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Abstract 

The in vitro intranuclear distribution of the chlorinated aromatic hydrocarbon compounds 2,2',4,4',5,5'-hexachlorobiphenyl and 
2,3,7,8-tetrachlorodibenzo-p-dioxin was determined in isolated rat liver cell nuclei. Suspended nuclei were incubated with the 3H-labeled 
congeners, and the incubation terminated by brief UV irradiation. High-intensity UV irradiation at 254 nm changes the reversible 
association between macromolecules and ligands into covalent linkages and thus stabilizes the equilibrium distribution. The nuclei were 
then fractionated with the radioactive congeners covalently linked to the purified fractions. The intranuclear distribution of the model 
compounds was not uniform. The majority of either chemical was attached to the nuclear envelope and to the chromatin fraction. Much 
lower amounts were bound to nucleoli. The nuclear matrix was almost devoid of the chemicals. Minute amounts of either compound were 
detected in association with DNA, none with nuclear RNA. The substantial association of these chlorinated hydrocarbon model 
compounds with chromatin may bear more general biological relevance and point to detrimental effects on the genetic apparatus. The 
presented method yields an unequivocal profile of the genuine nuclear distribution of photoactivatable chemicals. 
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1. Introduct ion 

Uptake of  environmental pollutants by ingestion and 
inhalation provides for a steady supply of  exogenous 
chemicals in mammals. All kinds of  xenobiotics have been 
found in human tissues. In particular, polychlorinated 
biphenyls (PCB) and chlorinated dioxins may reach con- 
centrations in human tissues that deserve concern on po- 
tential toxic effects. 

The hub of  cellular interaction of  PCB and 2,3,7,8-tetra- 
chlorodibenzo-p-dioxin (TCDD) with macromolecules is 
their highly specific and mutually competitive binding to 
the cellular Ah-receptor protein in the cytosol [1-3]. Apart 
from this receptor, a soluble PCB binding protein in rat 
liver cells has recently been uncovered [4] and enriched 
from rat liver cytosol [5]. It is a 40 kDa binding protein, 
specifically and with high affinity for the PCB congeners 
2,2',4,4',5,5'-hexachlorobiphenyl and 3,3',4,4',5-pentachlo- 

Abbreviations: PCB, polychlorinated biphenyls; 6-CB, 3H-labeled 
2,2',4,4',5,5'-hexachlorobiphenyl; TCDD, 3H-labeled 2,3,7,8-tetrachloro- 
dibenzo-p-dioxin. 
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robiphenyl, but with low-affinity only for 3,3',4,4'-tetra- 
chlorobiphenyl [5]. The protein is localized in the cell 
cytosol but is absent in the cell nucleus [6]. Conversely, 
analysis of  nuclear DNA adducts, 32p-postlabeled after 
photo-induced covalent binding of  2,2',4,4',5,5'-hexach- 
lorobiphenyl in cultured human cells, has revealed that 
PCB congeners distribute also into cell nuclei [7]. 

We studied the nuclear whereabouts of  these chemicals 
after in vitro uptake in some detail. Basically, the intra- 
nuclear equilibrium distribution of  the two compounds was 
looked for, irrespective of  the presence of  potential spe- 
cific binding proteins in the cell cytosol. 

The experimental method of  choice was, first, to equili- 
brate the isolated nuclei with the radioactive (3H-labeled) 
chemicals and, then, to stabilize the equilibrium distribu- 
tion by brief high-intensity UV irradiation. It has previ- 
ously been shown that excited intermediates of  photoacti- 
vatable ligands can react with their nearest neighbours by 
generating covalent bonds by 'freezing'  the equilibrium 
distribution of  3H-labeled chemicals such as 2,2',4,4',5,5'- 
hexachlorobiphenyl (6-CB) [7,8]. Since weak and strong 
associations will be affected alike, the experimental condi- 
tions used do not demand for discrimination of  'specific' 
from 'non-specific '  binding sites: the labeled binding sites 
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in total will mirror the original distribution. The nuclei 
were, lastly, fractionated and subnuclear fractions isolated 
with the radioactive compounds covalently bound to their 
original targets. The measured radioactivity of the purified 
fractions gives then the relative distribution in terms of 
protein binding. By taking the volume ratios of the nuclear 
components into account, the relative intranuclear distribu- 
tion in terms of concentration could be computed. Experi- 
ments in the absence of UV irradiation showed low bind- 
ing of radioactivity only or even no radioactivity at all, due 
to considerable loss of bound ligands during fractionation 
of nuclei. 

The in vitro approach offers a useful tool to track the 
nuclear distribution and potential macromolecular targets 
of photoactivatable lipophilic chemicals. 

2. Materials and methods 

2.1. Chemicals 

3H-labelled 2,2' ,4,4' ,5,5'-hexachlorobiphenyl (0.3 
TBq /mmol  = 8 Ci /mmol)  was synthesized as described 
[4]. 2,3,7,8-tetrachloro-[3H]dibenzo-p-dioxin (1.5 T B q =  
40 Ci /mmol)  was kindly donated by Dr. P. Cikryt (Uni- 
versit~it Wtirzburg, Germany). Batches of either radio- 
chemical were monthly purified by TLC (in n-hexane on 
silica gel plates), the radiochemical purity of the scraped-off 
material being > 95%. Fine chemicals were purchased 
from Fluka (Neu-Ulm, Germany) and Merck (Darmstadt, 
Germany), enzymes were bought from Sigma (Deisenho- 
fen, Germany), respectively. 

2.2. Animals 

Approx. 8 week-old Sprague-Dawley rats were housed 
in the GSF animal station. Ether-anesthesized animals, 
irrespective of sex, were used for liver excision. Tissue 
homogenization and all preparative steps of nuclear frac- 
tionation were performed at 0°C-4°C. 

2.3. Isolation of  rat liuer nuclei [9] 

Liver tissue, pooled from five animals, was minced and 
homogenized with a motor-driven Teflon pestle in 60 ml 
of 10 mM potassium phosphate buffer (pH 7.5). The 
homogenate was centrifuged (830 X g, 10 min), and the 
pellet was washed twice with 0.24 M sucrose in Hepes 
buffer (10 mM Hepes, 5 mM MgC12, 1 mM EDTA, 1 mM 
dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 0.03 
mM leupeptin, pH 7.8). The suspension was cleared 
through a nylon mesh and centrifuged (3000 X g, 10 min). 
The precipitate was taken in 80 ml of 0.24 M Hepes- 
buffered sucrose, mixed with 320 ml of 2.4 M Hepes- 
buffered sucrose and layered in 35 ml portions on top of 5 
ml 2.2 M Hepes-buffered sucrose for centrifugation 

(100000g, 60 min). The pellet was washed in 0.25 M 
sucrose in Hepes buffer, collected by centrifugation and 
stored at - 80°C  in buffer (approximately 2 × 108 
nuclei/ml buffer: 50 mM Tris acetate, 5 mM MgC12, 40% 
glycerol, 1 mM EDTA, pH 8.3). Purity and integrity of the 
nuclei were checked by light microscopy and transmission 
electron microscopy (courtesy of Dr. U. Heinzmann, GSF). 

2.4. Incubation and photofixation 

5 X 10 7 Nuclei /ml were incubated in Hepes buffer at 
10 nM concentration of either compound at 20°C for 20 
min. The samples were briefly UV-irradiated (Philips HPK 
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Fig. 1. Uptake of 6-CB by rat liver nuclei in suspension. Panel A: 

dependence on concentration. Nuclei were incubated for 25 min at the 

6-CB concentrations indicated. Panel B: influence of incubation time. 

Nuclei were incubated with 10 n M =  55000 cpm of 6-CB for the time 

periods indicated. The results of one experiment are shown. Details are as 

in Section 2. 
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125-W/L mercury lamp, 254 nm, 25 sec, 2.5 cm distance; 
cf. Ref. [8]) to fix the chemicals covalently to their targets. 
The nuclei were collected (2500 × g, 10 min) and washed 
once with Hepes buffer. The yield of photo-induced 6-CB 
binding to cell fractions averaged 30%. The yield of 
TCDD photobinding was not determined due to sparing 
material; circumstantial evidence put the yield lower than 
that of 6-CB. 

2.5. Fractionation of  nuclei 

After photofixation of the equilibrium distribution, the 
nuclei were fractionated according to established proce- 
dures. The preparative methods are summarized as fol- 
lows: nuclear envelope: Riedel and Fasold [10]; Dwyer 
and Blobel [11]; nuclear pore complex + lamina: Dwyer 
and Blobel [11]; Bachs et al. [12]; nuclear membrane: 
Franke et al. [13]; nucleoli: Beebee [14]; chromatin: Addey 
and Campbell [15]; Johns [16]; non-histone proteins: 
Sanders [17]; Wilson and Spelsberg, 1975 [18]; histone 
subfractions: Johns [16]; HMG proteins: Sanders [17]. The 
purity of each fraction was checked by appropriate means, 
such as transmission and scanning electron microscopy 
(Dr. U. Heinzmann, GSF), chemical assays and SDS gel 
electrophoresis. The micrographs and the analytical results 
matched those known from textbooks and are, therefore, 
not repeated here. 

2.6. Miscellaneous methods 

DNA was isolated as described in the 'Maniatis Labora- 
tory Manual' [19]; purity matched the published Az60-to-  

A28 o ratio of 1.75-2.05. RNA was isolated by acid guani- 
diniumthiocyanate/phenol/chloroform extraction [20]. 

Protein was measured according to established methods 
[21,22]. Radioactivity of 3H-labeled purified samples was 
measured by liquid scintillation counting (Packard TriCarb 
300). 

3 .  R e s u l t s  a n d  d i s c u s s i o n  

Conditions of 6-CB and TCDD uptake by suspended 
nuclei were determined in pilot experiments. Uptake of 
6-CB was linear up to 130 nM (Fig. 1A), equilibrium was 
approached after 15 min (Fig. 1B). Similar results were 
obtained with TCDD (data omitted). Uptake of the model 
compounds by suspended nuclei is thus not limited by 
saturation at the low concentrations of interest. The results 
of these pilot studies yielded the optimum incubation 
conditions for all the subsequent incubation assays prior to 
irradiation: an as low as possible 'physiological-like' con- 
centration - -  i.e., 10 nM - -  with sufficient radioactivity 
- -  i.e., approx. 50 000 c p m / m g  protein - -  and an incuba- 
tion time to reach equilibrium; i.e., 20 rain. 

The results of the 6-CB and TCDD distribution in 
nuclear fractions are compiled in Table 1. Heavy radioac- 
tive labeling of protein is found in the nuclear envelope. 
The nuclear envelope is composed of two layers, the 
lipid-rich nuclear membrane and underneath the protein- 
rich pore complex + lamina. The rigorous purification em- 
ployed [11-13] resulted in very low absolute amounts of 
labeling. The relative labeling ratio would indicate that the 
relative lipid-rich nuclear membrane of the composite is 
somewhat preferred over the lamina layer. Second to the 
envelope, protein-bound radioactivity is found in the nu- 
cleolus and in the chromatin fraction. Within the chro- 
matin, the group of non-histone proteins is the major 

Table 1 
Binding of 6-CB and TCDD to protein of nuclear fractions 

Nuclear fraction 6-CB bound (ng /mg)  * n TCDD bound (ng /mg)  * 

Nuclear envelope 93.5 _+ 15.5 3 6.2 
Membrane 0.96 _ 0.5 3 0.5 
Pore complex + lamina 0.35 +_ 0.02 3 0.08 

Nuclear extract 0.3 + 0.06 3 0.04 
Chromatin 4.1 + 0.74 12 0.76 
Histones 0.26 + 0.06 4 0.02 
H1 0 2 
Core 0.32 + 0.1 2 
Non-histone protein 2.0 + 0.35 5 0.82 
High-mobility-group 
Protein 0 2 

Nucleolus 2.0 + 0.2 4 0.92 
DNA 0.004 _+ 0.01 4 0.0055 
Nuclear RNA 0 4 0 

Cell nuclei in suspension were incubated (20 min, 20°C) with the chemical of choice (10 nM). The equilibrium distribution was fixed by irradiation. The 
nuclei were fractionated and bound radioactivity was determined as described in Section 2. 6-CB: the mean _ S.D. of N independent experiments is 
shown; TCDD: the mean + 20% deviation of 2 independent experiments is shown. In the absence of UV irradiation, binding of 6-CB was 22 n g / m g  
protein to the nuclear envelope and 0 n g / m g  DNA to DNA. 

mg protein or mg nucleic acid, respectively. 
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binding site. Analysis of histones (done only with 6-CB) 
reveals the core histones H 2 - H 4  as major targets. There is 
a lack of association with the linker histone HI.  This is 
remarkable in that models of chromatin show large parts of 
the linker histone H1 surface exposed to the nuclear matrix 
[23]. The proteins of the nuclear extract are poorly labeled; 
partly may be as a result of the in vitro conditions em- 
ployed (absence of specific cellular binding proteins), but 
essentially due to the lack of lipid-rich structures in the 
nuclear matrix. There is also a complete lack of binding to 
the High Mobility Group proteins. Minute quantities of 
6-CB and TCDD are associated with nuclear DNA, none 
with RNA. The throughout lower labeling efficiency of 
TCDD compared with 6-CB is very likely the result of 
photo-excited chemical intermediates with greater chemi- 

cal stability. 
Aside from protein binding, the distribution of exoge- 

nous chemicals can also be expressed in relation to con- 
centration (volume). Using the binding data of Table 1, the 
data were calculated by accounting for the protein content 
and the volume ratios of the individual nuclear fractions. 
The distribution within volume was calculated on the 
following assumptions: (i) the protein content of chro- 
matin, of the nucleolus, of the nuclear envelope and of the 
nuclear extract is 80%, 80%, 60% and 30%, respectively; 
(ii) their volume percentage is assumed as in the literature 
(cf. legend of Table 2); (iii) the yield of photobinding is 
similar for all fractions (based on a 30% yield in previous 
experiments; cf. Ref. [8]). Under these assumptions, the 
volume-related distribution, listed in Table 2, was ob- 
tained. The results confirm the nuclear envelope and chro- 
matin as the prominent nuclear targets of 6-CB and TCDD, 
the nucleolus being a candidate target for TCDD. The 
nuclear matrix space is virtually devoid of the xenobiotics, 
minute concentrations are encountered in direct proximity 
of DNA. In a final step of transformation, the numerical 
data of Table 2 are visualized by the graphical illustration 
shown in Fig. 2. The plot presentation gives a lucid view 
of the strong enrichment of these lipophilic chemicals in 

the small volume of the nuclear envelope, in contrast to the 

6-CB TCDD 

.... lopo 

nuclear extract 

.... [iiiii   iiiiii: 
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DNA F 

Fig. 2. Plot of the relative distribution of 6-CB and TCDD in nuclear 
fractions. The numerical data of Table 2 were transformed in a graphic 
plot to illustrate the relative distribution of 6-CB and TCDD in different 
volumes of nuclear compartments. The size of each square symbolizes in 
proportion (Table 2) the volume percentage of the respective nuclear 
fraction. The number of dots within each square stands for the relative 
concentration of the respective chemical in the individual nuclear frac- 
tion, one dot symbolizing 1% of total distribution. 

virtually 'clean'  nuclear matrix (nuclear extract). Since the 
plots mirror the relative equilibrium distribution at low 
non-saturating conditions, an apparent accumulation of 
dots does not necessarily indicate saturation phenomena. 

In summary, the nuclear envelope represents the first 
defense line against intruding exogenous chemicals. How- 
ever, once the chemicals overcome this barrier, they dis- 
tribute widely into and throughout the interior of the 
nucleus. They associate preferentially with protein-dense 

Table 2 
Relative distribution of 6-CB and TCDD in nuclear fractions 

Fraction Volume * (% of nucleus) Distribution (% of total compound) 

6-CB TCDD 

Envelope 2 43.8 + 9.2 25 
Nuclear extract 65 2.2 + 0.2 2.1 
Chromatin 25 40.0 + 5.7 44 
Nucleolus 4 4.5 _+ 0.5 14.6 
DNA 3 < 0.01 0.3 
Nuclear RNA 1 0 0 

In order to indicate the relative concentration of either chemical in the nuclear fractions, the data of protein binding (Table 1) were calculated with respect 
to the fractional volumes. The distribution is shown as percentage of total binding in the individual fractions. The difference to 100% indicates binding to 
structures not characterized. 
* The volume percentage of nuclear fractions is based on (i) David, H. (1977) Quantitative Ultrastructural Data of Animal and Human Cells, pp. 134-149, 
Gustav Fischer, Stuttgart [25]; (ii) Sitte, P. (1981) Allgemeine Mikromorphologie der Zelle, in Die Zelle. Struktur und Funktion (Metzner, H., ed.), 3rd Ed., 
Wissenschaftliche Verlagsgesellschaft, Stuttgart [26]. 
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s t ruc tures  such  as the ch roma t in .  T he  b i nd i ng  to c h r o m a t i n  

cou ld  in te r fere  wi th  func t ion  o f  c h r o m a t i n  p ro te ins  tha t  in 

turn wou ld  enta i l  de t r imen ta l  e f fec ts  wi th  cons ide r ab l e  

b io log ica l  r e l evance .  E v i d e n c e  o f  this  p a t h w a y  has  recen t ly  

been  p resen ted :  a po ten t ia l  of  adver se  ef fec ts  was  recog-  

n i zed  in the  in te r fe rence  o f  P C B  wi th  D N A  t ransc r ip t ion  

o f  o n c o g e n e s  [24]. In genera l ,  the  m e t h o d  p resen ted  cou ld  

be  useful  in t r ack ing  in t race l lu la r  d i s t r ibu t ion  k ine t ics  o f  o f  

c h e m i c a l l y  s tabi le  bu t  p h o t o - e x c i t a b l e  o rgan ic  chemica l s ,  

i r r espec t ive  o f  the p r e sence  o f  speci f ic  h igh -a f f in i ty  low-  

capac i ty  b ind ing  sites, and  in c la r i fy ing  si tes and  capac i ty  

of  nuc l ea r  cons t i tuen t s .  The  m e t h o d  thus  a lso grea t ly  en- 

h a n c e s  c o n f i d e n c e  in p red ic t ing  b io log ica l  ta rgets  o f  c h e m -  

ical po l lu tan t s  tha t  e v e n  m a y  h a v e  as yet  no t  r ecogn ized .  
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