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ABSTRACT : Nuclei have been isolated from mouse myeloma 
cells which are capable of synthesizing RNA at a high rate. 
At 37" synthesis ceases after 10-15 min but at  25" synthesis 
continues a t  the same high rate for up to 1 hr. The R N A  syn- 
thesized has been characterized by sucrose gradient centrif- 
ugation and polyacrylamide gel electrophoresis. Both high 

T he study of transcription and maturation of specific RNA 
sequences in cirro requires a system which faithfully synthe- 
sizes RNA for an extended period of time. Functionally active 
isolated cell nuclei provide a system intermediate between in- 
tact cells and in citro RNA synthesis from a chromatin tem- 
plate with isolated RNA polymerase. Isolated nuclei provide 
an opportunity not only to study transcription of defined 
RNA species but also the intranuclear metabolism and even- 
tually the release of the RNA. 

Zylber and Penamn (1971) have shown that HeLa cell 
nuclei complete the synthesis of 45s ribosomal precursor 
RNA in uitro. In addition Reeder and Roeder (1972) have 
shown that Xenopus luevis tissue culture cell nuclei transcribe 
the ribosomal genes faithfully, transcribing not only the cor- 
rect strand of the DNA but also only the portion of that 
strand transcribed in ciuo. Both these groups concluded that 
RNA polymerase I transcribed the ribosomal genes in citro, 
in accordance with earlier indirect evidence (Roeder and 
Rutter, 1970). 

Nuclei isolated from adenovirus-infected HeLa cells have 
been extensively studied. These nuclei synthesize adenovirus- 
specific RNA (Price and Penman, 1972a,b; Wallace and 
Kates, 1972) similar to those species synthesized in uico. A 
proportion of these species are transcribed by RNA poly- 
merase I1 (Price and Penman, 1972a). Much of HeLa cell 
heterogenous nuclear RNA is also transcribed by polymerase 
I1 (Zylber and Penman, 1971). At least one adenovirus-spe- 
cific RNA and some low molecular weight cellular RNA 
species are transcribed by a polymerase activity apparently 
distinct from polymerase I and polymerase 11, possibly RNA 
polymerase 111 (Price and Penman, 1972b). 

Raskas (1971) has studied in uitro the intranuclear me- 
tabolism of adenovirus-specific RNA synthesized in cico. He 
has shown that the large molecular weight adenovirus-spe- 
cific RNA is broken down to lower molecular weight species 
in oitro and that much of this RNA is released from the nuclei 
in an ATP-dependent reaction. In addition, a limited amount 
of poly(adeny1ic acid) (poly(A)) is attached in vitro t o  the rn 
civo synthesized RNA (Raskas and Bhaduri, 1973). 
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molecular weight RNA (>30 S) and low molecular weight 
RNA species are synthesized. A significant percentage of the 
in citro synthesized RNA contains poly(A) sequences, indi- 
cating that the nuclei may be capable of carrying out at  least 
one specific step in RNA maturation. 

We wish to report that nuclei isolated from cultured mouse 
myeloma cells actively synthesize RNA in ritro for an ex- 
tended period of time. All molecular weight classes of RNA 
are made and poly(A) sequences are present in some of the in 
citro synthesized RNA. Recently, we have found that a large 
percentage (20-25 %) of the protein synthesized by these ceils 
is a specific immunoglobulin K chain. Thus, much of the 
messenger RNA synthesized by these cells should code for 
this protein. These nuclei possess potential for studying the 
mechanisms and control of expression of specific genes in 
eucaryotes. 

Methods 

Muintenunce of Tu/iiors. The cells used in these experi- 
ments were the myeloma line 66-2, a light chain producing 
clone derived from MPC-11 by Coffin0 and Scharf (1972). 
The cells were maintained in stationary suspension culture in 
Delbecco's modified Eagles medium (GIBCO) plus 10% 
horse serum. The tumors were also carried subcutaneously in 
BALBC mice (Jackson Labs, Bar Harbor, Maine). 

Preparation of' Nuclei. The cells (5-10 X 103,'ml) were 
centrifuged and then broken by homogenization with 20 
strokes of the tight pestle in a Dounce tissue homogenizer in 
0.3 M sucrose containing 2 mbi Mg(Ac)?, 3 mbi CaCI?, 10 nni 
Tris (pH 8), 0.1 % Triton X-100, and 0.5 mM dithiothreitol. 
One milliliter of solution was used for lo7 cells. The homog- 
enate was mixed with 1 vol of 2 hi sucrose containing 5 mM 
Mg(Ac)?, 10 mhi Tris (pH 8), and 0.5 mht dithiothreitol. The 
mixture was layered over a 2-ml pad of the 2 M sucrose buffer 
and centrifuged at  20,000 rpm in the SW-50.1 rotor for 45 
min. The nuclear pellet was drained and gently resuspended 
(0.4-1.2 mg of DNA/ml) with a Pasteur pipet in 25 z glycerol 
containing 5 mst Mg(Ac)2, 50 msi Tris (pH 8): 5 mM dithio- 
threitol, and 0.1 mM EDTA (Reeder and Roeder, 1972). The 
yield of nuclei was 50-9Oz. Nuclei prepared from the solid 
tumor by a similar technique gave similar results to nuclei 
prepared from the cultured cells. 

R N A  SJxtliesis. The conditions used to assay RNA syn- 
thesis were essentially those of Reeder and Roeder (1972). 
The reaction mixture contained 12.5% glycerol, 5 mhi Mg- 
(AC)~,  1 mM MnCI?, 25 mM Tris (pH 8), 0.05 mM EDTA, 2.5 
mhi dithiothreitol, 0.4 mr\.r each of three ribonucleoside tri- 
phosphates, and 0.05 mhi of the fourth ribonucleoside tri- 
phosphate (labeled eithei with 3H or 3 z P 0 4  in the a position. 
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2-10 Ci/mmol). Either KC1 or (NH&SOI was also present, 
routinely 0.15 M KC1. Aliquots of 20 p1 were applied to strips 
of Whatman No. 3 filter paper or dissolved in 0.1 ml of 1 % 
sodium dodecyl sulfate and 10 m M  EDTA and then applied to 
filter paper. The papers were plunged into cold 5 %  C13- 
CCOOH containing 0.01 M pyrophosphate for 10 min and 
then washed three times ( 5  rnin each) with the same solution, 
washed in acetone, dried, and counted by liquid scintillation 
in a toluene fluor in a Packard liquid scintillation counter 
(Model 2425). Efficiency for 3H was 22 %. 

Isolation of in Vitro Synthesized RNA.  The hot phenol- 
sodium dodecyl sulfate method was used (Wagner et al., 
1967). The reaction (0.2-1.0 ml) was terminated with 10 vol 
of 1 % sodium dodecyl sulfate and 10 mM EDTA and NaAc 
(pH 5.1) was added to a final concentration of 0.05 M. The 
solution was extracted at  room temperature for 10 min with 1 
vol of water-saturated phenol, the aqueous phase collected 
after centrifugation, and the phenol and interface reextracted 
with 0.5 vol of p H  5 buffer for 3 min at  55". The two aqueous 
phases were combined and extracted again with phenol at 
room temperature. The RNA was precipitated with 2 vol of 
95% ethanol after addition of NaCl (final concentration 0.3 
M). 28s RNA was occasionally added to facilitate the pre- 
cipitation of the RNA. The yield of RNA was 60-85 % of the 
ClaCCOOH-precipitable counts. The precipitated RNA was 
collected by centrifugation, washed once with 80% ethanol 
and once with 95% ethanol, dried, dissolved in 0.5 ml of 
sterile water, and treated with DNase I ( l 0  pg/ml) for 20 min 
a t  25". The solution was adjusted to 1% sodium dodecyl 
sulfate-10 mM EDTA and layered over a linear 10-70Z 
sucrose gradient in 0.1 M NaCI, 0.01 M EDTA, 0.01 M Tris 
(pH 7.5), and 0.1 % sodium dodecyl sulfate and centrifuged 
for 19 hr at 25,000 rpm in the SW-27 rotor at 21". The gra- 
dients were fractionated by pumping through a flow cell and 
the absorbance at  260 mp recorded with a Gilford spectro- 
photometer. Fractions (1.0 ml) were collected. Aliquots of the 
fractions were applied to filter paper and C13CCOOH-pre- 
cipitable counts determined as described above. 

Formamide-Sucrose Gradient CentriJirgation. A modifica- 
tion of the technique of Suzuki et al. (1972) was used. The 
RNA was dissolved in 0.2 ml of 70% formamide, 3 mM Tris 
(pH 7.5), and 3 mM EDTA, and incubated at  37" for 5 min. 
The sample was layered over 5-ml linear sucrose gradients 
(10-40% sucrose (w/w) in 70% formamide, 3 mM Tris, and 3 
mM EDTA) and centrifuged at 45,000 rpm for 4.5 hr in the 
SW-50.1 rotor, at  25". The gradients were fractionated as de- 
scribed above and 0.25-ml fractions collected. Aliquots were 
dissolved in Triton-toluene (Patterson and Greene, 1965) and 
counted directly. The optimal density peaks were located 
accurately by reading each fraction. 

Poly(dZ')-Cellulose Chromatography. Poly(dT)-cellulose was 
prepared as described by Gilham (1964). Chromatography 
was performed by the method of Aviv and Leder (1972). The 
RNA sample was applied to the column in 0.5 M KC1-0.01 M 
Tris (pH 7.5) at  room temperature and the column washed 
with 4 vol of this buffer. The bound RNA was eluted with 
0.01 M Tris (pH 7.5). Over 90% of the RNA was recovered 
from the column. 

Polyacrylamide Gel Electrophoresis. Electrophoresis was per- 
formed as described by Loening (1968) except that ethylene 
diacrylate (Choules and Zimm, 1965) was used as a cross- 
linking reagent to allow the gels to be solubilized. The gels 
(0.7 X 10 cm containing 10% acrylamide, 0.3% ethylene 
diacrylate, and 0.1 sodium dodecyl sulfate) were preelectro- 
phoresced for a t  least 1 hr at  5 mA/gel. The samples were ap- 
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FIGURE 1: EfFect of KCl concentration on RNA synthesis. Nuclei 
(2.5 X lo5) were incubated for 10 min at 37" as described under 
Methods. C1,CCOOH-precipitable counts were determined after 
spotting the nuclei on strips of Whatrnan No. 1 filter paper; 1 
prnol = 5000cpm. 

plied with a small amount of marker dye (Bromophenol 
Blue) and run at 50 V until the sample entered the gel. The 
voltage was then increased to 100 V and electrophoresis con- 
tinued until dye reached the bottom of the gel (about 4 hr). In 
these gels 5s  ribosomal RNA had a mobility of 0.5 relative to  
the dye and 4s  transfer RNA had a mobility of 0.75. The gels 
were scanned at  260 mp with a Gilford linear transport device, 
frozen on Dry Ice, and sliced into 1.7-mm fractions with 
stacked razor blades. Each slice was dissolved in 1 ml of 0.2 
N NaOH at 37" for 24 hr, neutralized with 0.3 ml of 1 N acetic 
acid, and counted in Triton-toluene. 

Preparation of Marker RNAs. The cultures were labeled 
with 32P04  (100 pCi/ml) for at least two generations. The 5s 
and 4s  ribosomal RNAs were prepared from purified ribo- 
somes by extraction with phenol-sodium dodecyl sulfate a i  
room temperature and sucrose gradient centrifugation as de- 
scribed above. The fractions containing 4s and 5s  RNA were 
pooled, dialyzed against 0.1 % sodium dodecyl sulfate, and 
lyophilized. The RNA was washed with 80% ethanol to  re- 
move the sodium dodecyl sulfate and dissolved in water. 

Chemicals. Triton X-100 and DNase I (electrophorectically 
pure) were obtained from Sigma. a-Amanitin was purchased 
from the Henley Co. (New York, N. Y.). Formamide (catalog 
F-95) was obtained from Fisher. Ethylene diacrylate was pur- 
chased from Borden Monomer-Polymer Co. [ 3H]CTP, [3H]- 
UTP, and [cY-~*PO~]GTP were obtained from New England 
Nuclear Co. 

Results 

Isolation of Nuclei. Different procedures for isolation of 
nuclei were tested and while many gave clean nuclei as as- 
sayed by microscopy, several procedures resulted in nuclei 
which were less active in RNA synthesis. The exposure of 
nuclei to concentrations of Triton greater than 0.5 during 
the preparation resulted in less active nuclei. Metal ion con- 
centrations were also critical. Isolated nuclei prepared by 
centrifugation through 2.0 M sucrose containing calcium were 
less active than those prepared in the presence of magnesium. 
Nuclei breakage was observed in the presence of 1 2  mM 
magnesium in the 2.0 M sucrose. 

Nuclei were stable on ice in incubation media for at  least 
2 hr. The nuclei could be frozen in incubation media and 
assayed immediately after thawing without significant loss of 
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FIGURE 2: Effect of temperature on RNA synthesis. Nuclei were 
incubated at either 37 or 25". At various times aliquots (2.5 X 
IO5 nuclei) were removed and C1,CCOOH-precipitable counts de- 
termined as described in Figure l ;  l pmol = 5000 cpm: (0) 37"; 
(X)  25". 

activity, although they lost activity within 1 hr after thawing 
at  0'. 

Conditions of RNA Synthesis. The conditions of R N A  syn- 
thesis were chosen to assure that polymerase I and polymerase 
I1 would both be active (Reeder and Roeder, 1972). RNA 
synthesis was dependent on the monovalent cation concen- 
tration (either K+ or NH,-) plateauing a t  0.1 M and remaining 
a t  a constant level through 0.3 M (Figure 1). Raising the salt 
concentration to 0.4 M or higher resulted in spontaneous lysis 
of the nuclei. At the salt concentrations routinely used (0.15 
M KC1) ammonium substituted equally well for potassium. 

A most important variable was the temperature of the in- 
cubation. At 37' incorporation of labeled triphosphates into 
RNA was linear for only 10 min and essentially complete 
after 15 min. The rate of incorporation was 0.6-1.0 pmol/pg 
of DNA per 10 rnin (Figure 2). In contrast, a t  25" synthesis 
continued at  the initial rate for up to 60 min. Hence three to 
five times as much RNA was made under the same conditions 
at  the lower temperature. Rates as high as 1.5 pmol/pg of 
DNA per 10 rnin were observed, the average being 1 pmol. 

As shown in Figure 3 the rate of RNA synthesis was linearly 
dependent on  the concentration of nuclei. This was true at  
either temperature. In addition, incorporation was depen- 
dent on the presence of all four ribonucleoside triphosphates. 
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FIGURE 3 :  Effect of nuclei concentration on RNA synthesis. The 
indicated number of nuclei were incubated for 10 rnin at 25" and 
C13CCOOH-precipitable counts determined as in Figure 1 : 1 
pmol = 500cpm. 
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FIGURE 4: Effect of a amanitin on RNA synthesis. Nuclei were in- 
cubated at 25" in either the presence or absence of a-amanitin 
( 5  pgirnl). Aliquots were withdrawn (2 X 1oj nuclei) at various 
times and C1,COOOH-precipitable counts determined as in Figure 
1 ; 1 pmol = 1000 cpm: ( X )  no a-amanitin; (0) plus a-amanitin. 

I /  

1 15' lNCUBATlON 

1 
ML 

FIGURE 5: Stability of RNA in isolated nuclei. Nuclear RNA was 
prepared as described under Methods, either immediately after 
preparation (A) or after incubation at 37" for either 5 (B) or 15 
rnin (C). Incubation was performed under the exact conditions of 
RNA synthesis. The RNA was analyzed on 10-70% sucrose grad- 
ients for 19 hr at 21 ' in the SW-27 rotor as described under Methods 
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Effect of a-Amanitin on RNA Synthesis. a-Amanitin spe- 
cifically inhibits R N A  polymerase I1 (Roeder et al., 1970). 
Figure 4 shows that R N A  synthesis was inhibited 40% by 
a-amanitin a t  0.15 KC1. Synthesis was still linear in the pres- 
ence of the drug for as long as it was in the absence of the 
drug. Thus, under the routine assay conditions 40z of the 
activity was due to polymerase 11. The effect of a-amanitin 
was not seen at  low salt concentrations (<0.05 M KCl), indi- 
cating that the increase in R N A  synthesis with increasing salt 
concentration was due primarily to the activation of the 
polymerase I1 activity, in agreement with several other studies 
(Zylber and Penman, 1971 ; Reeder and Roeder, 1972). 

Analysis of RNA Synthesized in Vitro. Mouse myeloma 
nuclei possessed negligible ribonuclease or deoxyribonuclease 
activity. Figure 5 shows the sucrose gradient analysis of 
nuclear RNA prepared from nuclei which had been incubated 
under conditions of RNA synthesis for either 5 (B) or 15 (C) 
min. The major components found were identical with those 
found in nuclei which had not been incubated (A). The small 
amount of 18s RNA relative to 28s R N A  indicates that there 
was little cytoplasmic contamination of the nuclei (Penman, 
1966). The high molecular weight RNA (45s) disappeared 
during the incubation, consistent with the possibility that spe- 
cific maturation of RNA species could be occurring in vitro. 
Similar results were found for nuclei incubated a t  25". The 
stability of the major RNA species during the incubation does 
not rule out small amounts of nuclease activity in the nucleo- 
plasm. Hence it might be expected that these nuclei could 
synthesize discrete RNA species without extensive random 
degradation of the RNA by contaminating nucleases. In 
addition, the DNA template is not degraded during incuba- 
tion and there is no detectable DNase activity present in the 
nuclei (Dr. Henry Berger, personal communication). 

The RNA product synthesized at  37" was analyzed on  
10-70z  sucrose gradients. The RNA was extremely heterog- 
enous ranging from 4 to greater than 45 S (Figure 6). After 
synthesis for 1 5  rnin at  37", at which time RNA synthesis had 
ceased, the high molecular weight RNA was no longer pres- 
ent (Figure 6B). The high molecular weight RNA was con- 
verted to lower molecular weight RNA as there was no loss in 
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FIGURE 6: Sucrose gradient analysis of RNA synthesized at 37". 
RNA was prepared from nuclei after incubation for either 5 or 15 
rnin at 37" in the presence of [3H]CTP. The RNA was analyzed as 
described in Figure 5 and Cl3CC0OH-precipitable counts deter- 
mined on 0.05-ml aliquots of each 1-ml fraction. The position of 
various marker ribosomal RNAs is indicated: (A) 5-min incuba- 
tion; (B) 15-min incubation. 

total counts incorporated. The same result was obtained after 
a chase period started after 5 rnin by adding an excess of un- 
labeled triphosphate and continuing to 15 rnin (not shown). 
Whether the formation of lower molecular weight RNA 
species with time was due to normal maturation of the RNA 
or to slight nucleolytic activity is not clear. 

In contrast, when nuclei were incubated a t  25" there was a 
continuous accumulation of both high and low molecular 
weight RNA species (Figure 7). Even after synthesis in vitro 
for 30 rnin a large portion of the RNA was of high molecular 
weight. Apparently, in addition to continued synthesis of 
RNA there is also a slower conversion of the high molecular 
weight species to lower molecular weight RNA (unpublished 
observations). Significantly there was continued synthesis of all 
molecular weight classes of RNA during the entire incubation. 

D. 

FIGURE 7:  Sucrose gradient analysis of RNA synthesized at 25". RNA was prepared from nuclei incubated for either 15 or 30 rnin in the 
presence or absence of a-amanitin. The RNA was analyzed as described in Figure 6 :  (A) 15-min incubation; (B) 30-min incubation; (C)  15- 
min incubation + a-amanitin; (D) 30-min incubation + a-amanitin. 

B I O C H E M I S T R Y ,  V O L .  1 2 ,  N O .  1 8 ,  1 9 7 3  3443 



M A R Z L U F F ,  M U R P H Y ,  A N D  H U A N G  

I 18s 28s  25-30s 

Y L !  18s 28s  >30S 

08 

06 

0 4  

0.2 

200 ::j 11 Fract ion 

TABLE I: Chromatography of R N A  on Poly(dT)-Cellulose." 

Retainedb 

R N A  Size (S) Synthesis I I1 

7-1 5 In  uitro 33 d 7 

16-21 I n  Ditro -A 77 S 
22-29 In citro 17 6 

> 30 In  utro 14 4 
Ribosomal RNA, In c i w  1 

28 + 18 
7-15 In  cico 25 

a RNA was isolated from nuclei incubated for 30 min at  
25" in the presence of [a-32P04]GTP. The RNA was fraction- 
ated on a sucrose gradient as shown in Figure 7. Various size 
fractions of the RNA were pooled and assayed for their ability 
to bind to poly(dT)-cellulose as described in the legend to 
Figure 9. The polysomal RNAs ( in cico) were isolated from 
microsomes prepared from 66-2 tumors and analyzed in an 
identical manner. Either in the absence (I) or presence (11) 
of warnanitin. 

M L  

F I G U R E  8: Analysis of RNA on formamide-sucrose gradients. RNA 
was isolated from nuclei incubated i n  the presence of [CY-:*~PO~]GTP 
for 30 min at 25'. The RNA was fractionated as shown i n  Figure 
7 8  and the 26-30s and > 30s regions pooled. dialyzed against 0.1 
sodium dodecyl sulfate, and lyophilized. The RNA was washed 
in 80% EtOH to remove the sodium dodecyl sulfate and dissolved 
in 70% formamide-3 mM Tris-3 mhi EDTA (pH 7.5). One 
unit of 18 S was added to the 26-303 sample and 1 A2cU unit of 
both 18 and 28 S was added to the >30S sample. The samples were 
incubated at 37" for 15 min and then layered onto 10-40% sucrose 
(w/w) gradient prepared in 70% formaniide-3 mhlTris-3 mv EDTA 
(pH 7.5). The gradients were centrifuged for 4.5 hr at 45.ooO rpm 
in the SW-50.1 rotor, at 23'. The gradients were pumped through 
a flow cell and 0.25-ml fractions collected. An aliquot of each 
fraction was counted directly and the A ~ G "  peaks located accurately 
by reading each fraction: (-) Asao: ( X I  cpm of .:lP: (A) 26-30 S :  
(B) > 30 S .  

The inhibitor, @-amanitin, significantly reduced the amount 
of RNA synthesized but all size classes of RNA were still syn- 
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FIGURE 9:  Chromatography of RNA on poly(dT)-cellulose. The 
RNA >30 S (Figure 8) was applied to a 4-ml poly(dT)-cellulose 
column. Fractions (4 ml) were collected and 0.5-ml aliquots of each 
fraction were counted. The sample was applied on 0.5 M KCI-0.01 M 
Tris (pH 7.5) and the column washed with this buffer. The bound 
RNA was eluted with 0.01 hz Tris (pH 7 .9 ,  starting at the point 
indicated by the arrow. The RNA was prepared from nuclei in- 
cubated in  the presence of [32P04]GTP for 30 min at 25". The RNA 
was first fractionated on a sucrose gradient similar to Figure 7 .  
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thesized (Figure 7C,D). There was a relatively greater reduc- 
tion in synthesis of RNA in the 7-20s region than in the other 
regions of the gradient, although the RNA product was very 
heterogenous. 

The RNA synthesized in citro which sedimented in the high 
molecular region of the gradient was actually of high niolec- 
ular weight and not simply aggregated during the prepara- 
tion. Samples of RNA collected from the 26-303 and >30S 
regions of the gradient were analyzed by centrifugation in the 
presence of 70% formamide. Under these conditions the 
secondary structure of the RNA is destroyed and any ag- 
gregates dissociated (Suzuki et d., 1972). The RNA from both 
these size classes remained high molecular weight when centri- 
fuged in the presence of formamide (Figure 8). Thus, in cifro 
there was significant incorporation into truly high molecular 
weight RNA throughout the entire 30-min incubation period. 

Poly(~ideny1ic m i d )  Content 01 in Viiro S),nthesi;ed R N A .  
Much of the messenger RNA in eucaryotes is distinguished by 
the presence of poly(adenlyic acid) (poly(A)) at  the 3' terminal 
(Edmonds et d, ,  1971 ; Darnell ct cd. ,  1971b; Lee et d., 1971). 
Some of the heterogenous nuclear RNA also contains poly(A) 
at  the 3' terminal (Darnell et ctl., 1971b). These regions are 
thought to be added posttranscriptionally in the nuclei (Dar- 
nell et c d . ,  1971a; Adesnik et (11.. 1972). These RNAs may be 
distinguished from other cellular RNAs by their ability to 
bind specifically to poly(dT)-cellulose. The various in i'itro 
synthesized RNAs were tested for their ability to bind to 
poly(dT)-cellulose. Figure 9 shows that a fraction of the high 
molecular weight RNA (>30 S) synthesized in 30 min bound 
to the column. A certain proportion of each size class of RNA 
bound to the column (Table I). For comparison the propor- 
tion of various cellular RNAs which bind to the column are 
shown. The messenger RNA for the immunoglobulin light 
chain secreted by these cells binds specifically to the column 
(E. C. M., unpublished results; Table I ,  line 6), as does the 
messenger RNA for the light chain secreted by MOPC-41 
(Swan et a/., 1972; Mach et d,, 1973). Ten-fifteen per cent of 
the RNA synthesized in 30 min has poly(A) attached to it. 

A much lower percentage of the RNA synthesized in the 
presence of a-amanitin bound to poly(dT)-cellulose (Table I ,  
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FIGURE 10: Gel electrophoresis of low molecular weight RNA. 
RNA from fractions 2-8 in Figure 6 was dialyzed against 0.1 
sodium dodecyl sulfate and lyophilized. The sodium dodecyl sulfate 
was removed by washing with cold 80% EtOH and the RNA dis- 
solved in sterile water for electrophoresis. 32POa-Labeled 5s and 
4.5 RNA (1500 cpm) prepared from ribosomes was added to each 
sample. The gels were 0.7 X 10 cm and were run under the con- 
ditions described under Methods. Fractions (1.7 mm) were cut 
hydrolyzed in base and counted as described under Methods. The 
RNA was prepared from nuclei incubated at 37" for either 5 or 
15 min in the presence of [3H]CTP: (X) [3H]CMP in tifro; (0) 
32P04 marker RNA in ciuo; (A) 5 min, (B) 15 min. 

column 11). Hence much of the poly(A)-containing RNA was 
probably transcribed by RNA polymerase 11. This nucleo- 
plasmic RNA polymerase may synthesize at  least some of the 
cellular messenger RNAs. 

Whether the poly(A) regions were transcribed or attached 
posttranscriptionally cannot be determined from these data. 
Studies by Darnel1 et a/. (1971a) and Adesnik et a/. (1972) 
indicate that poly(A) sequences are added posttranscrip- 
tionally in vivo. 

Synthesis of Dejined Low Molecular Weight RNA Species. 
In v i ~ o  only a limited number of defined low molecular weight 
R N A  species are present. The predominant species are the 
ribosomal 5s R N A  and the 4 s  transfer RNA. In addition 
there are several discrete low molecular weight R N A  species 
present in the cell in lesser amounts which are confined to the 
nucleus (Weinberg and Penman, 1968; Moriyama et af., 
1969). The low molecular weight RNA species synthesized 
in vitro were analyzed by polyacrylamide gel electrophoresis. 
R N A  species were made in Gitro which migrated identically 
with 4 s  and 5s cytoplasmic RNAs (Figure lo). These species 
were found after both 5 and 15 min of incubation a t  37". 
They did not accumulate further during a chase period (Figure 
111, suggesting that they did not arise from breakdown of 
higher molecular weight RNA. The data indicate that any 
precursor of these species must necessarily be short lived. 
These low molecular weight species accumulated during the 
total period of synthesis in parallel with total R N A  synthesis 
(Figure 11). A more detailed characterization of these RNA 
species will be the subject of a later report (Marzluff, W. F., 
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FIGURE 11: Kinetics of synthesis of low molecular weight RNA 
at 37". RNA was analyzed as in Figure 10 and the total counts in 
the 5s and 4s regions summed. A chase experiment was performed 
by adding a 20-fold excess of unlabeled CTP to the incubation after 
5 min and continuing incubation for 10 more minutes. This ef- 
fectively stopped incorporation of [ 3H]CTP: (A) total CI,CCOOH- 
precipitable counts; (0) 4 S ;  (X) 5 S ;  (- - -) the chase period. 

Murphy, E. C., and Huang, R. C. C., manuscript in prepara- 
tion). 

Discussion 

Isolated nuclei active in the synthesis and metabolism of 
RNA are a potentially useful in vitro system for studying the 
regulation of gene expression in eucaryotes. Nuclei isolated 
from mouse myeloma cells fulfill several requirements neces- 
sary for study of RNA synthesis in vitro. (1) RNA synthesis 
continues at  a linear rate for an extended period of time. 
(2) There is little endogenous nonspecific ribonuclease or 
deoxyribonuclease activity in the nuclei. (3) High molecular 
weight RNA is synthesized and possibly matured in the nuclei. 
(4) Some of the RNA synthesized in vitro contains poly(A) 
sequences, as do many messenger RNAs. ( 5 )  Distinct RNA 
species as assayed by polyacrylamide gel electrophoresis are 
synthesized. 

The most striking feature of RNA synthesis in these nuclei 
is the effect of temperature. One component of the RNA 
synthetic apparatus is temperature sensitive, being rapidly 
inactivated at  37". Possibly the temperature-sensitive com- 
ponent is a regulatory nuclear component other than R N A  
polymerase, as all activity ceases abruptly, not just the activity 
of a single polymerase. It is unlikely that initiation of R N A  
synthesis is the temperature-sensitive step, as in that case one 
would expect the accumulation of low molecular weight 
RNA to stop before that of high molecular R N A  and this 
was not observed (Figure 11). Rather low molecular weight 
RNA species accumulated in parallel with total RNA, and 
RNA synthesis ceased abruptly rather than tapering off. 

It is unlikely that the difference in synthetic capacity with 
temperature is due to a temperature-sensitive nuclease 
activity. No loss of synthesized RNA occurs during a chase 
period (Figure 11) and there is no production of random low 
molecular weight species (4-6 S) during a chase period. 
Rather it appears more likely that transcription stops for an 
unknown reason after a short time at  31 ". 

A significant percentage of RNA synthesized in citro con- 
tains poly(adeny1ic acid) sequences. The poly(A) regions were 
present in all size classes of the RNA made in vitro. Whether 
the poly(A) was transcribed or added posttranscriptionally 
could not be determined, although Raskas and Bhaduri (1973) 
have shown that the poly(A) sequence may be attached in citro 
to previously synthesized RNA in isolated HeLa cell nuclei. 
It has been shown that in vivo poly(A) sequences may be 
added to specific RNAs very soon after transcription (Adesnik 
et af., 1972). Whether this indicates that specific messenger 
RNAs have been synthesized in the nuclei has not been estab- 
lished. However, messenger RNAs are a major class of RNA 
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which contain poly(A) (Edmonds et a/., 1971 ; Darnell et ul., 
1971b; Lee et a/., 1971). Much of'the RNA containing poly(A) 
was synthesized by polymerase 11. Adenovirus messenger 
RNAs are also transcribed by polymerase I1 (Price and Pen- 
man, 1972a) and it is likely that many messenger RNAs in 
eucaryotes are transcribed by this nucleoplasmic polymerase. 
The recent development of an assay system, based on RNA- 
DNA hybridization, for specific messenger RNAs (Ross et ul., 
1972) makes it feasible to answer this question in the near 
future. 

The mouse myeloma nuclei are as active in RNA synthesis 
as the nuclei described by Reeder and Roeder (1972) although 
the myeloma nuclei synthesize RNA for a much longer time 
at  moderate salt concentrations. In this respect they are com- 
parable in activity to the nuclear preparation recently obtained 
by Gurney et ul. (1972) using a nonaqueous technique. A 
central problem remaining to be answered is whether these 
nuclei initiate synthesis of new RNA chains. The extended 
time period of RNA synthesis and the continued accumulation 
of low molecular weight RNA species in parallel with total 
RNA synthesis strongly suggest that some initiation of RNA 
chains in citro is occurring, although rigorous chemical proof 
of this has not been obtained as yet. Price and Penman (1972b) 
have shown that a synthesis of low molecular weight adeno- 
virus-specific RNA is initiated in nuclei isolated from adeno- 
virus-infected HeLa cells using similar arguments. 

If these nuclei are to be useful in studying control of gene 
expression they must initiate synthesis of RNA chains. How- 
ever, the capacity of these nuclei to synthesize and mature 
RNA in citro together with the recent development of assay 
procedures for specific messenger RNAs should allow one to 
answer many pressing questions concerning intranuclear 
RNA metabolism using isolated nuclei. 
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