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Isolation of Nuclei and Characterization of Ribonucleic Acid 
Synthesized in Vitro from Swine Aortic Tissue' 

K. Janakidevi 

ABSTRACT: The object of the present study was to devise a 
method for isolating substantial qtiantites of purified nuclei 
from aortic tissue, and to study the nature of the ribonucleic 
acids synthesized iti citro by the nuclei. A new method of 
homogenization is described using a stepwise disintegration 
of the tissue with a Virtis 60 homogenizer. This method gives 
a good yield of highly purified, enzymatically active nuclei. 

W eiss (1960) first demonstrated the presence of DNA- 
dependent RNA polymerase (nucleoside triphosphate :RNA 
nucleotidyl transferase, EC 2.7.7.6) in an extract of nucleated 
cells, called the "aggregate enzyme." The existence of more 
than one polymerase was suggested by Widnell and Tata 
(1966) in rat liver nuclei, one active at low ionic strength in 
the presence of Mg+, and the other requiring high salt con- 
centrations and Mn". Solubilization and purification of 
RNA polymerases has since been reported. and it is generally 
agreed that there are at least two distinct enzymes in the 
nuclei of most eukaryote tissues examined, and a third one 
in some tissues (Roeder and Rutter. 1969, 1970). Intact nuclei 
provide a good system to study the nature of the RNAs syn- 
thesized during cell transformations. 

The importance of DNA-dependent RNA synthesis in the 
developing and proliferating tissue has been well recognized. 
The formation of new nuclear mRNAs has been demonstrated 
in the early period of liver regeneration following partial 
hepatectomy (Church and McCarthy. 1967). It is generally 
accepted that when a cell passes from interphase to mitosis, 
a process of derepression is set into operation resulting in the 
synthesis of some messengers, which will in turn code for 
enzymes and proteins necessary for DNA synthesis. 

1 From the Department of Patholog>, Albany Medical College, 
Albany, Ne\\ York 12208. Receiced Socenibcr I ,  1971. Supported by 
NIH Grants HE-71 5 5  and HE-14177, Research Grant from Albatil 
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DNA-dependent RNA polymerase was assayed using the 
isolated nuclei and the product analyzed by nearest-neighbor 
base frequency analysis. At low ionic strength and in the 
presence of Mg2+, the nuclei synthesize a ribosomal type of 
RNA while in the presence of Mn2+ and 0.3 M ammonium 
sulfate, a DNA-like RNA is produced. Some properties of 
the two reactions are also described. 

During the development of atherosclerosis, some smooth 
muscle cells (SMC)' of the aortic intima media (Scott et id., 
1969) undergo proliferation. In experimental models, such 
as swine fed hypercholesteremic diets, increased DNA syn- 
thesis and cell division have been demonstrated (Florentin 
and Nam, 1968; Thomas et ul.. 1968). Any investigation of 
the factors involved in SMC proliferation of the aorta in the 
atherosclerotic process must take into consideration the role 
of transcription and other nuclear functions. It is, therefore 
essential to develop a method for the isolation of substantial 
amounts of aortic nuclei in an enzymatically pure state. The 
present paper describes such a method and some of the prop- 
erties of the RNA polymerases and the products they syn- 
thesize in citro. 

Materials and Methods 

Male Yorkshire swine weighing 7-10 kg were used. They 
were on an unrestricted diet (commercial pig chow) and water 
was provided adlibiturn. 

ATP, GTP, CTP, UTP, and actinomycin D were purchased 
from Sigma Chemical Co., St. Louis, Mo. DNase and RNase 
are from Worthington Chemical Co. [3H]UTP was obtained 
from New England Nuclear Corp., Boston, Mass. [~r-"~Pp]- 
Nucleoside triphosphates were purchased from Schwarz 
BioResearch, New York, N. Y .  

1 Abbreviations used a re :  SMC, smooth muscle cells; nnf, iiearcst- 
iieighbor frequency; RNase, ribonuclease; DNase, deoxyribonuclease. 
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Isolation of Nuclei from Swine Aorta. Nuclei were isolated 
by a modification of the procedure described by Widnell 
and Tata (1964). The animals were killed with a gun, and 
the aorta from 2 or 3 pigs quickly excised and dropped into a 
mixture of 0.32 M sucrose containing 3 mM MgCL [medium 
A). The intima media was stripped from the aorta, weighed, 
and thoroughly minced with scissors. Six to 8 volumes of 
medium A were added and the suspension homogenized 
for 15-20 sec in a Virtis 60 homogenizer between 15,000 and 
25,000 rpm. The homogenizing flask used is of 165-ml ca- 
pacity (Cat. No. 16-207) in which a minimum of 2 g can be 
easily homogenized. For smaller weights of tissue, flasks 
of Cat. Nos. 16-099 and 16-117 can be used. The homogenate 
was filtered through two layers of Nylon Bolting cloth, 110 
mesh (John Staniar and Co., Manchester, England). The 
residue was then resuspended in medium A, homogenized, 
and filtered as described above. This process was repeated 
3 or 4 times to ensure complete homogenization. The filtered 
homogenates were pooled and the crude nuclear pellet was 
obtained by sedimenting at 700g for 10 min in an Interna- 
tional refrigerated centrifuge. This pellet was evenly sus- 
pended in a small volume of medium A and sufficient 2.4 M 
sucrose containing 1 mM MgCL was added to a final molarity 
of 2.2, and centrifuged for 1 hr at 50,000g using a No. 40 
rotor in a Beckman L-2 ultracentrifuge. The pellet of pure 
nuclei was washed twice with 0.25 M sucrose containing 1 mM 
MgCL and suspended in the same medium for use in RNA 
polymerase assays. 

All the above operations were performed in the cold he- 
tween 0 and 4". 

RNA polymerase was assayed according to Widnell and 
Tata (1966) in the presence and absence of ammonium sul- 
fate. The assay was carried out at 30" instead of 37". The 
enzyme reaction was terminated with ice-cold 0.5 N HCI04. 
Carrier RNA (1 mg) (yeast RNA, type I1 from Sigma Chemi- 
cal Co.) was then added and, after 2 hr in ice, the precipitate 
was collected by centrifugation for 20 min at 2000 rpm. The 
pellet was washed three times with ice-cold 0.2 N HCI04, 
twice with ethanol-ether (3:1), and once with ethanol. Nu- 
cleic acids were extracted twice from the precipitate with 10% 
NaCl at  loo", and to the pooled NaCl extracts was added 
two volumes of ethanol. Nucleic acids were allowed to pre- 
cipitate overnight in the freezer and collected by centrifuga- 
tion in cold for 30 min at 2000 rpm. The precipitate was 
dissolved in 5 mM NaOH. To one aliquot was added 10 ml 
of Bray's solution and the radioactivity was counted in a 
liquid scintillation spectrometer (Nuclear-Chicago Carp.), 
at an efficiency of 1&20% for tritium and 8&90% for 32P. 
DNA was measured in a second aliquot. 

For determining nnf, the components of the assay mixture 
were raised fivefold and the 3ZP-labeled RNA was processed 
as described above but the perchlorate used contained 0.02 
M sodium pyrophosphate. The ethanolic precipitate of nucleic 
acids was washed twice with ice-cold 0.2 N HCI04, once with 
cold ethanol, and hydrolyzed for 16 hr at 37" in 0.3 M KOH. 
The hydrolysate was acidified with 6 N HCI04, and the insol- 
uble KCIOI was removed by centrifugation. The 2',3'-mono- 
nucleotides in the supernatant were separated according to 
Katz and Comb (1963). The individual nucleotide fractions 
were pooled separately and evaporated in a rotary evaporator. 
The residue was dissolved in a small volume of 5 mM NaOH 
and radioactivity determined as before. The nnfs were cal- 
culated according to Josse et al. (1961). 

Cytochrome oxidase was determined according to Coo- 
perstein and Lazarow (1951) and NADH-NADPH cyto- 

Y 
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FIGURE 1: Phase-contrast micrographs of the nuclear preparation 
from intima media of swine aorta: (a) a t  a magnification of 300X; 
(b)nucleiat 1125X magnification. 

chrome c reductases by the method of Tata et ai. (1963). 
NAD pyrophosphorylase was assayed according to Widnell 
and Tata (1964). 

DNA was estimated by Burton's method (1956) and RNA 
by the orcinol method (Hurlbert et ai., 1954). Protein was 
measured with Folin-Ciocalteau reagent (Lowry et al., 1951) 
with bovine serum albumin as standard. 

Results 

The nuclear preparation obtained from the aorta of pig 
was viewed under a Zeiss phase microscope. As shown in 
Figure 1 the nuclei were intact and free from contamination. 

Table I gives the ratios of protein to DNA, and RNA to  
DNA. It is evident from these ratios and from morphological 
examination that the nuclear preparation is of a highly puri- 
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TABLE I: Chemical and Enzymatic Constitution of Isolated Nuclei from Swine Aorta. 

Specific Activity" 

RNA Polymerase 

NAD Mn2+ ("&SO4 
Protein/DNA RNA/DNA Pyrophosphorylase Mg2+ Activated Activated 

~ 

Homogenate 27.5 1 . 5  
Nuclei 2.87 0.21 54 zt 9 68 i. 8 . 8  (10) 1026 =k 117(10) 

a NAD pyrophosphorylase-nmoles of NAD synthesized for 20 min per mg of DNA. RNAp olymerase-pmoles of UMP 
incorporated per mg of DNA. Values are given as means and std dev. The numbers in the parentheses represent the number of 
determinations. 

fied nature and is comparable to preparations from other 
tissues. The specific activities of NAD pyrophosphorylase 
and RNA polymerase activities are also given in this table. 
The activity of NAD pyrophosphorylase, a good marker en- 
zyme for nuclei, is much less in the aorta than in liver but 
is comparable to the values reported for uterus (Widnell et al., 
1967). 

Cytochrome oxidase and NADH-NADPH cytochrome 
c reductase, marker enzymes for mitochondria and micro- 
somes, respectively, were assayed in the homogenate and the 
purified nuclear preparation. As shown in Table 11, contamina- 
tion of nuclear preparation from these sources is minimal. 

In Table I11 are listed the various requirements for the 
two RNA polymerases from aortic nuclei. Both activities are 
sensitive to RNase as well as DNase and all of the four nucleo- 
side triphosphates are essential for optimum activity. A cat- 
ion is essential in both cases, Mn2+ in the presence of am- 
monium sulfate and Mgz+ in its absence. The pH optima 
are similar to those reported for rat liver nuclei by Widnell 
and Tata (1966). Ammonium sulfate concentrations of 0.3 
M are required for maximum stimulation (Figure 2). 

Figure 3 shows the rate of incorporation of [3H]UTP into 
RNA. The Mg2+-dependent reaction is linear for 5 min, 
reaching a maximum at 15 min, while the Mn2+, ammonium 
sulfate activated enzyme is linear up to 30 min and continues 
to rise up to 60 min. 

Figure 4 illustrates the effect of varying the concentrations 
of r3HJUTP on its incorporation into RNA. As shown in 
the figure, increasing the nucleotide concentrations above 

0.04 mM for Mg2+-dependent reaction and 0.2 mM for am- 
monium sulfate activated reaction did not appreciably in- 
crease the incorporation of C3H]UTP into RNA. 

Tables JV and V give nnfs of the RNA synthesized in ritr-o 
by aortic nuclei. 

In the MgZ+-dependent reaction, the RNA synthesized 
by the nuclei is rich in GpG, CpC, CpG, and GpC pairs. In 
contrast, ApA, UpU, UpA, and ApU dinucleotide sequences 
are much less frequent. Also of interest is the high UpG con- 
tent, which is much higher than that reported for rat liver. 
UpC and CpC pairs occur with less frequency than in rat 
liver. 

When high salt concentrations are used in the assay, GpG, 
CpC, and GpC frequencies become less frequent. Particularly 
interesting is the low amount of CpG pair, which is in general 
agreement with the findings that vertebrate DNA is deficient 
in this pair (Josse et ul., 1961 and Swartz et u/., 1962). ApA, 
UpU, UpA, CpA, CpU, and ApU pairs are significantly 
increased while UpG is as high as in the absence of ammo- 
nium sulfate. 

The base composition calculated from nnf analysis are 
given in Table VI. The overall base composition of the RNA 
synthesized in the Mg*+-dependent reaction is of the ribo- 
somal type, particularly 28s RNA. Nair et a/. (1967) have 
also reported that the RNA synthesized by rat heart nuclei in 
the absence of high salt resembles more the 28s RNA than 
the overall rRNA. The addition of salt significantly shifts 

' zcc 
TABLE 11: Specific Activities of Cytoplasmic Marker Enzymes. 

M 3 L i D  ,NW4$SC4 

FIGURE 2: The effect of ammonium sulfate on the activity of RNA 
polymerase of aortic nuclei. The incubation mixture is as given in 
Table 111. Ammonium sulfate 2 ki adjusted to pH 7.5 with ",OH 
and aliquots added to the incubation mixture to the required mol- 
arity. Incubation for 45 min at 30". 
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Specific Activity. 

NADH NADPH 

chrome chrome c chrome c 
Oxidase Reductase Reductase 

Cyto- Cyto- Cyto- 

Homogenate 24 4 . 8  1 .05  
Nuclei 0 0 .03  0 

Q Cytochrome oxidase expressed as A log Asso/min per g of 
intima media. One unit of NADHPADPH cytochrome c 
reductase expressed as AAjjo/min per mg of protein and given 
in the table as units per g of intima media for homogenate 
and total units present in the nuclei isolated from 1 g of tissue. 
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,/ TABLE III: Characteristics of RNA Polymerase Reaction of 
Isolated Pig Aortic Nuclei Carried Out in the Presence and 
Absence of ("4)2S04. 

0 
,0b 

Specific Activityb 
- 

Mn2+- 
Mg2+- (NH4)2S04- 

Activated Activated 

A1200 g 
-1000 % $ t  
- 800 6 9 

9s 

! 400 $: 
+$ g: 

- 2 C 0 C G  

c e  
r i ,s2 

- 600 & ," 
h 

GTP omitted 
CTP omitted 
Mg2+ omitted 
Mn2+ omitted 
Mn2+ instead of MgZ+ 
Mg2+ instead of Mn2+ 
Complete + Actinomycin D, 

Actinomycin D, 

Actinomycin D, 

2 m~ Mg2+ and 2 mM Mn2+ 
Complete + ribonuclease, 

Complete + deoxyribonuclease, 

0 .5  /e 

1 .o  

2 . 0 %  

25 pg at time 0 

25 bg at time 0 

19 
20 
4 

28 
52 

17 
3 

7 

3 .5  

1 . o  

2 

3 

297 
164 

82 

41 

364 
35 

27 

a Complete system contains for Mg2+-activated polymerase 
in a total volume of 0.5 ml, ATP, CTP, GTP, 0.2 mM; [3H]- 
UTP, 0.04 mM (specific activity, 100 Ci/mole); MgC12, 5 mM; 
NaF, 6 mM; Tris-HC1, pH 8.5, 100 mM; and nuclei containing 
100-150 pg of DNA. Incubation for 15 min at 30". In a total 
of 0.5 ml, ("4)2S04-activated polymerase contains ATP, 
CTP, GTP, 0.2 mM; [3H]UTP, 0.2 mM (20 Ci/mole); MnCI?, 
4 mM; (NH4I2SO4, 300 mM; Tris-HC1, pH 7.5, 100 mM; 
and nuclei containing 100-150 pg of DNA. Incubation for 
45 min at 30". * Specific activity expressed as pmoles per mg 
of DNA. 

the yield of nuclei is between 20 and 30z, which is reasonable 
considering the nature of the tissue. Cytoplasmic contami- 
nation is virtually absent as indicated by the study of marker 
enzymes. Cytochrome oxidase and NADPH-cytochrome c 
reductase, marker enzymes for mitochondria and microsomes, 
respectively, were not detected in the nuclear preparation. 
There is only 0.68 of the total tissue NADH-cytochrome 
c reductase in the nuclei. 

Nuclei incorporate ribonucleoside triphosphates into an 
acid-insoluble product which is sensitive to exogenous ribo- 
nuclease. The enzyme is DNA dependent as judged by its 
sensitivity to added deoxyribonuclease. The presence of all the 
ribonucleoside triphosphates is essential for optimum activity 
and the elimination of any one of the nucleotide precursors 
reduces the activity to varying degrees of the optimal levels de- 
pending on which of the precursors is excluded. The remain- 
ing residual activity could be due to the presence of small 
pools of nucleotides in the cell nucleus. The kinetics of the 
two reactions, pH optima, and other requirements are similar 
to those reported for rat liver nuclei by Widnell and Tata 
(1966). However, the ammonium sulfate concentration re- 
quired for optimum stimulation is 0.3 M and is lower than 
that reported for rat liver nuclei or rat heart nuclei. 

The study of RNA polymerases and the nature of the prod- 
ucts they synthesize is also reported for the first time from 
aortic tissue. The specific activities obtained for RNA poly- 
merase of isolated aortic nuclei are generally lower than 
those reported for liver but much higher when compared to 

the ratio of incorporation of the 4 nucleoside triphosphates 
and results in the synthesis of a DNA-like RNA with a higher 
A-U content than obtained for the Mg2+-dependent reaction. 

Discussion > 

As far as can be ascertained, preparation of purified nuclei 
has not been reported from aortic tissue. The present paper 
describes a method for obtaining substantial quantities of 
nuclei from swine aortic intima media preparations. Part of 
the problem in isolating the nuclei from aorta is the toughness 
of the tissue that renders it resistant to conventional ho- 
mogenizing techniques. This is overcome by using a sheering 
mechanism as provided by the Virtis homogenizers, which, 
combined with a sequential disintegration for very short 
periods of time (15 to 20 sec), provides a method that yields 
adequate quantities of nuclei. As judged by morphological 
appearance, plus RNA/DNA and protein/DNA ratios, the 
nuclei appear intact and pure. Based on the recovery of DNA, 

FIGURE 4: Effect of [ 3H]UTP concentrations on the activity of RNA 
polymerases: (A) Mgz+-dependent reaction; (B) Mn2+, ( N H M 0 4 -  
dependent reaction. 
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TABLE IV: Nearest-Neighbor Frequency Analysis of the Product of RNA Polymerase in the Presence of Mg2-. 
- ~ ~~~~ ~ ~ - ___- 

lsolated 2',3 '-Nucleoside 
Monophosphate 

Radioactive 
Nucleoside 2',3'-Nucleoside Monophosphate 

Triphosphate UMP GMP CMP AMP 

z of Total 32P Recovered in UP 4,, c I' (3 I) 

Calculated Result: Nearest-Neighbor 
Expt Frequency 

[cY.-~*P]ATP 18 34 33 15 
18 31 30 21 

[c~-~*P]UTP 21 33 29 5 16 5 
19 34 29 18 

[a- 32P]GTP 30 32.5 18.5 19 
29 29 24 18 

[a- 32P]CTP 17 5 35 5 32 5 14 5 
18 5 33 6 30 4 17 5 

[CY- 32P]ATP a 
b 

[a- 32P]UTP a 
b 

[~u-~*P]GTP a 
b 

[Q-~*P]CTP a 
b 

Sum 

UPA 
0 032 
0 034 

UPU 
0 042 
0 037 

UPG 
0 09 
0 09 

UIS 
0 054 
0 057 

0 218 
0 218 

APA 
0 027 
0 039 

APU 
0 033 
0 035 

APG 
0 059 
0 056 

APG 
0 045 
0 054 

0 164 
0 184 

C I A  
0 059 
0 056 

c,,u 
0 059 
0 056 

CPG 
0 057 
0 074 

CPC 
0 101 
0 094 

0 276 
0 280 

G,,A 
0 061 
0 058 

G,,U 
0 066 
0 066 

G,,G 
0 101 
0 09 

GPC 
0 11 
0 10.1 

0 338 
0 318 

TABLE v :  Nearest-Neighbor Frequency Analysis of the Product of RNA Polymerase in the Presence of Mn2- and (NH4),S04. 

Isolated 2',3'-Nucleoside 
Monophosphate 

Radioactive 
Nucleoside 

Triphosphates 

z of Total 32P Recovered in 
2',3 '-Nucleoside Monophosphate 
UMP GMP CMP AMP 

U p A, CIJ GP 
Calculated Result: Nearest-Neighbor 

Expt Frequency 

[CY-~*P]ATP 

[a-3'P]UTP 

[a- "PIGTP 

[LU-~?P]CTP 

22 27 25 26 
24 25 26 25 

30 24 27 19 
29 24 29 18 

39 27.5 8 5 25 
37 31 8 24 

26 25 29 20 
27 27 28.5 17.5 

[cI-~'P]ATP a 
b 

[o(-3*P]UTP a 
b 

[cY-~'P]GTP a 
b 

[Q-~'P]CTP a 
b 

Sum 

UPA 
0 045 
0 065 

U,U 
0 075 
0 08 

U,,G 
0 106 
0 084 

U,C 
0 071 
0 061 

0 297 
0 29 

APA 
0 045 
0 067 

A,,U 
0 047 
0 05 

AIG 
0 068 
0 054 

APC 
0 054 
0 04 

0 223 
0 211 

CPA 
0 052 
0 07 

CDU 
0 067 
0 08 

C,,G 
0 023 
0 018 

CPC 
0 079 
0 065 

0 221 
0 233 

G*A 
0 056 
0 067 

GI> U 
0 06 
0 066 

G,G 
0 075 
0 07 

G,C 
0 068 
0 06 

0 259 
0 263 

skeletal muscle (Sobel and Kaufman, 1970 and Baieve and 
Florini, 1970). The lower activity as compared to liver might 
reflect the lower metabolic activity of this tissue or the ribo- 
nuclease activity could be higher in aorta than in liver. The 
nature of the RNAs synthesized is, however, similar to that 
reported for rat liver and heart. Although more than one 
species of RNA may be synthesized in each of these two sys- 
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tems described in this paper, nnf analysis shows that the 
overall base composition of the RNA resembles either ribo- 
somal or DNA-like depending on the ionic strength of the 
assay mixture. There are, however, some differences in the 
dinucleotide sequences of RNA synthesized by the pig aortic 
nuclei in the Mg2+-dependent reaction as compared to rat 
liver nuclei (Chambon et a/., 1968). These differences might 



R N A  S Y N T H E S I S  I N  A O R T I C  N U C L E I  

TABLE VI: Base Composition of RNA from Various Sources. 

Percentage of 2',3'-Nucleoside 
Monophosphate 

UMP GMP CMP AMP Reference 

Mg2+-dependent reaction 21.985 32.765 27.8 17.5 Present study ("F analysis) 
28s RNA, rat heart 23.6 35.7 24.9 15.8 Posner and Fanburg (1966) 
18s RNA, rat heart 33.9 28 21.5 16.2 Posner and Fanburg (1966) 
MnZT (NH&S04-dependent reaction 29.135 26.18 22.725 21.7 Present study ("F analysis) 
Complementary RNA 28.6 21.6 21.4 28.4 Nair et al. (1967) 

be inherent to the type of tissue or result partially from the 
lower temperature (30") employed in the present study. Cham- 
bon et al. (1968) have shown that temperature has a marked 
effect on the activity of ribonuclease, the activity increasing 
with a rise in temperature. In the absence of ammonium sul- 
fate-a potent inhibitor of ribonuclease-some species of 
RNA, like DNA-like RNA, which are more sensitive to the 
action of ribonuclease than ribosomal RNA (Chambon 
et ul., 1968) are degraded to a greater extent at 37" than at 
30". The minor components thus remain stable when the 
assay of the Mg2+-dependent reaction is carried out at the 
lower temperature. In this context, it is interesting to mention 
that Chambon et al. (1968) reported slightly different base 
compositions for RNA synthesized in the absence of am- 
monium sulfate when the assay was carried out at 17" in- 
stead of 37" and concluded that this difference is due to the 
stability of (A-U)-rich RNA. 

Derepression of the genome is considered a vital step in the 
induction of DNA synthesis and cell division, and would, 
therefore, constitute an important step in the development 
of atherosclerosis. Since RNA polymerase is the key enzyme 
in the process of derepression, the levels or activities of this 
enzyme would play an important role on the control and syn- 
thesis of various RNA species under different metabolic con- 
ditions, such as those involved in hormonal stimulation, 
embryonic development or in various pathological conditions. 
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