ml and incu

bated at 37°C for 30 minutes. Nuclei depleted of DNA, were pelleted 

in NEB-DTT {0.01 M NaCl, 0.01 M Tris-HCl, pH 7.4, 0.001 M dithiothreitol) 

and incubated at 37°C for 30 minutes, and pelleted at 600 x g for 10 

minutes. The pellet was suspended in TE buffer (0.01 M Tris-HCI~ pH 

7.4, 0.001 M ·EDTA) and centrifuged through a discontinuous sucrose 

gradient (4 ml 60% sucrose, 3 ml each of 1.2, 1.18, and 1.16 density 

sucrose) at 10,000 RPM for 10 minutes at 4°C. Nuclear matrices were 

removed from the 60% sucrose interface with a pasteur pipette and 

washed once in TE buffer. 



·Pore Complex-'Lamina: 

Pore complex-l~mina fractions were isolated from HeLaS3 cells 

by the procedu.re of Dwyer. and Blobel (1976). 6 x 108 cells were. washed 

two times in spinner salts and suspended in RSBat 1 x .to7 cells/mi. 

The cells were swollen in RSB with 0.25% NP-40 for 10 minutes at 4°C. · 

. Nuclei with intact membranes were pelleted at 1500 RPM for 10 minutes. 
. . 

at 4°C •. -The pellet was suspended by vortexing and 5 ml of 0.1 mM 

MgCl2 was added dropwise, followed by 25 lll DNase I (2 llgllll; Sigma 

Corp.) and 20 ml_of 10% sucrose, 10 mM t-riethanolamine, pH 8.5, and 

0.1 mM MgCl2. 'rhe z:1
1
Uclei were incubated in the above mixture for 

15. minutes. at 22°C, then underlaid with 5 ml of 30% sucrose in 10 mM . 

triethanolamine, pH 7.5, and 0.1 mM MgCI2. DNase digested nuclei 

were collected at 20,000 x g· for 10 minutes at 4°C. The pellet was 
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suspended by vortexing and 5 ml of 10% .sucrose in 10. mM tr-iethanolamine, j 

. ' . . ' ' 

· pH 7.5, 0~1 tnM MgCI2 was added dropwise. 25 p.l DNase I was added 

. and the suspension was incubated for 15 minutes at 22°C. Digested ' 

nuclei were pelleted at 20,000 X g for 10 .minutes at 4°C. The pellet 

was suspended by vortexing and 5 ml of 10% sucrose in 10 mM triethanol-

amine, pH 7.5, 0.1 mM MgCl2 was added· dropwise. To this solution 

was added 0.5 ml 2oo/o Triton x:..·100 (wt/vol) for 10 ·minutes_ at 4°C to' 

· remove the nuclear envelopes~- . Nuclear envelopes were pelleted at 

20,000 x g for 10 minutes at 4°C. Pore complex-lamina fraction was 

removed from the nuclear membranes by adding 5 ml 2.0 M NaCl in 

100 mM triethanolamine, pH 7.5, for 10 minutes at 4.°C. Pore complex-

lamina was pelleted by 20,000 x g for 10 minutes at 4°C. 



Nucleoli: 

Nucleoli were isolated by th~ modified combined procedures of 

Maramatsu and Onishi (1978) and Beyer .et al. (1977). ·Cells were swollen 

in 40 volum~s of RSB at 4°C for 1 minute and pelleted at 600 x g for 

5 minutes at 4°C. ·The cells were suspended in 40 volumes RSB with 

0.2% NP:-40 and disrupted by Dounce homogenization. The nuclei were 

collected by centrifugation at 1400 x g for 5 minutes. The nuclear 

pellet was suspende~ in 20 volumes 0.25 M sucrose containing 10 mM 

MgCl2, Dounce homogenized, underlai~ ~ith an e-qual volume of 0.88 

M sucrose containing 0.5 mM MgCl2 and centrifuged at 1400 x g for 
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10 minutes. Purified nuclei were suspended in-2-3 ml of 20 mM -Tris•HCI, 

pH 7.2, cohta~ning 1.5 mM MgCl2, 0.02% Triton X-100(NHS) and sonicated 

with 5-6 ten second bursts at a 50 watt output (Heat Systems- Ultra 

Sanies, Iric.). The sonicat~ was diluted ten-fold with NHS, Dounce -homog~ 

enized, underlaid with an equal volume of 0.88 M sucrose containing 

0.05 mM MgCl2 and-centrifuged at 1400 x g for 15 min~tes. The pellet 

was bounce homogenized in ·20 ml NHS and underlaid with an equal 

volume of 0.88 M sucrose containing 0.05 mM MgCl2, and centrifuged 

~t 1400 x g for 15 minutes. Dou~ce homogenization and centrifugation 

through 0.88 M sucrose were repeated until a pure nucleolar preparation 

was obtained as determined by phase microscopy. 

Protein Determination: 

Protein conce,ntration of the nuclear fractions was determined· 

by the Bio-Rad protein assay:(Bio-Rad Laboratories). The Bio-Rad_ 

protein assay follows Bradford's (1976) metho~ and is a dye-binding 



assay, based on the color change of a dye (Bradford Reagent) in response 

to various concentrations of protein. ·0.1 ml of sample was ad:ded to 

5 ml of Bradford re~gent and vortexed. The color change was detecte:d 

at a wavelength of 595 on a Beckman, Model24 Spectrophotometer. 

The reading was plotted on a standardized curve to determine protein 

concentration. 

Sodi~m Doc;lecyl. Sulfate-£olyacrylamlde Gel.Electrophoresis (SPS,..PAGE): 

Polyp.eptides Ylere soluabili~ed in sample buffer containing 10% 

glycerol (v/v), 5% z~mercaptoe.thanol (v/v), 3% sodium dodecyl sulfate 

(SDS; w/v), 0.0625 M Ttis-HCl, pH 6.8, and 0.1 Ofo Bromophenol blue. 

SDS binds to the molecules, masking their native charge with its own 

negative charge. Proteins are then separated by electrophoresis in . 
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a 7.5 - 200fo polyacrylamide gradient. gel on the basis of size. The migration 

rate of the proteins correlates well with the molecular weight of the 

molecules. Separated proteins appeared as dark blue bands by staining 

the gel with Coomassie blue sol1;1tion (180 ml50% methanol, 20 ml glacial 

acetic acid, 0.5 g Coomassie blue) for 2 hours or ov.ernight, followed 

by destaining with 60% methanol containing 20% glacial acetic acid 

(Hodge et al., 1977). Molecular weight of sele.c:ted proteins was estimated 

using the technique of Shapiro et al. ·(1967), utilizing myosin (H chain) 

. - 200,000; phosphorylase b - 92,500; bovine serum albumin - 68,000; 

ovalbumin- 43,000; alpha-chymotrypsin~ 25,000; beta-lactoglobulin 

- 18,400.; and cytochrome C- 12,300 as standards. 



Electrophoretic Transfer: 

Soluabilized polypeptides were first separated by SDS-PAGE as 

described above. The separated polypeptides were then electropho

retically transferred to nitrocellulose membrane following the procedure 

of Erickson et al. (1982). A sandwich was prep~red as follows: gel 

holder-- Scptch-brite pad-- 3 layers of Whatman 3mm paper, cut size 

of pad-- SDS-polyacrylamide gel-- nitrocellulose membrane (0.2 J..lm), 

cut the size of the gel -- 3 layers of Whatman 3 min paper -'"" Scotch-brite 

p~d --gel holder. All components were pre-wetted in transfer buffer 

containing 25 mM Tris-HCI, 192 mM glycine, pH 8.3, 20% methanol 

and 0.1% SDS. Special care was taken to eliminate air bubbles between 

the gel and the nitrocellulose. The sandwich was secured by thick rubber 

bands and placed in the transfer tank with the nitrocellulose ·tow~rd 

the anode. (A genetal rule of thumb: if the proteins are separated 

by SDS-PAGE by running the current f:rom a nega,tive to positive direction, 

then these proteins can be electrophoretically transferred to nitrocellu

lose in the same direction.) The chamber was f.iiled with transfer buffer 

and placed in the cold room (4°C). Electrophoretic transfer was· accomplished 

at 30 volts for 16-22 hours. 

Proteins transferred to nitrocellulose were either immunoreacted 

or stained with amide black. To stain the nitrocellulose with amide 

black, the nitrocellulose was placed in 0.1% amide black in 45% methanol/10% 

glacial acetic acid for 5 minutes and des~ained in 90% me~hanol/2% · 

glacial acetic acid (Schaffner and Weissman, 1973). Dark blue bands 

appeared where the polypeptides had ·been transferred. 



Antibodies: 

Polyclonal antibodies of known specificity against nuclear· antigens 

we.re isolated. from sera of patients with systemic lupus erythrematosus 

(SLE). Patient sera was obtained from the Section of Rheumatic Disease, 

Medical College of Georgia, Augusta, GA. Only high titre, tnonospecific 

sera designated. anti-Sm, ant.i ... nRNP or .anti-histone were used. Normal . 

human IgG was used as a negative control. 

Histone antib9dy specificity is determined by the procedure of 

Tan (1979),. Tissue sections are treated with O.lN HClfor 30 minut~s 
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at room temperature, followed by three washes in PJ3S, pH 7.2, which 

elutes cellular ·protei~s, -!~eluding histone and non-histone· nuclear proteins. 

The DNA is resistant and the DNA-histone complex is reconstituted 

by addition of purified histones to the tissue section. Extraneous histone 

is removed from the tissue section by three washes in PBS, pH 7 .2, 

and the treated tissue is used as a substrate for detection of antibodies 

to histones. The antibody used in the current study was to histones 

H2A and H2B. 

Antibody specificity to Sm or nRNP antigens is determined by 

agglutination of e~tracta_l;>le nuclear antigen (ENA). ENA is prepared 

according -to the procedure of Northway and Tan (1972) from calf thymus. 

Essentially, the method consists of removal of excess fa~ and connective 

tissue, followed by cutting the thymus into small pieces. 100 gm of 

thymus tissue is added to 750 ml of 4°C sucrose solution (0.25 M sucrose, 

0.3 mM CaClz). The thymic pieces are homogenized in a Waring Blender 

for 4 minutes at low speed to release the nuclei. After homogenization, · 
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· the suspension is filtered two times through double layers of gauze 

and centrifuged at 200 x g for 15 minutes. The pelleted nuclei are suspended 

and washed three times in sucrose solution. The .nuclei obtained from 

too· gm of thymus are suspended in 100 ml PBS, pH 7.2 and disrupted 

by high speed homogenization in a Waring Blendor. The resultant suspension 

is stirred at 4°C overnight. Insoluable material is removed by centrifugation 

at 10,000 x g for 30 minutes, and the supernatant fraction is the extractable 

nuclear antigen. 

Human serum from patients with SLE is reacted with the ENA. 

Antibodies to Sm or nRNP proteins will form antibody-antigen complexes 

with the ENA. Antibody-antigen complexes are detected by hemagglutination. 

The antigen-antibody complexes are added to an erythrocyte suspension 

and will bind to the C3b receptors on the sheep ·red blood cells. Subsequent 

hemagglutination is indicative of antigen recognition by the antibodies 

in the human serum (Fritzler and· Tan, 1978). Antibody specificity to 

Sm is distinguished from nRNP by the sensitivity of nRNP to R.Nase 

treatment (Northway and tan, 1972). 

Monoclonal antibodies against the nuclear lamins or nuclear envelope 

were produced by mouse hybriQ.omas. IgM antibodies against lamins 

A and C (J9) and lam ins A, Band C (Jl6) were obtained from Dr. Gerd 

Maul, Wistar Inst.,, Philadelphia, P A. IgM antibodies against the nuclear 

en-velope (NE) were obtained from Dr. Lan Bo Chen, Dana-Farber Cancer 

Inst., Boston, Mass. Mouse hybr-idoma producing interleukin 2 (TAC) 

used as a negative control was obtained from Dr. Fred Garver, Medical 

College of Georgia, Augusta, GA. T. cells can respond to an antigen 



by secreting interleukin 2, which in turn binds to the TAC receptor 

on the T cells, stimulating the T cells to divide (Alberts et al., 1983). 

Isolation of IgG: 
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Human lgG from patient sera was isolated by ·affinity chromatography 

using protein A-Sepharose (Mishell and Shiigi, 1980). 1.5 g protein A-Sepharose 

CL 4B was swollen in Tris-buffered saline, pH 8.6. The resin was packed 

in a column attached to an LKB multirac fraction collector system. 

The sera was added. to the Protein A column and washed with Tri~-buffered 

saline, pH 8.6, to remove serum proteins other than lgG. IgG .was eluted 

from the protein A column with a buffered saline at pH 4.3 (0.05 M 

acetate, 0.15 M NaCI, pH 4.3). One ml aliquots containing IgG were 

pooled. Pooled IgG was concentrated to 1 lJ.g/pl by vacuum dialysis 

against PBS, pH 7 .2. 

Immunoblot: 

lmmunoblots were performed on the nuclear fractions using mouse 

lgM to lamin or nuclear envelope antigens and the Vectastain ABC immune

peroxidase system. The Vectastain is a three layer indirect imm·unoperoxidase 

. system. The first layer is the mouse lgM antibody. The second layer 

is a goat IgG anti-mouse IgM cqmplexed with biotin. Biotin has an extra

ordinarily high affinity for avidin. Avidin is the third layer and is com·plexed 

with horseradish peroxidase (HRP). 

After the proteins were transferred electrophpretically to nitrocellulose, 

the nitrocellulose membrane was immersed in 0.05% (v/v) Tween 20· 

in PBS, pH 7.5 (TPBS), for 30 minutes with .gentle agitation. The memb:rane 

was transferred to a solution containing a 1:50 dilution of primary antibody 
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(mouse IgM) in TPBS for 60 minutes with gentle agltation. Unbound 

antibody was -removed by three changes of TPBS over 30 minutes with 

gentle agitation. The membrane was transferred to a ·solution of biotin

ylated secondary antibody (goat IgG a·nti-mouse IgM) in TPBS for 30 

minutes with gentle agitation. Unbound antibody was removed by three · 

changes of TPBS over 3~ minutes with gentle agitation. The membrane. 

was transferred to the Vectastaln ABC reagent (avidin conjugated to 

HRP) for 30 minutes with gentle agitation. Unbound r~agent was removed 

by three changes of PBS over 30 minutes with gentle agitation. The 

membrane was transferr.ed to the peroxidase substrate solution (2 ml 

o{ 3 mg/ml solution of 4-:chloro-1-napthol in methanol mixed with lO 

ml PBS, plus 5 pl 30% H202). The color was allowed to develop for 

15 r-ninutes. The membrane was washed with two changes of .distilled 

water and allowed to air dry. Purple bands indicated areas of antibody 

binding. 

Immunofluorescence: 

Indirect immunofluorescence was used to localize antigens in 

. intact cells or isolate.d nuclei. Intact cells, detergent isolated ~uclei 

(Paulson, 1982), .or acid isolated nuclei (Welter and Hodge, .1985), were 

washed twice in PBS, pH 7.2. The pellet was suspended in 10% (.v/v) 

formaldehyde in PBS for 30 minutes at 4°C. Fixed cells or nuclei were 

incubated for 10 minutes in PBS, then suspended in distilled water. 

A drop of cell or nuclear suspension (lo6 cells/ml) was added to a slide 

surface and air dried. The slides were incubated with primary antibody 

(human IgG or mouse IgM) fot 1 hour at 37°C and washed twice in PBS 
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over 30 minutes. The slides were incubated with the secondary antibody 

(goat anti-human ot- anti-mouse) conjugated to fluorescein for 1 hour 

at 37°C, washed twice in PBS over 30 minutes and mourited in 50% 

glycerol (Kawamura, 1977). 

Alternatively, cells or acid isolated nuclei were attached to coverglasses 

using poly-I.-lysine (Shalgi and Phillips, 1980). The coverglasses were 

fixed in 95% ethanol containing 2% .glacial ac~tic acid at -l5°C for 

5 minutes, and rinsed once in deionized water. The preparations were 

blocked for 30 minutes at 37°C in PBS, pH 7 .5, containing 3% human 

serum albumin (HSA) and 20% fetal calf serum ~CS). Primary antibody 

was diluted in TPBS containing 3% HSA/20% FCS and_ incubated with 

-the preparations for 30 minutes at 37°C. Unbound antibociy was removed 

by washing three times with TPBS over 30 minutes. The preparations 

were bloclted for ·10 minutes in blocking solution at 37°C, then incubated 

with secondary antibody diluted in TPBS with 3% HSA/20% FCS for 

30 minutes at 37°C~ Unbound antibody was removed by washing three. 

times in TPBS over 30 minutes, ri~sed in deionized water and mounted 

in 50% glycerol. The cells or nuclei were examined with a Leitz fluor

escence microscope, and photogra.phed using Kodak Tri-X film.· 
l 

:ON A Extraction of Acid Isola~ed Mitotic Configurations: 

HeLa S3 cells were synch-ronized as already described, except: 

0~3 pCi/ml methyt~3H-thymidine (ICN, irvine, Calif~> was added· to the 

culture at the tim.e of the first thymidine release (0.186 ml of 1 mC"i/ml 

· -solution, sp. act. 80 Ci/mM) •.. l x .106 cells/ml were incubated for 5 

min~tes in 75 mM KCl at 22°C and fixed in methanol: glacial acetic 



acid (3:1, v/v). The cells. were washed in thtee changes of fresh fixative. 

A drop of cell suspension was placed on a #2, 22 inm diameter coverglass 

. and air dried for. 25-30 seconds. The cove.rglass was placed iil 102°C 

50% glacial acetic ac:id for 2 seconds, then 50% m.ethanol at 22°C. 

Coverglasses were washed three times in RSB. The cove.rglasses were 

incubated in RSB containing 5 pg/ml DNase I (from bovine pancreas, 

Sigma Co.) for 30 min11tes at 22°C. Control coverglasses were incubated 

in RSB alone. The .coverglasses were rinsed in 5% TCA (trichloroacetic 

acid) E;lnd either prepared for SEM or air dried. Air dried coverglasses 

were pulverized, placed in scintillation vials and remaining 3H was 

detected using the 3H channel of a scintillation counter. 
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RESULTS 

SEM Analysis of Mitotic Chromatid Configurations: 

As in HeLa 83 (Fig. 4A), the mitotic chromatids of LN (Fig. 4B) 

and Indian muntjac (Fig. 4C) cells are organized into stage specific 

configurations. At metaphase, the large muntjac chromosomes are 

radially arranged with the small Y 2 lying at the center ·of the array 

(Fig. 4C). The centromeres of the large chromosomes forming the radial 

array are connected by a fibro·us network, for~ing a "centr.oineric ring". 

These chromosomes are flexed -into J and V shapes with the arms radiating 

outwards, fr·ee of any interconnections. The metaphase chromosomes 

of LN cells are clustered together to form a radial array (Fig •. 4B). 

The larger chromosomes form the periphery of the array, with the smaller 

chromosomes located in the center. The center of the ar·ray·is concave, 

resembling the concave area of HeLa 83. The centromeres are.central 

within the array, with the telomeres extending laterally, suggesting 

the presence of a "centromeric ring". However, a well-defined "centromeric 

ring", such as that .seen in Indian muntjac, is not observable in intact 

metaphase configurations. The fiber-s of the "centromeric ring" are 

obscurbed by the tight packaging of the chromatids. In well-spread 

meta phases resulting from excessive swelling, interconnecting .fibers 

are seen in the area of the centromeres, forming the "centromeric ring". 

The chromatids of LN cells, as well as Indian -muntjac an,d HeLa 83, 

are comp-osed of 45 nm diameter looping fibers which have· been previously 

described for metaphase chromosomes (Laemmli et al., 1977; Marsden 

and Laemmli, 1979; Adolph, 1980), and give the chromatids a fibrillar 

appearance. 
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Figure 4. SEM comparison ·of metaphase chromatid configurations. The 

chromosomes are concentrically arranged on the metaphase plate. Partially· 

disrupted arrays have shown· that the larger chromosomes are located 

peripherally and are flexed into J and V shapes. The telomeres are directed 

outwards, with the centromeres of the .peripheral chromatids concentrically 

arranged around the smaller chromosomes, which are centrally located. 

The Indian muntjac (C). has only seven chromosomes and a fibrous network 

("centromeric rlng") can be seen interconnecting adjacent centromeres 

(arrow). The small Yz chromosome usually occupies the center of the 

array (arrowhead), but .is slightly displaced in this figure. In cells lines 

with greater numbers of chromosomes, such as HeLa S3 (A), and LN (B), 

the crowding and overlap of the chromatids obscurs the "centromeric 

ring". Individual chromatids are distinguishable and are composed of 45 

nm dia-meter looping fibers (refer to Fig. 14 for high resolution SEM of 

the chromatin fiber). Bar, 1 pm. 
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At anaphase in the Indian muntjac, initial separation of sister chromatids 

begins at the centromeres with the telomeres remaining adjacent to 

one another (Fig. 5C). As separation continues, the ch-romatids form 

a hollow, cylindrical structure. The "centromeric ring" and the Y 2 

chromosome for-m the base or closed end of this cylindrical structure, 

and the arms of the peripheral chromatids form the walls of the cylinder. 

The centromeres are slightly recessed into the cylinder, form.ing an 

internal chamber. The maximum diameter of the chamber is 1.9·pm 

and the depth is 0.6 pm (Table II). Interconnecting fibers bind the ch.romatids 

along their lateral length, beginning at the centromeres in early anaphase, 

and progressing toward the telomeres as anaphase progresses. 

The orientation and alignment of anaphase chromatids seen in the 

Indian muntjac are referred to as Rabl orientation·(Cremer et al., 1982), 

and is considered to be important to establishing the organization of 

the interphase nucleus (Comings, 1980). HeLa S3 does not exhibit a 

Rabl otlentation, and their anaphase alignment suggests a more complex 

arrangement of the chromosomes (Welter et al., 1985). In this more 

complex anaphase arrangement, the telomeres form a double concentric 

layer at the open ·end of the hollow cylinder, and the base of the. cylinder 

is-formed by the fusion of the telomeres of the smaller chromosemes 

(Fig. SA). The centromeres within the cylindrical structure form two 

layers, and are not located in a polar position. Thus, the anaphase orientation 

of chromosomes seen in HeLa S3 is not the expected Ra·bi orientation , 
(Welter et al., 1985). 
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Figure 5. Comparison of chromatid alignment and orientation in anaphase 

configurations with SEM. The internal chamber, when viewed from a 

polar perspective, is a hollow structure which is usually filled by elements 

of the spindle apparatus (removed by acid isolation). The base or floor 

of the chamber is formed by the smaller chromosomes which occupied 

the center· of the metaphase array. The walls of the internal chamber 

are formed by the peripheral chromatids which are concentrically· arranged. 

The orientation of. the chromatids at this stage of mitosis is important 

to establishing the internal order of the chromosomes at interphase. By 

comparing the three cell lines, three similar, yet different, orientations 

are observed. In all three cells lines, the centromeres of the concentrically 

arranged peripheral chromatids ate recessed within the internal chamber. 

HeLa S3 (A) ex-hibits a non-Rabl orientation .of the chromatids. The periphe

ral chromatids are concentrially arranged in two layers; the outermost 

layer of chromatids is flexed, with the telomeres directed toward the 

equitorial plane or antipole (ap). The innermost layer of chromatids are 

not flexed, and their telomeres are directed towa·rd the spindle pole. (p). 

In LN (B), the centromeres of the peripheral chromatids are concentrically 

arranged in a single layer. The centtomeres are recessed into the .internal 

chacinber and the peripheral. chromatids are flexed over and lateral to 

the "centromeric ring". None of the peripheral telomeres are directed 

toward the spindle pole (p) as seen in HeLa SJ. Instead, the telomeres 

are .either ·directed laterally, or toward the antipole (ap)~ A lateral view· 

of Indian muntjac (C), shows the typical Rabl orientation of the chromatids, 

with centromeres leading - telomeres trailing. In the Indian muntjac, . 

the centromeres · of the peripheral chromatids are slightly recessed in 
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the internal chamber with the peripheral chromatids flexed over and late~al 

to the "centromeric ring",· and the telomeres are dir~cted toward the 

antipole. When compared to LN and Indian muntjac, the anaphase orien

tation of chromatids seen in HeLa 83 is .p.robably due to the crowding 

of the additional chromosomes into the "centromeric ring". Individual 

chromatids are distinguishable, and have interconnecting fibers along 

their lateral length (arrows). The interconnecting fibers begin at the . 

centromeres and progress along the lateral length of. the chromatids as 

mitosis progresses. Bar, 1 pm. 



After initial separation at anaphase, the peripheral chromatids 

in LN cells retain their radial arrangement. The centromeres of the 

peripheral chromatids are arranged concentrically in a single layer, 

giving the appearance of a "centromeric ring". The centromeres are 

slightly recessed (Fig. 5B), with the chromatids folded over and lateral 

to the centromeres, thus forming an internal chamber. The depth of 

the chamber is 0.8 pm and the width of the internal chambe.r is 2.6 
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pm (Table II). While· the overall shape of anaphase configurations is 

slmilar between LN and HeLa S3, the telomeres of LN anaphases trail 

the centromeres toward the centriolar pole during anaphase movement, 

thus establishing a Rabl orientation. The smaller chromosomes located 

in the center of the chromatid· configuration form the base of the internal 

chamber, and the peripheral chromatids form· the walls of the chamber.· 

These findings are in agreement with those for Indian muntjac (Fig. · 

5C), indicating that human primary cells have a Rabl orientation at 

c:tnaphase. LN, a human primary cell line and Iridian muntjac, an established 

celllin·e with a low chromosome number, differ from HeLa S3 (Fig. 

SA), a ·human heteroploid permanent cell line, in that the telomeres 

of the peripheral chromatids do not lead toward the centriolar pole 

at; anaphase, and in placement of the "centromeric ring'' within anaphase 

configurations. In HeLa S3, the "centromeric ring" is located near the 

middle of the configuration, while in LN and Indian muntjac, the "centromer-ic 

ring" is located at the polar end of the config~ration (based on internal 

chamber depth). The find-ings on anaphase chromatid orientation in 

Indian muntjac and LN support the suggestion (Welter et al., 1985) that 
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Hela S3 has a non-Rabl orientation of anaphase chromatids. The Rabl 

orientation of LN anaphases indicates that the He La S3 non-Rabl orientation 

is not representative -of human diploid cells. 

At early anaphase, individual chromatids. are easily distinguished 

and the chromatids are composed of 45 nm diameter looping fibers. 

However, in addition to the chromatin looping fibers, interconnecting 

fibers are observed bet weep: adjacent chromatids (Fig. 6), connecting 

the chromatids along their lateral length. The interconnecting fibers 

are the same diame~er as the chromatin looping fibers. 

During the anaphase to telophase transition, all three cell types 

have similar external features of the chromatid configurati~ns. A central 

chamber seen in Hela S3 (Fig. 7 A), is present in. Indian mun.tjac (Fig •. 

7C) and LN (Fig. 7B), ·but is ·not as prominent. The peripheral chromatids 

are interconnected by the 45 nm interconnecting fibers and the trailing 

telotneres, free of interconnecting fibers, are coveredby a fibrous network 

of interconnecting fioers. Th.ese interconnecting fibers, now occupying 

the most peripheral position, replace the looping fibers of the chromatids, 

giving the configuration an interwoven appearance interrupted by numerous 

. pore-like structures. This surface appearance is retained in telophase 

configurations· and interphase nuclei. 

All three cell types have similar telophase configurations (Fig. 

8 A-C). Due ·to the fibrous network and the beginning of chromosome · 

decondensation, individual chromatids are no longer distinguishable. 

A central depression remains which is the remnant of the internal chamber 

seen during anaphase. By G 1 (Fig. 9 A-C), the progeny nuclei have 

lost the central depression and assume a more spherical structure. 
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Figure 6. Visualization of the interconnecting fibers in an LN mid-anaphase 

configuration with SEM. The base of the internal chamoer is cover.ed 

by a fibrous network of interconnecting fibers. The peripheral chromatids 

are connected along their lateral len.gths by interconnecting fibers 

(arrowheads). The interconnecting fibers begin at the centromeres and 

progress along the length· of the chromatids as mitosis proceeds. The 

number of fibers and the degree of binding varies between chromatids 

but the significance of this variation is not known. In this figure, many 

of the telomeres are still free of interconnecting ·fibers. The intercon

necting fibers are 45 nm in diameter and are similar in morphology to 

the chromatin looping fibers (see Fig. 14 for high resolution SEM of inter-

. connecting fibers). Bar, 1 11·m. 
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Figure 7. Com.parison of late anaphase - early telophase ·configurations 

with SE·M reveals similarities in configuration morphology. The surf~ce 

of the configuration is co-mposed of an anastom·osing network of intercon

necting .fibers and contains numerous pore-like openings (refer to Fig. 

14B for high resolution SEM). Individual chromatids are distinguishable, 

and· the configura~ions are similar in surface morphology •. A· polar vie
1

\Y 

of He La S 3 (A) shows the internal chamber and the placement of the 

:peripheral chromatids .. A lateral view of LN (B) shows that the chromatid 

surface is completely enclosed by the fibrous network, even though 

individual telomeres are still seen projecting to the antipole (ap). A .. 

telorneric view -of the Indian muntjac (C) shows that the individual 

chromatids are not completely bound along ·their lateral length by 

interconnecting fibers, although the chromatids ate covered by the fibrous 

network and numerous pore ... Uke openings are apparent. Bat, 1 1.1m. p 

= spindle pole. 
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Figure 8. Comparison of late telophase configuration morphology with 

SEM indicates similarities in configuration morphology. Individual chroma

tids are no longer distinguishable due to chromatid decondensation and 

the overlying fibrous network. The central depression, seen from a polar 

perspective, is a remnant of the internal chamber, and is lost as the cell 

approaches G 1· The nucleolus appears during late telophase and may 

acc·ount for the loss of the internal chamber. The surface of the config-u

rations exhibits a fibrous network with numerous pore~like openings (refer 

to Fig. 14B for high resolution SEM). A polar view of HeLa S3 (A) shows 

that the internal chamber is almost· gone. An earlier telophase in LN . 

(B) shows that the internal· chamber is intact and the surface of the configu:

ration is composed of a fibrous network. A lateral view of an ·Ind-ian muntjac 

(C) configuration shows the fibrous network with numerous pore-like 

openings. Bar, 1 pm. 
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Figure 9. Comparison of G 1 nuclei by SEM. By G 1-• the nuclei have assumed 

a somewhE!t spherical shape, and the internal chamber is absent. Gt nuclei 

exhibit a surface of intercon.necting fibers ( 45 nm diameter) and numerous 

p.ore-like openings. A. HeLa 83; B. LN; C. Indian muntjac. Bar, 1 

ptno 



TABLE I. Maxinum Diameter ( ·lJm) of Mitotic Configurations 

. Cell Line . Mitotic Stage LN Indian ·Munt]ac 

~taphase 7.8 + 0.9 12.1 + 1.0 

Anaphase. 5.3 + 0.7 5.5 + 1.3 

Anaphase-~lophase 
Transition 5.7 + 0.4 5.5 + 0.6 

Late Telophase 6.3 + 0.7 5.9 + 0.6 
. ,..,, 

G1 :(Progeny) 6.5 + 0.6 6.9 + 0.5 

Measurements were obtained using the Steriometric Measurement and Analysis 
Program (Scientific Microprograms, Raleigh, NC) with an Apple II Coirtputer. 
At least 20 measurements were ootained for each· mitotic stage. 
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TABLE II. Chamber M:>rphonetry of Anaphase Configurations 

Cell Line 

IN 

Indian Muntjac 

Maximum 
Chamber Diameter 

(11m) 

2.6 + 0.4 

1.9 + 0.8 

Chamber Depth 
.( Jlm) 

·0.8 + 0.1 

0.6 + 0.1 

Measurements were ootained using a particle neasurement system that is a 
component of the Alphanumeric Display of the scanning electron microscope.· 
'!be values represent an average of at least 20 measurements. 
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Morphometric Analysis of Mitotic Chromatid Configurations: 

Metaphase chromatid configurations have the largest diameter of 

the mitotic configurations because the chromosomes are extended rather 

than flexed, they occupy a single plane of the metaphase plate, and. 

sister chromatids are still joined together. Metaphase configurations 

in LN have a mean diameter of 7.8 pm (Table 1). The Indian muntjac 

has only seven chromosomes, wlth almost 50% of the DNA contained 

in chromosomes 1 (Ved Brat ·et al., 1979). Therefore, chromosomes 

1 are much longer than the av~rage LN chromosome. As a: result of 

the relative length of the Indian muntjac chromosomes, the maximum 

diameter of metaphase configurations is much greater (12.1 pm) than 

that for i..N (Table I) .. 

The values obtained after chromatid separation at anaphase. are 

smaller than t~ose of metaphase, which is expected since the anaphase 

configurations contain only half as many chromatids as metaphase and 

rather than extending outward, the peripheral chromatids are flexed 

such that they lie parallel to the plane of the spindle apparatus. In . 

LN, anaphase configurations have a mean diameter of 5.3 pm, and Indian 

muntjac ·has a mean diameter of 5.5 IJm (Table I). 
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During the anaphase to telophase transition, LN mitotic configurations . 

begin to increase in size, with a me·an diameter of 5.7 :pm (Table I). 

The Indian muntjac configurations at anaphase to teloph~se transition 

are 5.5 pm, which is the same value· fo.r ana~phase configurations (Table 

1). Late telophase .configurations closely resemble Gt progeny nuclei 

in both morphometry (Table I) and morphology (Figs. 8 and 9). 



Evaluation of the Preparation Procedure for SEM: 

To determine whether chromatid configur~tions isolated by the 

detergent· isolation procedure of Paulson ( 1982) would retain the stage 

specific mitotic configurations and chromatid alignment visualized 
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by SEM With acid isolation, mitotic configurations were detergent isolated 

and compared. to acid isolated mitotic configuration$. Mitot-ic chromatid 

configura-tions are' isolated by a combination of Dounce homogenization 

and non-ionic detergent followed by sedimentation. A comparison of 

the detergent isolated mitotic configurations with acid isolated mitotic 

configurations by SEM revealed no appreciable changes in chromatid · 

alignment and arrangement (Fig. 10 and 11 ). When detergent isolated 

mitotic configurations are fixed in Karnovsky's solution, there are noticable 

differences in chromatid d~tail. In metaphase configurations, the 45 

nm chromatin looping fiber is not visible (Fig. 10 A). Inste~d, the configura-tion 

gives the appearance of being "coated", possibly by a protein precipitate, 

· or by material which is removed upon acid isolation. High resolution 

SEM of metaphase chromatids ind-icates that the surface coating is 

smooth and continuous. The "bumpy" surface observed at high .magnification 

provides evidence that the chromatin looping fibers are intact beneath 

the surface coating (Fig. 10 B). Anaphase and telophase configurations 

are also covered by this substance (Fig. 11 A,B). Pore-like structures, 

. normally seen in acid isolated telophase configurations, are not o.bserved 

following ·detergent isolat-ion and fixation in Karnovsky's solution~ Slnce 

Karnovsky's solution contalns aldehydes and is a.good crosslinker of 

proteins, the coating seen in mitotic chromatid configurations may 
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Figure 10. Surface morph?logy of HeLa S3 detergent isolated metaphase· 

configuration. A. Metaphase chromatid configuration that has been deter

gent isolated and fixed in Karnovsky's ·solution. The arrangement of the 

chromosomes on the metaphase plate isolated with detergent is the same 

as that obtained when acid isolated. These re.~ults indicate that acid isola

tion does not affect the ··arrangement .of the metaphase . chromosome$ 

(refer to Fig. 4A for comparison). In contrast, chromatid detail is obscured 

by a surface coating of unknown origin or significance. ·Bar, 1 pm. ·B. 

High resolution SEM of one of the chromatids shown in A. The chromatin 

looping fibers are probably located . beneath the surface coating (refer 

to Fig. 14A for comparison) base4 on the presence of bumps and ridges 

which :r:nay represent the chromatin fibers. Bar, 0.1 pm. 





43 

Figure 11. Ali~nment ·and orientation of chromatids in -detergent isolated 

HeLa S3 anaphase and telophase configuratioilS• A. A polar view of an 

anaphase configuration reveals that the alignment of. the chromatids in 

detergent isolated ·configurations is consistent with that obtained in acid 

isolated configurations. These results conj.irm the findings on metaphase 

configurations in that the arrangement ·and orientation. of chromatids 

are not artifacts induced by the isolation procedure (refer to Fig. SA) • 

. While the internal chamber and the orientation of the peripheral chromatids 

is apparent, chromatid detail is absent and ·the interconnecting fibers 

are obscured by the surface coating. B.· The 9verall morphology of the 

telophase configuration is· retained, and .the internal chamber is still.present. 

However, the surface coating has masked or obscured the detail of the 

fibrous network. The fibers are not vis~ble and the numerous pore~like 

openings (see Fig. SA) are also absent. The com-position, origin and signifi

cance of the surface coating ·is not known, but may represent a protein(s) 

normally associated with mitotic chromosomes. Bar, 1 pm.-



be. proteins which are normally associated with the periphery of mitotic 

chromosomes rather than a precipitate. The acid isolation may elute 

proteins which are normally associated with mitotic configurations. 
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When detergent isolated mitotic configurations are fixed in methanol:acetic · 

acid, much of the surface coating is present as well as membrane and 

cytoskeletal elements (Fig. 12). Evidence that the acid isolation procedure 

elutes or alters nuclear proteins is obtained with .immunofluorescence 

studies which show a loss of immunofluorescence of the Sm and nRNP 

antigens after acid isolation ·(Table IV). 

Morphometry of Detergent Isolated He La !3 Mitotic Configurations: 

In detergent isolated metaphase configurations fixed iil Karnovsky's 

solution, the maximum diameter of the metaphase plate is 7.6 IJ,m (Table 

III). This value is smaller than that obtained for acid isolated metaphase · 

configurations (11.4 lJ.m) (morphometric data on HeLa S3 acid isolated 

configurations taken from Welter et al., 1985). Anaphase and telophase 

conf.igurations· which are detergent isolated and fixed in Karnovsky's 

solution have a maximum diameter of 5.4 lJ.m and 5.51J._m., respectively 

(Table III). With acid isolation, anaphase configurations have a maximum 

diameter of 7.2 lJ.m which decreases to 6.9 llffi in -telophase. At G1, 

with acid isolation, the nucleus begins to enlarge, with a maximum 

diameter of 7.4 lJ.m. Detergent isolated Gt nuclei.do not show an increase 

in maximum-diameter. When detergent isolated nuclei are fixed in 

methanol:acetic acid, values on maximum diameter approach those 

of acid isolated mitotic configurations and nuclei (Table III). Therefore, 

the differences in size between the two techniques may reflect differential 

swelling (with acid) or shrinkage ·(with Kar~ovsky's solution) of the configurations. 
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Figure 12. Loss .of surface detail ln detergent isolated HeLa S3 

configurations is not the result of Karnovsky's fixation.· A late anaphase 

early telophase configuration detergent is.olated. and fixed. ih 

methanol:acetic acid reveals the presence.· of· some pore-like openings · 

(arrows), but ·the surface coating remains intact (compare with Figs. 7 A 

and llA)., obscuring th·e interconnecting fibers and the fibrous network. 

Since the surface coating is intact, it is unlikely that the fixation .procedure 

(methanol:acetic acid or Karnovsky's solution) has produced the surface 

coating, supporting the concept that the coating. is protein(s) normally 

associated with mitotic chromosomes. The removal of the surface coating 

with acid isolation indicates that the coating is acid labile. In addition 

to the surface coating, membrane components and/or cytoskeletal elements 

are attached to the surface of the configuration. Bar, 1 J:lm. 
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The m~asurements shown here reflect relative rather than absolute 

size of the configurations. Since the diameter of interphase nuclei 

prepared by the .acid isolation procedure are comparable to the diameter 
I 

of interphase nuclei visualized in whole, living cells with phase contrast 

microscopy, the morphometry of acid isolated configurations closely 

reflects actual cellular dimensions (Welter et al., 1985). Therefore, 

loss of the pore-like structures upon detergent isolation and fixation 

in Karnovsky's solution is probably due to a combination of the surface 

coating obscuring any pore-like openings on the surface and shrinkage 

of the configurations, rather than the pore-like ppenings being produced 

by swelling. with acid isolation •. 

TEM Morphology of HeLa .§3 Acid Isolated Nuclei: 

HeLa S3 nuclei and mitotic configurations are acid isolated to 

remove cytoskeletal elements and membranes, and prepared for transmission 

electron microscopy (Fig. 13). At metaphase, the chromosomes are 

condensed and numerous interconnecting fibers can be seen extending 

between chromatids (Fig. 13A). In telophase structures (Fig. 13 B), 

the nuclear periphery is intact and tile chromatin is decondensing in 

the nuclear interior. The nuclear periphery is delineated by a granular 

layer and chromatin fibers extend throughout the nucleus. In most 

cases, nucleolar morphology is altered by acid isolation in that the distinct 

fibrillar and g.ranular. regions are not distinguishable. Distinct nuclear 

pore openings are not visible at the nuclear periphery. · The nuclear · 

periphery observed here in acid isolated nuclei is very .similar to the 

nuclear shell· described by others (Bouvier et al., 1980; 1985)~ 



. TABLE III. :Maximum Diameter ( }lm) of Hei.aS3 Mitotic Configurations 
obtained ~ Detergent Isolation. 

Mitotic Stage Fixation-Procedure 
Karnovsky' s Methanol:Acetic Acid 

Metaphase 7.6 + 0.5 9.7 + 0.5 

Anaphase 5.4 + 0.5 7.5 + 0.7 

Anaphase-Telophase 
Transition 5.5 + 0.2 5.7 + 0.5 

Telophase 5.4 + 0.2 7.8 + 0.3 

Measurements were ootained using a particle neasurement system that is a 
component of "the Alphanumeric Display of the scanning electron microscope. 
The values represent an average of at least 20 measurements/ffiibotic stage. 

~ 
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Figure 13. TEM of He La S3 acid isol&ted nuclei and mitotic configurations. 

A. A lateral view of a metaphase configuration showing the presence 

of numerous interconnecting fibers between chromatids. B. A telophase 

structure with nuclear periphery (arrows) intact and chromoso.mes extending 

into the . nuclear interior shows interconnecting fibers between the 

chromosomes whic.h have not yet begun to decondense. C. Interphase 

nucleus showing granular nuclear periphery ·(arrowa) a:nd retention of internal 

chromatin fibets. The periphery of the interphase nucleus is continuous 

there are no ·obv.ious openings. for the nuclear pores. The periphery 

of the acid isolated interphase nucleus is very similar in morphology tQ 

that of the nuclear shell isolated by Bouvier et al. (1980;1985). Bar, 1 

J:.lm. 



Functional Relationship of the 'Fibrous Network to Nuclear Assembly: 

The interconnecting fibers of mitotic chromatid configurations 

ate 45 nm in diameter and are structurally very similar to the chromatin 

looping fiber when visualized with SEM. The interconnecting fibers 
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observed connecting the centromeres of metaph~se chromosomes, are 

organized int9 a "centromeric ring" (Indian muntjac). As mitosis proceeds, 

interconnecting fibers connect ~djacent chromatids along their lateral 

length (all three cell types), and by telo_phase, have formed a fibrous 

network of. 45 nm diamet~r fibers over the surface of the configuration. 

The location and progressive appearance· of these .fibers as visualized 

with SEM, indicate that the fibrous network may .be important in maintaining 

chromosome organization and orientation throughout mito·sis and possibly 

during interphase. 

With high resolution SEM, the interconnecting fibers have the 
J 

same diameter as the chromatin looping fiber ( 45 nm), and are morphologically 

very similar. The inte,rconnectlng fibers of anaphase configurations 

are composed of annular subunits ranging in diameter from 40 to 60 

nm (Fig. 14 A). The interconnecting fibers bind adjacent chromatids 

at anaphase, and become integrated into the chromatid. The origin 

of the interconnecting fibers within the chromatid cannot be determined 

due to the inability to 'rnorphologic~lly distinguish them from chromatin 

. fibers, and due to .the tight packing of the chromatin fibers in the chromatid. 

The fibrous network of interconnecting fibers covering telophase configurations 

appear to be composed of annular subunits (Fig .14 B). The annular subunits 

of the telophase fibrous network range in diameter from 30 to 54 nrn. 
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Figure 14. High resolution SEM of HeLa 83 fibrous network. A. The 

interconnecting fibers (arrows) of an early anaphase c~::mfiguration are 
. I 

composed of annular subunits. The subunits v~ry in size, but the average 

diameter of the fiber is 45 nm. Tne interconnecting fibers continue into 

the chromatid such that the fibers cannot be traced to their . origin. As 

can be seen by t~e adjacent. chromatids, the interconnecting fibers are 

very similar in size and morphology to the chromatin looping fiber. In 

the chromatin looping fiber:, the annular subunits are considered to be 

the result of the coiling of the supranucleosomal fiber fOaskal et al.,, 1976; 

Ris, 1976; Mace et al., 1977)~ and may also be responsible for the annular 

subunits of the interconnecting fiber. B. At telophase, the surface of 

the configuration is composed of 45 nm diameter fibers· forming a fibrous 

network interrupted by numerous pore-like openings (arrowheads). These 

pore--like openings are surrounded by six to. eight ·annular subunits and 

the structures vary in size from 124 - 198 nm. ~hese pore-like openings 

are not pore complexes because the membrane elements have been removed 

by . the isolation procedure. However, the annular subunits which delineate 

the openings may provide the structural support for the membrane bound 

pore complexes. Bar, 0.1 pm. 



51 

Numero~s pore-like openings are present on the surface of .the telophase 

configuration, and ate composed of six to eight annular subunits. The 

diameter of the pore-like structures range from 124 to 198 nm. The 

pore-like structures are not pore complexes because the metn brane 

elements have been removed by acid isolation. However, the pore-like 

structures may provide the skeletal framework of the nuclear membrane 

pore complexes. Occassionally, dee:p pits are visible which are of unknown 

origin or signif.icance. 

Since the interconnecting fibers are morphologically similar to 

the chromatin looping fibers, it is logical to assume that they are a 

form of chromatin. In order to determine whether the interconnecting 

fibers seen. with SEM contain DNA, acid isolated mitotic configurations 

were digested with DNase I. 

Mitotic configurations and nucle.i are acid isolated on coverglasses 

and reacted with pancreatic DNase I. Maximum extraction of DNA 

occurs afte·r 5 ~minutes incubation in 5IJ.g/ml DNase I at 22°C, with 80 

to 85% of the DNA extracted, as measured by loss of 3 H-thymidine 

incorporation (Fig. 15). SEM analysis of DNase reacted metaphase· 

chromatid configurations .reveals that there is a significant structural 

alteration in chromatin looping fibers in that much of the looping fibers 

are lost (Fig. 16 A). The removal of the looping fibers reveals the underlying 

longitudinal fibers in the Chromatid arms (Fig. 16 B). In areas where 

the looping fibers are retained, the interconnecting fibers are present, 

and are similar in morphology to the chromatin looping fibers. In telophase 

configurations, the surface appears interwoven, with numerous pore-like 
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Figure 15. Estim~tion of DNA extracti'oii. Mitotic configurations were 

obtained from HeLa S3 cells prelabeled with 3 H-methylthymidine and 

acid isolated on coverglasses. Control coverglasses were incubated in 

buffer without DNase I for up to 30 minu~es. The controls were considered 

to represent 100% of ·the DNA. Additional covetglasses were incubated 

in buffer containing 5 llg/ml DNase I for the time periods shown on the 

graph. Within 5 minutes of incubati.on, almost 80% of the DNA is removed. 

Incubation of coverglasses for up to 30 minutes did not result in additional 

removal of DNA. The remaining 3 H- label is considered to represent 

DNase resistant chromatin. Control and DNase reacted coverglasses 

were placed in a scintillation counter to determine the amount of 3 H.,. 

methylthymidine in the cells. 
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Figure 16. DNase treatment of He La "83 metaphase· configurations removes 

chromatin looping fibers as visualized with SE~. A. A partial metaphase 

configuration which has been treated with DNase has areas where the 

chromatin fibers have been removed, .exposing the underlying longitudinal 

chromatin fibers. In areas where the chromatin looping fibers have. been 

digested, interconn_ecting fibers are absent (arrow). Loss of the intercon

necting fibe-rs may be due to either their digestion by DNase I or because 

their attachment sites ·to the chromatids are digested away. In areas 

where the chromatin looping fibers have not been digested, interconnecting 

fibers are retained (arrowheads). The large, spherical structures are 

considered to represent membrane vessicles which are associated with 

the chromosomes. Bar, 1 pm. B. High resolution SEM of a single chromatid 

in (A) showing the longitudinal chromatin fibers exposed by removal of 

the looping fibers (arrowhead). Bar, 0.1 pm. 
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TABLE rv. Retention of Nuclear Proteins in Isolated Nuclei as 

Determined by Dmmunoflourescence 

Nuclear Proteins Intact Cells 

Histone H2A, H2B +H-

Sm ++ 

+++ 

NE 

laminA, c ++ 

control human IgG 

TAC 

Detergent 
Isolated Nuclei 

++ 

+ 

N/A 

+ 

Acid Isolated 
Nuclei 

++ 

+ 

Degree of immunoflourescence: +++ = brightest 
+ = lowest flourescence 
- =negative 

N/A = not determined 

Cells and nuclei were prepared for inmunoflourescence as descr.ibed in 
. Materials , and Methods. 
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structures (Fig. 17), indicating that telophase configurations are not 

affected by DNase I. The presence of DNase digested metaphase configurations 

adjacent to DNase resistant telophase configurations suggests that 

the diffe·rences in digestion by DNase reflect molecular differences 

in configuration structure. Either the fibers seen at telophase are composed 

of chromatin which is DNase resistant, or the .fibers are protected ·by 

possible protein interactjon to the extent that removal .of DNA does 

not affect their overall morphology. 

The histones H2A and H2B are basic nuclear proteins (14.5 and 

1.3.8 kD) which fll.nction to organize the DNA into nucleosomal configurations 

. along with histones H3 and H4 (Kornberg, 1974), and, with ~om.e variations, 

are found throughout the nucleus in the chromatin fiber. In whole cell 

controls, antibody to histone H2A and H2B gave bright immunofluorescence 

staining of formaldehyde fixed nuclei (Fig. 18 A, ·B; Table IV) and mitotic 

chromosomes. The stain was evenly distributed, with no differential 

staining of nucleoli, heterochromatin or euchromatin regions. In contrast, 

the cytoplasm exhibited a low level of immunofluorescence staining. 

When nuclei were isolated by detergent (Paulson, 1982), antibody 

to histone H2A and H2B immunofluorescence was reduced in intensity 

when compared to intact cells (Fig. 18 C,D; Table IV). Detergents release 

the nuclei fro.m the ·nuclear envelope and could result in e.xtraction 

of nuclear proteins. These results would indicate that some histone 

H2A and H2B proteins are lost due to detergent _extraction. Alternatively, 

the antigenic sites· could be denatured by the detergent ot masked by 

other nuclear proteins. 
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Figure 17. Digestion of HeLa S3 acid isolated telophase configurations 

with DNase I does not affect. the surface morphology. The surface is 

composed of an anastomosing network of 45 nm diameter fibers and 

numerous pore-like structures are visible. The size and shape of the 

telophase configuration is not affected by DNase I. These results suggest 

that the nuclear periphery and the fibrous network are DNase resistant. 

Bar, 1 pm. 



• 
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Figure 18. Anti-:histone immurtofluores¢ence of HeLa S3 indicates that 

most of the histones are -removed by acid isolation. A, C and E. Phase 

contrast microscopy of B, D and F. B. Intact cells fixed with 1% for

maldehyde have an · intense nuclear staining while ·the cytoplasm is 

essentially negative. Nucleoli are not distinguishable. Mitotic cells exhibit 

intensive staining of chromosomes at all stages of mitosis, with the cyto

plasm essentially negative. D. Detergent isolated nuclei exhibit a low 

level of immunofluorescence, indicating loss of some of the histone proteins. 

F. Acid isolated nuclei are pale, with the nucleoli intensely stained. 

A-t metaphase, the most intense staining is between the chromatids, 

indicating that the periphery of the chromatids either retain the histones 

or extracted histones are trapped between adjacent chromatids. Since 

the histones are basic proteins, the acid isolation probably removes many 

of the histone proteins. The intense staining of nucleoli may be due to 

removal of proteins which normally mask the reactive sites in the nucleolus. 

Bar, 10 J:.lffi. 

I 



Antibodies to histone H2A and H2B reacted with acid isolated 

nuclei, exhibit intense im·ml.lnofluorescence staining of the nucleoli 
' . 

'I • 

(Fig. 18 E,F; Table IV). The euchromatic and heterochromatic regions 

are reduced in immunofluorescence intensity with antibodies to histone 

H2A and H2B. The intensely stained nucleoli could be due to selective 

retention of the histones in the nucleoli or removal of protein(s) which 

normally mask their staining. Mitotic chromatid configurations have 

a reduced immunofluorescence staining intensity, w-ith labeling occurring 

predominately between adjacent chromatids. The presence of staining 

between adjacent chromatids with antibodies to histone H2A and H2B 

may represent residual histones that have been extracted from the 

chromatids, or found in the interconnecting fibers between· chromatids. 

In all preparations, normal human IgG gave negative immunofluorescence 

staining. 

Since the peripheral changes seen in late anaphase and telophase 

configurations may coincide with the reassociation of the dense lamina, 

antibody to lam ins A and C was _used to localize these proteins. To 

establish controls, formaldehyde fixed intact HeLa S3 cells (Fig. 19 

A-B; Tab~e IV), were reacted with the J9 antibody to lain ins A .and C 

and produced immunofluorescence staining at the nuclear periphery 

at interphase. In addition, some internal localization of the lam ins 
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is apparent in HeLa S3 cells, based on the presence of immunofluorescence 

in the nuclear 'interior. Nucleoli are not distinguishable on the basis 

of immunofluorescence staining. These results are different from those 

obtained by others who report that only the nuclear periJ>hery binds 

the lamin antibodies (Gerace and Blobel, 1980). 



• 



59 

Figure 19. J9 anti-lamin immunofluorescence of HeLa 83 indicates that 

the lamins at.e retained with acid isolation. A, C and E. Phase contrast 

microscopy of B, D and F. B. The lam in proteins have been previously 

shown to be localized at the nuclear per-iphery in rat liver nuclei ·(Gerace 

and Blobel, 1980). In intact cells, the nuclear in~erior as well a~ the nuclear 

periphery, binds J9 antibodies indicating that these proteins may form 

part of the intranuclear matrix. Dark areas are seen in the· nuclei, but 

these areas do not correspond to the position of. the nucleoli and the nucleoli· 

do not show an in~rease in immunofluorescent intensity. The cytoplasm 

exhibits a low immunofluorescence intensity. D. Detergent isolated nuclei . 

exhibit a pale, immunofluorescenc~ . throughout the nucleus.· The even 

distribution of the immunofluor.escence may. indicate a shift in the lamin 

proteins with detergent isolation, or, detergent isolation may unmask· 

additional antigenic sites within the nucleus. F. Acid· isolated nuclei · 

exhibit a pale, diffuse lmm.unofluorescence staining throughout the nl.lcleus. 

Therefore, acid isolation does not temove all of the lamin proteins or 

completely destroy their antigenicity. The even distribution of the immuno

fluorescence stainlng ·may indicate a shift in the lam in proteins, or most 

likely, an unmasking of additional antigenic· sites within the nucleus. 

Bar, 10 pm. 



The labeling of the nuclear interior in intact HeLa S3 cells indicat~s 

that the lamin proteins may contribute to the formation of the internal 

nuclear matrix. When antibodies to·lamins A and Care reacted with 

detergent isolated nuclei, the amount of immunofluorescence is reduced 

in intensity, but is evenly distributed throughout the nucleus (Fig. 19 

C-D; Table IV). The pattern of im-munofluorescence of the antibody 

to the lamins in acid isolated nuclei (Fig. 19 E-F; Table IV) is different 

from that of intact ·cells and is the same as that obtained for detergent 

isolated nuclei, in that the lamins ate evenly distdbut~d throl.lghout 

the nucleus. 

6'0 

He La S 3 <;:ells were synchronized in mitosis, attached to coverglasses 

with poly-1-lysine and reacted with the larnin antibodies. The immunofluorescent 

staining pattern is the same as that obtained in cells prepared by formaldehyde 

fixation. In addition to localization at the nuclear periphery, internal 

localization of the lamin p-roteins -is evident (Fig. 20 A-B). At metaphase 

and eady anaphase, the lam:ins migrate to the cytoplasm .based on cytoplasmic 

immunofluorescence. The cytoplasmic immunofluorescence makes 

it difficult to establish whether the lamins are actually associated with 

the periphery of the metaphase and anaphase configurations. At early 

telophase, the lamins are locaUzed around the mitotic configurations, 

being most intense in the area of the inte-rnal chamber (Fig. 20 C-D). 

Interestingly, it is the. area of the internal chamber where the nuclear 

envelope first forms (Welter and Hodge, 1985). Acid isolated nuclei 

were also attached to coverglasses using poly-1-lysine and immuno-reacted 

with lamin antibodies (Fig. 21 A-B). Once again, the amount of immunofluorescence 
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Figure 20. Anti-lamin im·munofluorescehce of HeLa S3 cells fixed in acid 

alcohol. To establish that the anti ... lamin immunofluorescence to the nuclear 

interior was not an ar:tifact produced by the immunofluorescent technique,· 

HeLa S3 cells were attached to coverglasses by poly.-1-lysine and fixed 

in -l5°C acid alcohol~ A and C. .Phase contrast microscopy of B and 

D. B. Interphase nuclei exhibit intern.al as well as peripheral localiz~tion 

of the lamins. The nucleoli are not apparent, and the cytoplas·m is essen

tially negative. D. Following prophase, the lamins are depolymerized · 

and shift to the cytoplasm (Gerace and Blobel, 1980). The lamins remain 

in the cytoplasm until they are repolymerized around late telophase chromo

somes (Gerace and.. Bobel, 1980). As seen here, the lamins have 

repolymerized around the telophase configuration.· The most intense locali

zation of the lam ins is in the area ·of the internal chamber, where nuclear 

membrane formation :begins. By telophase, the cytoplasm is essentially 

negative, indicating that all of the lamins are a~sociated with the telophase 

configuration, or that some of the antigenic sites are masked. Bar, 10 

·IJm. 
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Figure 21. Anti-lamin immunofluore1SCEmce of HeLa S3 acid isolated nuclei 

and mitotic configurations. Prepared structures were attached to cover

glasses are reacted with antibodies to the lamin proteins (.A and C). A. 

Phase contrast microscopy of B. B. Nuclei exhibit a diffuse immunofluo

rescence staining pattern, similar to that obtained previous! y (refer to 

Fig. 19D). The nuclear periphery is outlined and the nucleoli are not dls.tin- _ 

gl.lishable. -These results indicate that the lamin proteins are associated 

with acid isolated nuclei and telophase configurations. Therefore, .the 

surface detail of telophase configurations· seen with high resolution SEM, 

is probably due to the interaction of the lamins with the peripheral 

chromatin. Bar, 10 pm. 



was reduced and the lamin proteins appeared to be evenly distributed 

within the nucleus, rather ·than localized at the nuclear periphery .. 

The reduction in irnmunofluorescenGe staining intensity indicates that 

although the lamins are present, some loss of the proteins has occurr~d 

or some of the antigenic sites have been altered by the acid 'isolation 

procedure. In all :prepar~tio:ns, mouse -hybridoma supernatant containing · 

-interleukin 2 (designated TAC), used as a control for background ~taining, 

gave negative immunofluorescence staining. 

Polypepti4e Profile of Acid Isolated Nuclei: 

Acetic acid-alcohol fixation employed in the fixation of c.ells 
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for acid isolation is known to extract nuclear proteins (Sivak and Wolman, 

1974), particularly histone HI (Barnett et al., 1980). In order to determine 

which of the major nuclear polypeptides were retained in acid i~olated 

nuclei, prepared nuclei were soluabilized in SDS and separated by gradient 

gel electrophoresis .. Acid. isolated nuclei exhibit a heterogeneous polypeptide 

profile in the molecular weight range of >200 kD to 11 kO (Fig. 22). 

Consistent with the results of others, historl'e Hl is not detectable in 

acid isolated nuclei. The core histones (H2A, H2B, H3, H4) are present 

in essentially equal amounts, with H3 band being somewhat less intense. 

Of special interest are bands present in the area of the lam in proteins. 

When compared to the polypeptide profile of the pore complex-lamina 

fraction and the. nuclear matrix fraction, these bands migrate· in the 

region of lamlns B and C, with a minor band at lamin A. Molecular 

weight of the HeLa 83 lamtns were calculated and laminA is 73 kD, 

latnin B is 69 kD, and lamin C is 64 kD (Fig. 22) in our gel system. A 
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Figure 22. Electrophoretic prof-ile of,, stained polypeptide components. 

Lane A, molecular weight standards; lane B, acid isolated nuclei; lane 

C, nuclear matrices; lane D, pore complex-lamina; and lane E, nucleoli. 

Fractions were isolated and sol,uabilized as d~scribed in Materials and 

Methods. Approximatety 25 to 50 J.Jg :protein of each fraction was analyzed 

by electrophoresis in SDS-polyacrylamide gradient gels which were stained 

with Coornassie blue. Prominent polypeptides in the acid isolated nuclear 

fraction include the core histones in the 10 - 18 kD region, a 30 kD and 

a 32 kD protein. The presence of the core histones (H2A, H2B, H3, H4) 

indicates that some nucleosomal structure still exists. However, the acid 

isolation removes most of the histone HI (21 kD). A cluster of polypeptides 

around the region of the lamin proteins (60 - 72 kD), as well as some higher 

molecular weight proteins are also present. The nuclear matrix fraction 

contains some core histones and histone Hl. The most prominent polypep

tides are those in the region of the lainiris, ~nd at 50 and 43 kD. The pore 

complex-lamina fraction is enriched in the lamin polypeptides, core histones, . 

and the 32 .kD protein fol;lnd in the acid. isolated nuclear fraction._ The 

nucleolar fraction also contains core histones, the 30 and 32 kD proteins, 

and lamins B and C. In addition, a prominent polypeptide .is found at 40 

kD, and is. enriched iii this f·raction when compared to the other fractions. 



major_ band at 32 kD (Fig. 22) is also found in the pore complex-lamina, 

nucleolar and nuclear matrlx fractions. The major band at 30 kD (Fig. 

22) is present in the nucleolar fraction ana pore complex;...latnina fraction. 
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Since major cytoskeletal elements are removed as judged by SEM observations 

·and lack of prominent bands in the 43 ·kD (actin) and 55 kD (tubulin) 
\ 

regions, the 30 ltD and 32 kD bands are probably not indicative of cytoplasmic 

contamination. 

bn:munoblot Analysis with M;ono_clonal Antibodi~s: 

Using rat nuclear envelopes and immunoblot analysis, Maul et 

al. (1984) have shown antibody J9 to react specifically with lamin A 

and C. To determi-ne the specific~ty of this antibody in HeLa S3, and 

to verify the presence of lamins in acid isolated nuclei as determined 

by .immunofluorescence, antibody J9 was immunoblotted with the nuclear 
. . 

fractions shown in Fig. 22. The nuclear pore complex-lamina fraction -

is highly enriched in the lamin proteins, and the J9 antibody reacts 

predominately with lamin A (Pig. 23'). In some preparations (data not 

shown), reactivity could also be seen at lamin C. No other bands were 

detected in the pore complex-lam-ina fraction. The same profile was 

obtained in the nuclear matrix fraction (F-tg. 23). In fractionated acid· 

isolated nuclei, lam in A reacted with J9 (Fig. 23), and in -some preparations 

(data not shown), lamin C reacted. In addition, the 32 kD and 30 kD 

proteins also lmmunoteacted- with J9 •. Occassionally, fain-t bands could 

be seen in the region between the lamins and the 30 kD protein. Although 

these bands fade rapidly, they would suggest that the 30 kD and 32 

kD proteins are breakdown products. If the 30 and 32 kD proteins are . 
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Figure 23. Immunoblot analysis of He La S3 nuclear fractions with antibodies 

to the lamin proteins. Lane 1, acid isolated nuclei; lane 2, nuclear matrices; 

lane 3, nucleoli; and lane 4, pore complex-lamina. Lamin A (arrowhead) 

was present in all fractions except the nucleolar fraction. The nucleolar 

fraction contained a pr.ominent polypeptide at 40 kD (arrow) which reacted 

~ith the lamin antibody. Bands at 30 and 32 kD in the acid isolated nuclear 

fraction probably represent breakdown products (brackets). A~though 

the antibody to the lamins recognizes lamins A and C in rat liver nuclear 

fractions, in HeLa S3, lamii1" C appears only as a faint band, While lamin 

A is very prominent. In the gel profile (see Fig. 22), all three lamin bands 

are of equal intensity in the pore complex-lamina fraction. Therefore, 

the reduced reaction of lamin C to the antibody may indicate that HeLa 

S3 lamin C differs from lamin A in the number of available antigenic 

sites, whic-h in turn would reflect a difference in amino acid sequence. 



breakdown products, then they ha,ve a specific cleavage pattern. If 

·an average am:ino·acid has a molecular weight of 160, then laminA 

would contain 456 amino acids. The 30 kD ;··band would ·contain 200 amino 

acids, which is slightly less than half (44%) the size of laminA. In the 
. . 

nucleolar fraction, lam in A band is very faint (F-ig. 23) and lamin C 

is usually not detectable. In those nucleolar frac;tions which contain 

67 

a prominent band at ·the lam in A .region (as judged by gel electrophoresis), 

immunoblot analysis with antiboQ.y to lamins A and C indicates the 

presence of laminA (Fig. 24). The major band in the nucleolar fraction 

is a 40 kD band. Once again, this protein could be due to specific cleavage 

of lE;tmins A and/or C. Alternatively, the 40 kDprotein recognized 
. \ 

by J9 could be an intrinsic nucleolar protein which has been enriched 

in this fraction, providing enough protein with reactive sites to be· detected. 

As can be seen in the gel profile (Fig. 22), the 40 kD band is the most· 

prominent band in the nucleolar fraction, while laminA is not detectable. 

The 30 kD and 32 kD bands are also present (Fig. 22), ·but do n.ot react 

with J9 antibody (Fig. 22). Since actin migrates at 43. kD, it is possible 

that the 40 kD band, seen in the nucleolar fraction, may be actin. 

To determine whether the. 40 kD band was actin,.J9 antibody was 

inununoblott.ed to bc;>th actin and the nucleolar fraction. The gel profile 

shows that G-actin (from bovine muscle, Sigma Co.) migrates slower· 

than the 40 kO nucleolar band (Fig. 24 A). ·When electrophoretically 

transferred and hnmunoblotted with J9 antibody, lamin A and the ~0 

kD protein band·s appeared in the nucleolar fraction (Fig. 24 B). Lamin 

C appeared as a faint band~ The G~actin did not react with the J9 antibody. 
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Fig1,1te 24. J9 · immunoblot analysis of the 40 kD nucleolar protein and. \ 

actin. ·Lane 1, actin; lane 2., nucleolar fraction. The 40 kD nucleolar 

.protein, instead of being an intrinsic nucleolar protein, could· be due to 

the presence of actin (43 kD) in the nucleolar fraction. To determine 

whether the 40 kD nucleolar protein is actually actin, actin was soluabUized 

and separated by SDS-PAGE as described in Materials and Methods, with 

the nucleolar frac.tion in the adjac~nt lane. Replicate lanes weJ,"e run 

on the same gel, electrophotetically ·transferred and stained with atnido 

. black or immunoreacted with antibody to lamin A and C. A •. Polypeptide 

pr.ofile transferred and stained with amido black. B. Immunoblot showing 

lamin A (arrowhead) and the 40 kD protein (arrow) which reacted with 

the J9 antibody in lane 2. Lane 1, containing actin, did not react with 

the antibody. These results indicate that actin does not contribute to 

the binding of J9 antibody to the 40 kD nucleolar protein. 



Imll1 unogold Trc:msmission Electron .Micros.copy: 

The lamins are present in acid isolated nuclei as evidenced by 

' immunofluorescence and immunoblot analysis. lminunogold TEM should 

provide more detailed information on the precise localization of these 

polypeptides. NE antibodies do not bind to acid isolated nuclei based 

on immunofluorescence (Table IV) and immunoblot analysis (data not 

shown). When reacted with acid isolated nu.clei by the immunogold 

technique· (Clevenger and Epstein, 1984), NE antibody binding occurred 

in the nuclear interior as well as with the embedding medium. Similar 

results were obtained with .the J9 antibody. TAC antibody was used 

as a negative control as it binds specifically. to the surface of helper 

T cells (TAC receptor). HeLa S3 cells are not of lymphoid origin and 

· should not bind the antibody. U.sing immunofluorescence, the TAC 

antibo~y did not bind to HeLa S3 cells or acid isolated nuclei. When 

69 

TAC was reacted with acid isolated nuclei using the imrnunogold technique, 

the TAC binding was identical to that of J9 and NE, except that it was 

mote intense. Serial dilutions of antibodies resulted in loss of J9 binding 

before loss of TAC binding occurred. Similar results were obtained 

with whole cells. 

the binding· of antibodies to the surface of the section was not 

affected by fixation (1% formaldehyde, 4% glutaraldehyde, .1% glutaraldehyde 

or Katnovsky's solution). However, cell or nuclear morphology was 

affected by the method of fixation. G. Maul (personal com.m.) has 

determ,ined that alcohol dehydration and the heat requited to polymerize 

the em bedding. plastic results in extraction or denaturation of the J9 

antigenic sites. 
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The blocking solution used by Clevenger and Epstein ( 1984) was 

a 1:100 dilution of normal goat serum. By adding 20% fetal ca.lf serum 

and 3% human serum albumen to this blocking solution, binding of antibody 

to TAC was prevented. Reaction of 19 antibodies using this .blocking 

solution gave similar results to those obtained with antibodies to TAC. 

Reacting the antil;>odies to the cells or nuclei pdor to embedding resulted 

in loss of cellular o·r nuclear morphology and indiscriminate binding 

of the antibodies. 

When proper .controls are used, a localized reaction with either 
' ·• 

J9 or NE in either whole cells or acid isolated nuclei did not occur. 

Clevenger and Epstein (1984) used medium from a hybridoma culture 

which did not produce antibodies as their negative control. When PBS 

was used in place of the primary antibody, or when the secondary antibody 

was used alone, we also obtained good negative controls. Since the 

lamins are in greate-st concentration at the nuclear pe-riphery of whole 

c~Us with immunofluorescence, most of the gold label $hould have been 

at the nuclear periphery.. However, t.he gold _label 'W?S evently distributed 

throughout tbe cell, with less binding at the .nuclear periphery. 

T~e immunogold technique was aftempted because we felt tnat' 

this techniq~e. could· be used -to more precisely map the disttlbutiori 

of the lamin proteins. Unfortunately, several problems were encountered 

with this technique. 

The -size of the gold-conjugated· secondary antibody(> 1.5 nm) · 

sterically prevents the binding of mo.re than one gold-conjugated secondary 

antibody to a primary antibody (IgM). Even though the immunogold 



technique is an indirect labeling method, it has the same sensitivity 

of a direct method. In .contrast, indirect immunofluorescence is 5 to 
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10 times more sensitive than a direct method. The gold bead is. surrounded 

by IgG molecules of the secondary antibody. Due to the size of t·he 

gold-conjugated antibody, the label may be displaced from the reaction 

site, thus resulting in poorer resolution than would be expected. 

The nuclear laminl:l is c:Iescribed as an open, cage-like structure, 

not a continuous sheet (Capco et al., 1982), composed of three different 

proteins. The cage-like structure of the lamina at the nuclear periphery 

and the ultra thin sections obtained for immunogold TEM, limit the 

amount of antigen available for binding the J9 antibodies. Coupled 

with steric hindrance of adjacent antibodies, non-specific bindil).g of 

the IgM molecules and loss of antigenic sites· due to dehydration and 

enrbedding, the immunogold technique could not be applied to ·our system. 

Other investigators working with monoclonal antibodies to n\lclear proteins 

have encountered similar d-ifficulties with similar re.sults (0. Maul; 

H. Busch, personnal comm.) •. 



DISCUSSION 

Transmission electron microscopy of HeLa 83 cells following 

metaphase has revealed that chromatids come together in early 

anaphase and that the nuclear envelope is-':formed prior to chromosom·e · 

decondensation in telophase (Erlandson and deHarven, 1971; Simmons 

et al., 1973). The three-dimensional visualizations presented by 

Welter et al. (1985) provided more detailed information because 

individual chrorn&tids as well as their interarrangement during mitosis 

could be discerned.: With SEM, Welter, Black and Hodge (1985) observed 

that the process of nuclear assembly following metaphase in Hel;..a 

83 cells occurs in a series of sequential steps in which the chromosomes 

are organized into stage-specific chromatid configurations. These 

configurations provide insight into the organization of the chromosomes 

during mitosis and their rearrangement to form an interphase nucleus. 

In order to determine whether other cell types have their mitotic 

chromosomes organized into stage-specific configurations, mitotic 

chromosomes of the Indian muntjac (an established cell line with 

a low chr.ornosome number) and LN (a human primary cell line) were 

examined with SEM. As in HeLa 83, both the Indian murttjac and 

LN had their chromosomes organi~ed into stage-specific mitotic 

chromatid configurations. 

When mitotic configurations from HeLa 83, Indian muntjac 

and LN are compared by SEM analysis, similarities in chromatid 

alignment and arrangement are observed. For example, metaphase · . 

configurations of th_e th·ree cell lines indicate that the chromosomes 
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are organized into a radial array. In the Indian muntjac, centromeric 

fibers .connect the centromeres forming a "centromeric ring". This 

"centromeric ring" is observable due to the low number of chromosomes 

which reduces overlap that would obscure the "centromeric ring". 

Metaphase radial arrays of HeLa S3 and LN suggest that they also· 
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posse~s a "centromeric ring". However, the large number of chromosomes 

in HeLa S3 and LN compared to the Indian muntjac, and the ovei"lap 

of the chromosomes, may prevent distinct centromeric interconnecting 

fibers from being observed. Consistent with this interpretation, 

fibers ate observed in those metaphase arrays in which the chromosomes 

have been disbursed by swelling the cells in hypotonic solutions. 

External features of telophase configurations are also similar 

when compared between the three cell lines. Individual chromatids 

become indistinguishable at telophase, possibly due to the reorganization 

of the nuclear periphery or chromosome decondensation. TEM examination 

of telo.phase configurations reveals that indivic;lual chromatids are 

still distinguishable in the interior of the configuration. Therefore, 

loss of chrc.>matid ciistinction is probably due to a surface reorganization 

of tne chromatin, .which would involve the fibrous network of interconnecting 

fibers. 

Although many similarities in chromatid configurations exist 

between the three cell lines, ·distinct· differences in chromatid alignment 

and orientation ate evident at anaphase. At anaphase, the Indian 

muntjac exhibits a typical Rabl orientation of the chromosomes, 

with the centromeres leading toward tbe centriole and the telomeres 
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trailing. LN anaphases are very similar to those of the Indian muntjac, 

yet some differences are apparent. The chromosomes forming the 

"centromeric· ring" a-re composed of long and short arms whose centromeres 

are recessed into the hollow chamber. Although the peripheral short 

arms are folded back and over the "centromeric ring", the underlying 

long arms cause the short arms to protrude -more laterally than posteriorly. 

Thus, in some instances, the telome.res of the shott ~rms are actually 

closer to. the centriolar pole than the"centrorneric ring", yet ar~ 

not directed toward the centriolar pole. 

He La S 3 is a neoplastic· cell line capable of indefinite growth 

with > 65 chromosomes, many of which are rearranged. In contrast_ 

to Indian muntjac and LN, the centromeres of HeLa 83 are in two 

layers (Welter et al., 1985). The telomer~s of the peripheral chromatids 

lead the "centromeric ring" toward the centdolar p_ole, as in LN. 

In contrast to LN, the telomeres of the peripheral chromatids in 

HeLa S3 are directed toward the centriolar pole. Since HeLa 83 

is a heteroploid cell line, the anaphase orientation seen in HeLa 

S3 might be indicative of neoplastic transformation (i.e. a characteristic 

of cancer cells). Preliminary SSM observations on another heteroploid, 

permanent cell line (mouse L cells.; data not shown), indicate that 

the anaphase orientation of HeLa 83 is not indicative of heteroploid 

cells ln general. · Since the same orientations are observed in detergent 

isolated anaphase configurations fixed in Karnovsky's solution, the ·. 

orientations are not an artifact produced by the acid isolation procedure. 

These conclusions are supported by Welter and Hodge ( 1985) who 



have· also obtained mitotic chromatid configurat_ionf) using tbe hexylene 

glycol procedure of Wray and Stubblefield (1970). 

Instead, the alignment observed in HeLa S3 is probably brought 

about to accom,modate the additional chromosomes into the "centromeric 

ring". With the additionalchromosomes packed into the "centromeric. 

ring", some of the peripheral chromatids may be unable to fold back 

lateral to the "centromeric ring", due .to lack of space. Thus, some 

of the peripher~l t~lomeres would lead toward the centriolar pole, ·· 

rather than trailing behind the centromeres or being directed toward 

the ·equitorial plane (antipole). The anaph~se align;ment of the ch·roma~ids 

in LN cells supports this concep·t. Another possibility is that upon 

initial separation at anaphase, the "centromeric ring" may be reduced 

in diameter, possibly by constriction, which could resu.It in. the peripheral 

telomeres being directed toward the centriolar pole. 

The current concept regarding the internal order of the interphase 

nuclel!$ is t-hat a precise order of the iriterp.has.e ch·romatin exists, 

and ·thEit th.is orientation m·ay be important to. ch-romosomal behavior 

:;1nd function (Comings, 1980; Avivi and Feldman, 1980). The hypothesis 

of Rabl orient~tion has been applied princip~lly to the interphase 

arrangement of chromosomes, with· that arrangement presumed 

to be established during anaphase and telophase (Cremer et al., 

1982). In this Rabl orientation, the centromeres form one pole while 

the telomeres radiate .toward the opposite pole. 

The stage specific mitotic chromatid configurations visualized 

here with SEM, indicate that a precise· arrangment of chromatids 
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exists, but that this arrangement may not be the same for all ·cell 

types. However, chromatid orientation and alignment is consistent 
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within a specific cell line. In cell lines with-a small number of chromosomes, 

a typical Rabl orientation is evident. As the number of chromosomes 

increases, the complexity of the anaphase configuration also increases. 

By late anaphase, all three cell lines have similar configurations 

which essentially vary only in the size .of the configuration and the 

ar·rangement of the. chromatids within the configuration. If the· 

order of the interphase nucleus is established at anaphase, then 

the differences in anaphase chromatid alignment and orientation 

should reflect differences in the interphase organization of chromat.in. 

It is conceivable that the differences seen in anaphase organization 

could reflect differences in nuclear function, if chromosome behavior 

and function are directed by the interphase arrangement of chromatin. 

Methanol:glacial acetic acid (3:1., v/v) is a standard cytological 

fixative for the preparation of metaphase chromosomes. This fixative · 

is valued Jor the ease of chromosome spreading and the retention 

of chromatin .. fiber detail (Ris, 1978). Welter and Hodge (1985) have 

modified this procedure for the isolation of late mitotic chromatid 

configurations~ These configurations are stage~specific and do not 

vary within a cell line. Chromatin fiber morphology is. retained 

and cytoskeletal and spindle elements are removed. When mitotic 

chromatid configurations are detergent. isolated (Paulson, 1982) 

and fixed with Karnovsky's solution, the same stage-specific configurations 

wete obtained~ However, chromatin fiber detail 



was lost and the surface of the configurations was smooth in texture. 

The lack of detail on the surface of the configurations rna y be the 

result of proteins associated with mitot-ic chromosomes wh.ich are 

tightly cross ... linked to the surface of the contigurations by Karnovsky's 

solution. This tight cross-linking may cause shrinkage and result 

in the configurations being mu,ch smaller when detergen~ isolated. 

When detergent isola.ted chromatid configurations were fixed in. 

methanol:acetic acid, much ·of the surface coating was removed, 

but the configurations were still contaminated with cytoskeletal 

elements as judged by SEM. Since there was. no variation between 

the procedures in regard to chromatid orientation and alignment, 

the overall retention of nuclear macromolecules (as determined 

by gel electrophoresis) and the lack of cytoskeletal elements .(as 

judged by gel electrophoresis and SEM observations), the technique 

of Welter and Hodge (1985) afforded the best technique for isolation 

of mltotic chromatid configurations for visualization with SE}.{~ 

Although many of the nuclear macromolecules were retained 

in acid isolated nuclei as judged by SDS-PAGE, immunofluorescemce 

.studies using anti-nuclear antibodies indicate that some nuclear 

·proteins may be extracted or their amino acid sequence altered 

such that the antigenic sites are no longer reactive. For example, 

when antibodies to Sm proteins were reacted with detergent isolated 

nuclei, the nuclei exhibit very intense immunofluorescence staining. 

In acid isolated nuclei, no im·munofluorescence Staining was observed 

with antibodies to Sm. The histones are also affected by acid isolation_ 
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as determined by gel electrophoresis (absence of Hl) and-immunofluorescence 

(alteration of staining patt.etn).· nRNP proteins were not .observed 

in acid isolated nuclei with immunofluorescence. These results 

indicate that, although many .macromolecules are retained in acid · 

isolated nuclei, ·others are either extracted or their antigenicity 

is altered. Therefore, while acid isolation preserves chromatid alignment 

and orientation as well as chromatin fiber mo~phology as determined 

with SEM, the rnacrom_olecular content of chromatid configurations· 

and their distrib1,1tlon may be affected by the isolation .procedure. 

SEM visualization of mitotic ch-romatids in the three cell lines 

r~veals that the chromatids are held together into stage-specific 

mitotic configurations. At metaphase, the centromeres of adjacent 

chromatids are interconnected by fibers. which form. the "centromeric 

ring" (Indian muntjac). By anaphase., the fibers interconnect adjacent 

chromatids along their lateral length, first appearing near the centromeres 

and progressing .toward the telorneres as mitosis proceeds. By· telophase, 

the entire configuration. is enclosed .by the fibrous network. Since . 

treatment of detergent isolated metaphase configurations with reducing 

agents and/or low ionic strengtban4 EDTA does .not .disrupt ·the 

configutatiens, disulfide bonds or salt bridge formation is not responsible 

for holding the chromosomes together du-ring metaphase (Paulson, 

1982). Acid isolation of the configurations removes components 

of the spindle .apparatus as judged by SEM analysis (Welter et.al., 

1985; Welter ~nd Hodge, 1985; the current study) and the polypeptide 

profile of acid isolated nuclei, indicating that the spindle apparatus 



does not maintain the chro~atid configurations. The location and 

the progressive appearance of the. interconnecting fibers indicates 

. that the fibers 'function to hold the chromosomes together into their 

.stage-specific configurations during nuclea:r assembly. 

High resolution SEM of the acid isolated fibrous network compared 

to the chromatin looping fiber, reveals that there are no morphological 

differences between the two fibers." TEM analysis of acid isolate.d 

interconnecting fibers supports the SEM observations. Upon DNase 

digestion of metaphase corifiguratiQns, both :chromatin looping fibers· 

and Interconnecting fibers are equally affected. Loss of the chromatin 

looping fibers reveals the presence. of the undetlying chromatin 

longitudinal fibers which extend the length of the chromatids •. High 

resolution SEM indicates that the Interconnecting fibers not only 

connect adjacent chromatids, but suggests that the interconnecting 

fibers may actually become integrated into, or participate in tile. 
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formation of the chrom·atids. These findings suggest that the interconnecting 

fibers are actually chromatin fiber.s which interdlgitate during mitosis 

and may therefore function to hold the chromatids together into 

isolatable structures. 

Chromosomal interconnecting fibe.rs· have been reported in 

the literature as chromatin fibers which randomly extend between 

metaphase chromosomes, and which .may, or may not, tep~resent 

artifacts produced as a result of the "sticky" nature of the chromatin 

fiber (Golomb and, Bahr, 1974;. Bahr .and Engler, 1980; Korf and Diacumakos, 

1980). Microsurgically isolated metaphase chromosomes, which 



ar~.= prevented from coming i·1tocontact, do not exhibit interconnecting 

fibers between the chromatids, except in the region of the .centromeres 

(Korf and Diacumakos, 1980). It is possible" that the interconnecting 

fibers seen between adjacent chromatids during later stages of mitosis 

with SEM are artifacts. However, SEM visualization of interconnecting 

fibers durtng late mitosis suggests a sequential and predictable pattern 

of formation, not· a random occurrence. ·Centromeric connections 

are retained in microsurgically isolated metaphase chromosomes 

which have been. prevented from coming into contact with one another 

(Korf and Diacumakos, l980), suggesting ·that centromeric connections 

are not artifact, but instead are a naturally occurring phenomenon. 

Upon examination of TEM photographs of thick-sections through. 
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a metaphase cell published by· others (Rieder et al., 1985), interconnecting 

fibers are seen between metaphase chromosomes, which suggests 

that intercortnecting.fibers are normally present between adjacent 

chromatids. Instead of being artifacts produced by the sticky nature 

of the chromatin as the chromatids come into contact, it is ·conceivable 

that the sticky nature allows the chromosomes to bind together, 

assisting in the maintenance of chromatid orientat~on and arrange.ment 

d1;1ring the process .of nuclear assembly •. 

Another posslbility is that t_he interconnecting fibers may 

contain or be structurally related to the nuclear matrix or ·dense 

lamina. Immunofluorescence studies would indicate that snRNPs 

. which are associe1ted with the nuclear matrix (Vogelstein and Hunt, 

1982) are not associated with the mitotic configurations, although 



they are present in interphase nuclei. Immunofluorescence studies 

indicate that lamin A and possibly C (based on immu~oblot analysis) 

are associated with acid isolated telophase configurations and interphase 

nuclei. The fibrous network wh-icn surrounds telophase configurations 

and interphase nuclei seen with SEM is DNase resistant and resembles 

:the nuclear shell isolated by others (Bouvier et al., 1980; 1-985). 

The nuclear shell contains DN~se resistant chromatin along with 

the larnin proteins of the dense lamina. 
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The surface of late anaphase and telophase acid isolated configurations 

are enclo_sed by a fibrous network of interconnecting fibers, inter-rupted 

by numerous pore-like openings. The openings are surrounded. by 

a ring shaped structure composed of 6 to 8 annular subunits. The 

size of the pore-like structure, which includes the ring as well as 

the opening, is essentially the same size as the nuclear envelope 

pore complex described by others (Unwin aJ?.d Milligan; 1982). It 

has been proposed that the dense lamina may funct-ion as a skeletal 

element that may patticipa:te in the shaping of the interphase nucleus 

and in directing the formation and placement of the nuclear pore 

complexes (Gerace and Blobel, 1981). In contrast, Maul_(l977) obse_rved 

annular pore-like st:ructures on the surface of m·etaphase, anaphase 

and .telophase chromosomes and suggested that a part of the pore 

complex may be preserved by the chrom&tin fibers during mi-tosis. 

The presence of pore-like structures on th~ sur.face. of late anaphase 

configurations, prior to the reassociation of the dense la-mina, suggests 

that it is the chromatin which directs the placement and organization 



of the nuclear envelope pore complexes. The dense lamina may 

serve primarily to attach the peripheral chromatin to the nuclear 

membrane. 

A model for the role of the interconnecting fibers during nuclear 

assembly is proposed based on SEM observations of late mitotic 

mammalian cells (Fig. 25). At metaphase, interconnecting fibers 

organize the chromos9mea into a radial array and maintain that 

organization by forming a centromeric ring. .t\t anaphase, where 

the separation of sister cl1romatids results in the formation of two 

identical configurations, the forces exerted by the spindle and the 

movement of the configurations toward the· pole- ~hrough the cytoskeletal 

network causes adjacent chromatids to come into contact, starting 

at the centromeres and progressing along the length of the chromatids. 

As the chromatids come into contact, chromatin fibers of the adjacent 

chromatids interdigitate until the entire configuration is ·bound by 

interconnecting fibers at late anaphaae. Pore-like·structu·res present 

on the periphery of late anaphase configurations, fire formed within 

the fibrous network, prior t.o reassociation of the dense lam:ina. 

Indirect immunofluorescence indicates -that the lamins reassociate 

with the nuclear periphery in telophase, suggesting that the lam ins· 

do not participate in the organiza-tion of the nuclear periphery, bqt 

instead may participate in the attachment of the -nuclear memebrane 

and pore complexes to the surface of the chromatid. 

Although the presence of the lamins cannot be established 

at anaphase_, it is possible tbat some interaction between the peripheral 
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Centrorrietnc ring organi;zes 
chromosomes into a radial array 
at Metaphase. 

Chromatin extension and nuclear 
membrane formation produces 
progeny nuclei. 

Adjacent chromatids· ate 
brought ·into contact by movement · 

· of sister chromatids to opposite 
poles. Interconnecting fibers 
appear when chromatids come 
into contact. 

+ 
LATE ANAPHASE (Lateral view) 

Movement of chromatids 
through · cytoskeletal filaments 
results in cylindrical configurations. 
Chromatids all ·in contact, fibrous 
network complete. 

+ 

Chromatid morphology 
obscured by fibrous networ~. . 
Peripheral rearrangement coincides 
with reassociation of lamin proteins. 
Pore-like structures on surface of 
configuration may provide skeletal · 
support and direction of nuclear 
membrane pore complexes. 
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Figure 25. A hypothetical model for the role of the interconnecting ffbers 

dQring nuclear assembly is proposed based on SEM observations of late 

mitotic mammalian cells. At metaphase, the fibers of the centromeric . 

ring interconnect the the centromer.es, org·anizing the chromosomes into 

a radial array. Separation of sister chro.matids at anaphase occurs 

concurrent wlth movement toward the opposite spindle poles. Movement 

of the anaphase chrom~tid:s ·(still attached to the. ~entromeric rin1g) through 

the cytoskeletal filament network results in the chromatids being brought 

into contact, beginning near the centromeres. As adjacent chromatids 

come into contact, fibers of the chromatids interdigitate with one another, 

forming the interconnecting fibers. The interconnecting fibers bind the 

chromatids together, maintaining chromosome position. Continued 

· movement of the anaphase configuration through the cytoplasm results 

in the configuration assum-ing a cylindrical shape, with interconnecting 

fibers extending the length of the configuration. By telophase, the 

chromosomes are entirely enclosed ,by a peripheral shell of interconnecting 

fibers and lamin proteins. Num·etous pore-like structures are observed 

on the surface of the configuration, but individual chromatids cannot 

be distinguished. with SEM. TEM reveals that the chromatids are still 

·condensed at telophase. Extension of the chromatin and nuclear membrane 

formation results in a typical interphase nucleus. The interconnecting 

fibers would app~ar to function not only in establishing and maintaining 

chromosome arrangement and orientation, but would also pro.vide the· 

skeletal framework of the nuclear periphery. 
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chromatin and the lamins occurs at this stage to produce the peripheral 

reorganization seen at telophase. Microinjection of antibodies to 

the lamins after their depolymerization following prophase, may 

prevent the lamins from repolymerizing with telophase configurations. 

If the lamins do not reassociate, which should prove very difficult 
l 

with a large IgM molecule bound to it, and the surface of the telophase 

configuration is not altered, then ,the lamins would not necessarily 

participate in the peripheral reorganization seen at telophase. This 

would not negate the possibility of other proteins being involved. 

If the surface of telophase configurations is altered (i.e., no definitive 

pore-like structures; periphery of loose chromatin fibers), then a 

role for the·lamins in restructureing the periphery would be suggested~ 

There is no direct way to evaluate ,the importance of the interconnecting 

fibers in maintaining chromosome position and alignment during 

late mitosis. In fact, Capco and Penman (1983), using detergent 

extracted cell whole mounts of mitotic cells haye shown that chromosomes, 

in the absence of the mitotic spindle, are connected to filaments 

of the cytos~eleton which extend from the plasm lamina to the chromosome 

surface. The cytoskeletal filaments, in conjunction with filaments 

of the nuclear matrix,. would presumably maintain chromosome arrangement 

during mitosis. (Capco and Penman, 1983). In addition to maintaining 

chromosome arrangement, movement of the chromosomes throught 

the cytoskeletal filament networks could possibly shape the chromos·omes 

into stage specific configurations as they pass to the spindle poles 



(Capco and Penman, 1983). Using their technique, Capco and Penman 

·(1983) al~o observecl chromatin fiber.s between chromosomes. Obviou.sly, 

more factors are involved in tnaint~ining chromosome orientation 

and interarrangement during nuclear assembly than the proposed 

model accommodates. Microsurgical isolation of metaphase chromosomes 

and intact spindle apparatus which ·are allow.ed to proceed through 

anaphase, free of cyto~keletal componen·ts other than the .spindle, 

may provide information on the importance of the cytoskeleton 

in maintaining chromosome arrangerne.nts during nuclear assembly. 

At the·same time, the importance of interconnecting fibe-rs could 

be evaluated. 

Once again, it is doubtful that only one protein or one fiber 

type exerts total control over. the arrangement and oritentation 

of chromosomes during nuclear assembly. Instead, a· combination 

of effects of several proteins and fiber types may be necessary for 

the process of nuclear assembly to occur. 
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