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Synthesis of Two Classes of Small RNA Species in Vivo and in Vitro? 

Gary Zieve, Bernd-Joachim Benecke, and Sheldon Penman* 

ABSTRACT: A set of low molecular weight RNA species has 
been described in mammalian cells. These RNAs are localized 
primarily in the nucleus and are not involved in protein syn- 
thesis (Zieve and Penman, 1976). In the HeLa cell these small 
R N A  species are divisible into two distinct families that have 
different methods of formation: the class 1 small RNAs which 
may be formed by a polymerase type I activity and the class 
111 small RNAs which are clearly synthesized by RNA poly- 
merase 111. The class I11 small RNAs include tRNA, 5s RNA, 
and species K and L. They are synthesized in HeLa cell nuclei 
incubated in vitro where their synthesis is unaffected by low 
levels of a-amanitin but inhibited by high levels of a-amanitin 
which indicates that they are products of RNA polymerase 111. 
In vivo, the synthesis of the class I11 small RNAs is insensitive 

T h e  low molecular weight RNA species, in eukaryotic cells, 
have been described by several authors (Weinberg and Pen- 
man, 1968; Hodnett and Busch, 1968; Goldstein and KO, 1974; 
Zieve and Penman, 1976). In mammals, these RNA molecules 
form a distinct class of at least eight well-defined species that 
range in size from 4 to 7 S. They have been shown to be rela- 
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to several inhibitors and to alterations in cellular metabolism 
that severely inhibit the synthesis of other types of cellular 
RNA including the class I small RNAs. The class I small 
RNAs include the nuclear species A, C, D, F, and H. They are 
not made in detectable amounts in vitro in isolated nuclei which 
prevents a direct determination of the RNA polymerase re- 
sponsible for their synthesis. In contrast to the class 111 small 
R N A  species, their synthesis in vivo is sensitive to inhibitors 
and to alterations in cellular metabolism which also inhibit the 
transcription of the 45s r,RNA precursor, suggesting that they 
are transcribed by RNA polymerase I. The small RNA species 
of Drosophila melanogaster cells also form two distinct fam- 
ilies, one whose synthesis is sensitive to a-amanitin and high 
temperature and one which is resistant. 

tively abundant and stable (Weinberg and Penman, 1969; 
Frederiksen et al., 1974). These RNAs can be found associated 
with different cellular fractions including cytoplasmic mem- 
branes (species L) (Zieve and Penman, 1976), the nucleolus 
(species A) (Weinberg and Penman, 1968; Prestayko et al., 
1971) and with nuclear ribonucleoprotein particles containing 
hnRNA (Deimel et al., 1977; Zieve and Penman, in prepara- 
tion). They appear to be tightly bound to specific subcellular 
structures suggesting that they may play a structural role in 
some cell organelles. The 5s R N A  and tRNA are known to 
be transcribed by R N A  polymerase I11 (McReynolds and 
Penman, 1974; Weinmann and Roeder, 1974; Marzluff et al., 
1974); however, little is known so far about the biosynthesis 
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FIGURE I :  The small molecular weight RNAs synthesiied in vitro by 
HeLa cell isolated nuclei. The 2 X I O "  HeLa cell isolated nuclei were in- 
cubated 30 min as previously described (McReynolds and Penman, 1974). 
The nuclei were sedimented by centrifugation and the RNA in the su- 
pernatant was analyzed on 6-1 5% gradient gels. (I and 5 )  Total HeLa cell 
small molecular weight RNAs from I X IO6 cells labeled for 2 h .  (2)  In 
vitro products synthesized in the absence of a-amanitin. ( 3 )  In vitro 
products synthesized in the presence afO.5 pg/mL or-amanitin. (4) In vitro 
products synthesized in the presence of 150 rg/mL a-amanitin. 

of the remaining small R N A  species and the RNA polymer- 
ases involved. The present report analyzes the formation of 
these R N A  species both in isolated HeLa cell nuclei in vitro 
and under a variety of different conditions in vivo. It is shown 
that there are two distinct families of small RNAs both in 
HeLa cells and Drosophila cells which differ in their mecha- 
nisms of formation. 

Materials and Methods 
Cell Culture. HeLa S3 cells were grown in suspension a t  a 

density of 4 X IOs cells/mL (Eagle, 1959). They were routinely 
tested by H.E.M. Research (Rockville, Md.) and found to be 
PPLO negative. 

Schneider line 2 Drosophila cells, adapted for suspension 
growth, were cultured as described by Lengyel et al. (1974). 

Cell Labeling and Fractionation. For in vivo metabolic 
studies HeLa cells were concentrated fivefold to 200 X IO4 
cells/mL. Cells were incubated with 50 pg/mL a-amanitin 
(Sigma) for 4 h, 0.1 pg/mL actinomycin D (Sigma) for 30 
min, 1 pg/mL of camptothecin (N.C.I.) for 30 min, 5 pg/mL 
of toyocamycin (NCI) for 30 min, and exposed to the altered 
cell culture conditions of 43 "C for 15 min and a doubled to- 
nicity of the media of 294 mM NaCl for 15 min, prior to la- 
beling with (5-3HIuridine (New England Nuclear, Boston) 
as described in the text. Cytoplasmic and nuclear fractions 
were prepared as previously described (Zieve and Penman, 
1976). 

Drosophila cells were concentrated fivefold to 1 X IO' 
cells/mL for in vivo metabolic studies. Cells were incubated 
with 50 pg/mL a-amanitin (Sigma) for 4 h or warmed to 37 
"C for IO min prior to the addition of [5-)H]uridine (New 
England Nuclear, Boston) as described in the text. Drosophila 
cells were fractionated into cytoplasm and nuclei as described 
by Lengyel et al. (1974). 

LabelingofRNA in H d a  Cell Nuclei in Vitro. HeLa cell 
nuclei were prepared and incubated for in vitro RNA synthesis 
as described by McReynolds and Penman (1974). After the 
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FIGURE 2 The 7 M urea gel of products of HeLa cell isolated nuclei. ( I )  
RNA synthesized in vitro in HeLa cell isalatcd nuclei in the absence of 
or-amanitin. (2) Cytoplasmic fraction from 4 X IO5 HcLa cells labeled for 
16 h with 5 &/mL of ['Hluridine. ( 3 )  Cytoplasmic fraction from 2 X 
IO5 HeLa cells labeled far48 h with 5 pCi/mL of ['Hluridine. 

incubation the nuclei were pelleted by centrifugation for 3 min 
at 2K in the Sorvall RC-3. The Isbeled RNA released from the 
nuclei into the supernatant was extracted H i t h  phenol and 
chloroform and then precipitated wi th  2 vol of ethanol. 

Electrophoresis. Electrophoresis in 6 -  15% xrylamide 
gradient gels and 8% urea gels and fluorography were per- 
formed as previously described (Zieve and Penman. 1976). 

Results 
Synthesis of the Small RNA Species in Irolared Nuclei 

from HeLa Cells. Isolated IleLa cell nuclei synthesize RNA 
in limited amounts when incubated with 311 four tripho,phates 
under the proper ionic conditions (Zylber and Penman, I97 I: 
Marzluffet al.. 1973). In  particular. the polymerase 111 activit) 
in these nuclei reinitiates and synthesi7es new tRNA and 5s 
RNA, de novo (McReynolds and Penman. 1974; Udvnrdy and 
Seifart. 1976). The mycotoxin a-amanitin. a potent and se- 
lective inhibitor of RNA polymerases l l  and 111, is used to 
determine which RNA polymerase is responsible for a specific 
RNA transcript. 

The gel electrophoretic pattern in Figure I shous the dis- 
tribution ofsmall RNA moleculessynthesiied in isolated He1.a 
cell nuclei and released into the supernatant. In  control nuclei 
incubated in the absence of a-amanitin the prominent RUA 
species seen are 5s RNA. t R h A .  and spccies K and L, the 
class 111 small RVAs (Figure I, lane 2). The identification of 
K and L with the i n  vivo products is based on comigration i n  
both aqucousand urea gel systems (Figures I and 2) .  Under 
nondenaturing conditions. species 1. migrates in gels BF a main 
band and one of several faster moving conformers (Zieve and 
Penman, 1976: Frederiksen et al.. 1974. l igure I ). However, 
under denaturing conditions. species L migrates as a single 
band during gel electrophoresis (Figure 2 ) .  

The synthesis of tRNA precursor and 5s RUA as well as 
species K and L is resistant to low levels of n-amanitin ( I  
ug/mL) (Figure I .  lane 3) which inhibit polymerase I I  selec- 
tively (Kedinger et al. 1970). Asexpected for polymerase 111 
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FIGURE 3: Resistanceofclass 111 RNAs to in vivodrug treatments and metaholicalterations. Each pair of lanes represents the small cytaplasmicand 
nuclear RNAs from 4 X IO' HeLa cells pretreated in the described manner and then labeled under those same conditions for 2 h with 40 pCi/mL of 
['Hluridine with the exception of lanes 15 and I6 which are from cells labeled for I6 h. Cytoplasmic and nuclear fractions were prepared and electro- 
phoresed on 6-1 5% gradient slab gels as described in Materials and Methods. (I ) Cytoplasmic and (2) nuclear fractions from control cells labeled for 
2 h. (3) Cytoplasmic and (4) nuclear fractions from cells pretreated with 50 pg/mL n-amanitin for 4 h and then laheled for 2 h. (5)  Cytoplasmic and 
(6) nuclear fractions from cells pretreated with 0.1 pg/mL actinomycin D far 30 min and then lahcled for 2 h. (7) Cytoplasmic and (8)  nuclear fractions 
from cells pretreated with 1 pg/mL camptathecin far 30 min and then labeled far 2 h. (9) Cytoplasmic and ( I O )  nuclear fractions from cells pretreated 
with 5 pg/mL toywamycin for 30 min and then laheled far 2 h. ( I  I )  Cytoplasmic and (12) nuclear fractions from cells elevated to 43 OC for I5 min 
and then labeled for 2 h. (I 3) Cytoplasmic and (14) nuclear fractions from cells with the tonicity of their media doubled to 294 mM NaCl for I 5  min 
and then labeled for 2 h. ( I S )  Cytoplasmic and (16) nuclear fractions from control cells labeled for 16 h. 

products, their synthesis is completely inhibited by high levels 
of a-amanitin (150pg/mL) (Figure I ,  lane 4) (Weinman and 
Roeder, 1974). The insensitivity to low levels of a-amanitin 
but inhibition a t  high concentrations of a-amanitin indicates 
that the class 111 small RNAs which are formed in vitro are 
products of polymerase 111. 

The remaining species of small RNA (previously designated 
A, C, D, F, and H)  are not synthesized in detectable amounts 
in isolated nuclei. The fact that they all are similar in this re- 
spect is an indication that they may all be formed by a similar 
mechanism. These species share a number of distinct properties 
and, in particular, their syntheses in vivo show similar sensi- 
tivities to inhibition by alterations in cell culture conditions and 
exposure of the cells to inhibitors of R N A  synthesis. We 
identify them as forming a distinct class which is tentatively 
designated class I since a polymerase 1 type of activity may be 
involved in their formation. 

G', a methylated R N A  with an electrophoretic mobility 
corresponding to 5 S (Weinberg and Penman, 1969), has not 
been analyzed in these experiments because of its close prox- 
imity to ribosomal 5s in our gel system. 

Differential Inhibition of the Class I and III Small RNAs 
in Viuo. Several inhibitors of R N A  synthesis preferentially 
affect the formation of class I RNA and have little or no effect 
on the synthesis of class 111 species. These include actinomycin 
D, a-amanitin, camptothecin, and toyocamycin. In addition, 
the exposure of cells to elevated temperature or to an increase 
in the tonicity of the culture medium severely inhibits class I 
synthesis relative to class 111. The inhibition of class I RNA 
formation closely parallels the response of rRNA precursor 
synthesis. Figure 3 shows the patterns of small R N A  synthesis 
in untreated cells labeled for 2 hand 16 h with [Wluridine and 
in cells pretreated in the six above-mentioned ways and then 
labeled for 2 h. These data, along with the responses of the 
other major classes of R N A  (ribosomal, messenger and 

hnRNA) in the cell to these metabolic alterations, are tabu- 
lated in Table 1. 

Actinomycin D has been shown to have a differential effect 
on the synthesis of different RNA species in mammalian cells 
(Reich and Goldberg, 1964; Perry and Kelley, 1970), most 
likely by interacting with the DNA and interfering with the 
RNA polymerases (Muller and Cruthers, 1968). Ribosomal 
RNA is the mmt sensitive to inhibition by actinomycin and its 
synthesis is totally inhibited in HeLa cells by 0.04 pg/mL ac- 
tinomycin D (Penman et al., 1968). At 0.1 pg/mL of actino- 
mycin D, the class I small RNA species A, C, D, F, and H and 
the cytoplasmic precursors of C and D, C' and D' respectively 
(Zieve and Penman, 1976; Elicieri and Sayaveda, 1976) are 
almost totally inhibited (Figure 3 and Table I) .  Figure 3, lanes 
5 and 6, shows that K, L and SS RNA and tRNA are still 
synthesized at this concentration of the drug. Apparently the 
synthesis of the class 111 small RNAs, which are transcribed 
by polymerase 111, is much less affected by actinomycin D. 

The effect of a-amanitin in vivo is paradoxical. Although 
it has no effect on polymerase I in vitro (Seifart and Sekeris, 
1969; Kedinger et al., 1970), in the intact cell a-amanitin has 
been shown to inhibit the synthesis of nucleolar R N A  by 
polymerase I (Schmid and Sekeris, 1973; Jacob et al., 1970) 
in addition to inhibiting polymerase 11. Tissue culture cells are 
not readily permeable to a-amanitin (Kuwano and Ikehara, 
1973). However, if cells are incubated in the presence of rel- 
atively high concentrations of the drug for an extended time, 
sufficient amounts enter the cell to affect RNA synthesis. After 
a 5-h incubation in media containing 50 rg /mL a-amanitin, 
the synthesis of hnRNA by polymerase I1 is inhibited more 
than 95% (Table I). Under these conditions ribosomal R N A  
synthesis is also inhibited and there is an 85% reduction in the 
synthesis of the 45s ribosomal precursors (Table I). Figure 3 
(lanes 3 and 4) shows that class I small R N A  species A, C, D, 
F, and H are totally inhibited while the synthesis by polymerase 
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TABLE I: Inhibition of Synthesis of Different Classes of Cellular RNA in HeLa Cells by in Vivo Drug Treatments and Metabolic 
Alterations.' 

Labeling remaining after treatment (%) 

50 pg/mL n- 0.1 r g / m L  I rg /mL 5 d m L ,  
amanitin actinomycin D camptothecin toyocamycin 43 'C 2 X salt Control 

Class 111 RNAs 
K 80 45 75 55 125 180 100 

80 50 105 65 100 L 90 40 
5s. tRNA 80 80 90 80 I I 5  75 100 

Class I RNAs: A, C, D, H <5 
45s rRNA <I5 

< I O  
<2 

< I 5  
<2 

<I5 < 5  <5 100 
<2 < I O  <4 100 

55 10 85 20 100 hnRNA < 5  90 
A + mRNA <5 15 35 I 5  20 20 100 

a Cells were pretreated with the indicated drug treatments or metabolic alterations as described in the legend to Figure 3 and the syntheses 
of the small RNAs, 45s rRNA, hnRNA, and adenylated mRNA were determined. The amount of these different species of RNA labeled 
after the indicated pretreatment was expressed as a percentage of the labeling in the untreated controls. The labeling of the small RNAs was 
determined by labeling 4 X 106 HeLa cells for 2 h with ['Hluridine and analyzing the cytoplasmic and nuclear fractions on 6-1 5% polyacrylamide 
slab gels as described in the legend to Figure 3. The amount of label incorporated into the small RNAs was determined by densitometry and 
was expressed as a percentage of the incorporation into untreated controls. 45s ribosomal RNA precursor synthesis was determined by pretreating 
cells in the indicated manner and then labeling 4 x 106 cells for 20 min with 10 pCi/mL of ['Hluridine. Nucleoli were prepared according 
to the prmedure of Weinberg and Penman (1968). Nucleolar RNA was analyzed on 15-30% sucrase gradients as described by Penman (1966) 
and the synthesis of labeled 45s RNA was expressed as a percentage of the label incorporated into 45s RNA in untreated controls. hnRNA 
synthesis was determined as the synthesis of nonribosomal nuclear RNA. Cells were pretreated in the indicated manner but in addition 0.04 
rg /mL ofactinomycin D was added 20 min prior to the addition of label to inhibit ribosomal RNA transcription (Penman et al., 1968). Cells 
were labeled with 10 rCi /mL of ['Hluridine for 20 min and nuclei were prepared. The amount of CI3CCOOH-precipitable radioactivity i n  
the nuclei was considered hnRNA. The amounts labeled were expressed as a percentage of the incorporation in untreated controls. A + mRNA 
synthesis was determined by pretreating 4 x 106 cells in the indicated fashion and then labeling for 2 h with 20 rCi/mL ['Hluridine. A + mRNA 
was prepared according to the method of Singer and Penman (1973). The amount of A + mRNA labeled was expressed as a percentage of 
the incorporation in untreated controls. 

111 of the class I11 small RNAs, K, L, and 5s rRNA and 
tRNA, are relatively unaffected. Apparently the amount of 
a-amanitin which enters the cell is insufficient to inhibit 
polymerase 111. 

The metabolic inhibitors camptothecin and toyocamycin 
also have a greater effect on the appearance of the class I small 
R N A  species A, C, D, F, and H and their cytoplasmic pre- 
cursors C' and D' than on the synthesis of the class 111 small 
RNAs. The plant alkaloid camptothecin rapidly inhibits DNA 
synthesis and interrupts high molecular weight R N A  tran- 
scription resulting in the formation of aberrantly shortened 
molecules which are not properly processed (Abelson and 
Penman, 1973; Wu et al., 1971) while leaving mitochondrial 
macromolecular processes unaffected (Abelson and Penman, 
1972). The adenosine analogue toyocamycin is incorporated 
into newly synthesized RNA and a t  the proper concentration 
selectively inhibits rRNA synthesis by interfering with the 
processing of the 45s rRNA precursor (Tavitan et al., 1968; 
Sverak et al., 1970). Figure 3, lanes 7-10, shows that at mod- 
erate concentrations of these drugs the class I small RNA 
species are strongly inhibited while the class 111 RNA species 
K, L, 5s R N A  and tRNA are still synthesized. hnRNA syn- 
thesis and message production continues, although at reduced 
rates (Table I), but ribosomal RNA synthesis is totally in- 
hibited by these agents. As in the previous experiments, the 
inhibition of the class I small RNAs is strongly correlated with 
the inhibition of ribosomal precursor synthesis which is known 
to be transcribed by polymerase I (Zylber and Penman, 1971; 
Roeder and Rutter, 1970). This correlation was also found in 
two alterations of the cell culture conditions that drastically 
affect cellular R N A  metabolism. 

When cells are incubated at an elevated temperature of 43 
"C, the class I small RNAs are completely inhibited while the 
class I11 RNAs are still synthesized (Figure 4, lanes 11 and 12). 

- K  0- I - 

3- 
- c1 D - 2 -  m 

- c  D - 3 -  U 
D - 4  - -.I - A  

D - 5  - - D  

"p re  5Q' - 
5 5  - - 5 s  

} , R N A  

4 5  
+ R N A {  I 

1 2 3  
F I G U R E  4 Small RNAs of Drosophila melonogosrm Lanes I ,  2. and 
3 represent thc cytoplasmic fraction of 3 X IO' Drmophilo cells pretreated 
as indicated and then labeled under the same conditions for 2 h with 40 
pCi/mLof ['H]uridine.Over80%afthesmall RNAsofDiosophila cells 
appear i n  thc cytoplasmic fraction of an aqueous fractionation. Lanes 4 
and 5 represent small RNAs from 4 X 106 HeLa cells. (1) Cytoplasmic 
fraction from control cells labeled far 2 h. (2) Cytoplasmic fraction from 
cells elevated to 37 *C for 10 min and then labeled for 2 h. (3) Cytoplasmic 
fraction from cells pretreated with 50 pg/mL of a-amanitin far 4 hand 
then labeled for 2 h. (4) Cytoplasmic and ( 5 )  nuclear fraction from HeLa 
cells labeled for 2 h. 

At this temperature hnRNA and mRNA are still produced, 
although at reduced rates (Table I); however, rRNA synthesis 
is totally inhibited. As before, the synthesis of class 111 small 
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RNAs by polymerase I11 is very little affected by the alteration 
in cell metabolism, while the production of class I small RNA 
and rRNA precursor is coordinately suppressed. 

Another metabolic alteration was effected by an increase 
in tonicity of the media. Pederson and Robbins (1 970) showed 
that exposure of cells to increased ionic strength caused al- 
terations in cell metabolism similar to the changes that take 
place during mitosis. Chromatin condenses, the nuclear en- 
velope is dispersed, and there are significant shifts in the pat- 
tern of RNA synthesis. When the tonicity of the media is twice 
normal, rRNA synthesis is totally inhibited, hnRNA synthesis 
is reduced, and 5s R N A  and tRNA are synthesized a t  close 
to the rates in control cells. Figure 3 (lane 13 and 14) and Table 
I show that under these conditions the class I of small RNAs 
are totally inhibited, while the class I11 species K and L to- 
gether with 5s R N A  and t R N A  are still synthesized. The re- 
sponse of species K is unusual in that it is synthesized at twice 
the rates found in controls under these conditions. Here again, 
the inhibition of synthesis of the class I small RNAs correlates 
with the inhibition of rRNA transcription. 

The Small RNAs of Drosophila melanogaster. Drosophila 
melanogaster has a spectrum of small RNA species that are 
dissimilar (in electrophoretic mobilities) to those of mamma- 
lian cells. Figure 4 shows an electropherogram of the small 
RNA species of Drosophila cells run with HeLa cell markers 
and their response to elevated temperature and pretreatment 
with a-amanitin in vivo. The nomenclature used is that of 
Spradling et al. (1977) with some additions. 

The response of Drosophila melanogaster RNA metabolism 
following a sudden increase in temperature (heat shock) has 
been widely studied (Spradling et al., 1977; Rubin and Hog- 
ness, 1975; McKenzie et al., 1975). There is a drastic reduction 
in the production of cytoplasmic RNA with the continued 
production of only a limited spectrum of RNA molecules. 
These include a small set of mRNAs, and mitochondrial RNA 
(Spradling et al., 1977). In addition, tRNA, a novel form of 
5 s  RNA that contains several extra nucleotides and one small 
RNA species (Rubin and Hogness, 1975; and Figure 4, lane 
2) are still synthesized. 

Figure 4, lane 3, shows that the spectrum of small RNAs 
produced after treatment with a-amanitin in vivo is similar to 
the response following heat shock. In both cases, tRNA, and 
5 s  RNA, although it is the altered form of 5s RNA found in 
heat shocked cells, and D-2 are still synthesized. The synthesis 
of the other small R N A  species is greatly inhibited. The syn- 
thesis of the Drosophila 3 2 s  ribosomal RNA precursor is in- 
hibited by both treatments (Table 11). These data suggest that, 
as in mammalian cells, a-amanitin, in vivo, interferes with both 
polymerase I and polymerase 11. Those RNAs synthesized in 
the presence of this drug are most likely polymerase I11 prod- 
ucts. This included 5s RNA, tRNA, and, in the case of Dro- 
sophila, one higher molecular weight small R N A  designated 
D-2. Also, it is apparent that the small RNAs produced after 
heat shock are the same products obtained with a-amanitin 
and that the syntheses of the other small RNAs are inhibited. 
This response is similar to the HeLa cells where the synthesis 
of polymerase 111 products is the most resistant to elevated 
temperature and a-amanitin. 

Discussion 
The in vivo and in vitro results indicate that the HeLa cell 

small RNA species K and L are products of polymerase I11 
along with 5s R N A  and tRNA. This was shown in vitro in 
isolated nuclei where the synthesis of these “class 111” small 
RNAs is resistant to low levels of a-amanitin but sensitive to 
high levels. In addition, these four species of R N A  showed 

T A B L E  1 1 :  Inhibition of Drosophila Ribosomal RNA 
Transcription.“ 

3 2 s  ribosomal RNA ( O h )  

Control IO0 
31 “C I O  
o- A mani t i n 35 

The 2 X I O 7  Drosophila cells were concentrated fivefold to 1 X 
IO’ cells/mL. Cells Mere pretreated with 50 pg/mL a-amanitin for 
4 h and b> elevations of the culture media to 31 “C for 10 min. The 
cells were then labeled for 15 niin with I O  pCi,”L of [3H]uridinc. 
Cclls were then fractionated and the nuclear RNA was analyzed on 
sodium dodecyl sulfatesucrose gradients as described by Lengyel and 
Pcnnian ( I  975) and in Materials and Methods. The amount of label 
incorporated into the 3 2 s  rRNA precursor was quantitated and ex- 
pressed as a percentage of the label incorporated into 32s rRNA in  
the untreated control. 

similar resistance to a variety of metabolic alterations in vivo 
that drastically affected the synthesis of other classes of RNA 
in the cell, especially the rRNA precursor and class I small 
RNA. Polymerase I11 apparently continues to transcribe class 
111 RNAs under conditions where polymerase I and poly- 
merase I1 activity is reduced by varying degrees. In addition 
to the metabolic alterations discussed in this paper, polymerase 
111 has been shown to be active during mitosis when the other 
polymerases are both inactive (Zylber and Penman, 1971). 
Apparently, polymerase I11 continues to function under a va- 
riety of conditions where the other R N A  polymerases in the 
cell are largely inhibited. 

All of the five class I small RNAs, species A, C, D, F, and 
H, appear to be formed by mechanisms having identical 
sensitivities to inhibitors of R N A  synthesis and to alterations 
in cell metabolism produced by elevated temperature and high 
external tonicity. In addition, the in vivo studies have shown 
a strong correlation between the inhibition of the synthesis of 
the class I small RNAs and the inhibition of transcription of 
nucleolar RNA. This inhibition occurs under conditions where 
hnRNA is often still transcribed by polymerase I1 and mRNA 
appears in the cytoplasm and where polymerase I11 products 
are still made a t  nearly normal rates. These data suggest the 
possibility that the class I small RNAs are synthesized by 
polymerase I and that the inhibitions studied may interfere 
with the transcription of the class I small RNAs by polymerase 
I ,  although proof will be possible only when the precursors to 
these molecules are identified. It is also possible that these 
various treatments prevent the formation of these small RNAs 
by interfering with their processing from the putative precursor 
which could be synthesized by any of the polymerases in the 
cell. However, it is difficult to understand the sensitivity to 
transcription inhibitors if processing is the principal target. 

The data obtained with Drosophila cells indicates that 
tRNA, 5 s  RNA, and D-2 are similar to the HeLa cell class I11 
RNAs in that their synthesis is resistant to high temperatures 
and a-amanitin. Based on the results with HeLa cells, it would 
be expected these RNAs would be products of polymerase 111, 
although studies using isolated nuclei have not been carried 
out with the Drosophila cells. Species D-2 is similar to HeLa 
cells species K and L in that it is not methylated (R. Levis, 
personal communication). The other Drosophila small RNAs 
whose synthesis is sensitive to high temperature and a-amanitin 
are all methylated. The spectrum of small RNAs in Drosophila 
cells is obviously quite different from that seen in mammalian 
cells and little is known about their function. 

The data presented here show that the small R N A  species 
of the HeLa and Drosophi/a cells can be grouped into two 
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distinct classes. In HeLa cells, the group I11 small RNAs which 
include species, K, L, 5s RNA, and tRNA are products of 
polymerase I11 and their transcription is relatively resistant 
to alterations in normal cell metabolism. The group I small 
RNAs which include species A, C, D, F, and H are regulated 
in a different manner and their synthesis is inhibited by six 
treatments that also inhibit rRNA precursor synthesis by 
polymerase I but leave the synthesis of the class I11 small 
RNAs unaffected. Drosophila cells have a different spectrum 
of small RNAs but they also can be grouped into two families 
that have different sensitivities to a-amanitin and high tem- 
perature. 

References 
Abelson, H., and Penman, S. (1972), Nature (London), New 

Biol. 237, 144-146. 
Abelson, H., and Penman, S. (1973), Biochem. Biophys. Res. 

Commun. 50, 1048-1054. 
Chambon, P., Gissinger, F., Mandel, J .  L., Kedinger, C., 

Gniazdowski, M., and Meihlac, M. (1970), Cold Spring 
Harbor Symp. Quant. Biol. 35, 693-707. 

Deimel, B., Louis, Ch., and Sekeris, C. E. (1977), FEBS Lett. 

Eagle, H.  (1959), Science 130, 432-437. 
Elicieri, G., and Sayaveda, M. (1976), Biochem. Biophys. Res. 

Commun. 72(2) ,  507-512. 
Frederiksen, S., Pederson, I. R., Hellung-Larsen, P., and 

Engberg, J .  (1974), Biochim. Biophys. Acta 340, 64-76. 
Goldstein, L., and KO, C. (1974), Cell 2, 259-266. 
Hodnett, J., and Busch, H .  (1968), J. Biol. Chem. 243, 

Jacob, S. T., Sadjel, E. M., Muecke, W., and Munro, H. N.  
(1970), Cold Spring Harbor Symp. Quant. Biol. 35, 

Kedinger, C., Gniazdowski, M., Mandel, J., Gissinger, F., and 
Chambon, P. (1970), Biochem. Biophys. Res. Commun. 38, 

Kuwano, M., and Ikehara, Y. (1973), Exp. Cell Res. 82, 

Lengyel, J., and Penman, S .  (1975), Cell 5, 281-290. 
Lengyel, J., Spradling, A., and Penman, S. (1974), Methods 

McKenzie, S., Henikoff, S., and Meselson, M. (1975), Proc. 

73, 80-84. 

6334-6342. 

68 1-691. 

165-171. 

454-457. 

Cell Biol. 10, 195-208. 

Natl. Acad.Sci. U.S.A. 72, 1117-1121. 
McReynolds, L., and Penman, S. (1974), Cell 1, 139-145. 
Marzluff, W. F., Murphy, E. C., Jr., and Huang, R. C. C. 

Marzluff, W. F., Murphy, E. C., Jr., and Huang, R. C. C. 

Muller, W., and Cruthers, D. (1968), J. Mol. Biol. 35, 251- 

Pederson, T., and Robbins, E. (1970), J. Cell Biol. 47, 734- 

Penman, S., Vesco, C., and Penman, M. (1968), J. Mol. Biol. 

Perry, F. P., and Kelley, D. E. (1970), J. Cell. Physiol. 76, 

Prestayko, A. W., Tonato, M., Lewis, B. C., Busch, H. (1971), 

Reich, E., and Goldberg, I. (1964), Prog. Nucleic Acid. Res. 

Roeder, R. G., and Rutter, W. J. (1970), Proc. Natl. Acad. Sci. 

Rubin, G. M., and Hogness, D. S .  (1975), Cell 6 ,  207-213. 
Schmid, W., and Sekeris, C. E. (1973), Biochim. Biophys. 

Seifart, K. H., and Sekeris, C. E. (1 969), Z .  Naturforsch. B 

Singer, R., and Penman, S. (1973), J. Mol. Biol. 78, 321- 

Spradling, A., Pardue, M. L., and Penman, S. (1 977), J.  Mol. 

Sverak, L., Bonar, R., Langlois, A., and Beard, J. (1970), 

Tavitan, A., Uretsky, S. C., and Acs, G. (1968), Biochim. 

Udvardy, A., and Seifart, H.  (1976), Eur. J. Biochem. 62, 

Weinberg, R., and Penman, S. (1968), J. Mol. Biol. 38, 

Weinberg, R., and Penman, S. (1969), Biochim. Biophys. Acta 

Weinmann, R., and Roeder, R. G. (1 974), Proc. Natl. Acad. 

Wu, R. S., Kumar, A., and Warner, J. P. (1971), Proc. Natl. 

Zieve, G., and Penman, S. (1976), Cell 8, 19-31. 

(1973), Biochemistry 12, 3440-3446. 

(1974), Biochemistry 13, 3689-3696. 

290. 

744. 

34, 49-69. 

127-140. 

J .  Biol. Chem. 246, 182-187. 

3, 183-234. 

U.S.A. 65, 675-682. 

Acta 31 2, 549-554. 

24, 1538-1542. 

324. 

Biol. 109, 559-557. 

Biochim. Biophys. Acta 224, 441 -450. 

Biophys. Acta 157, 33-42. 

353-363. 

289-304. 

190, 10-29. 

Sci. U.S.A. 71, 1790-1794. 

Acad. Sci. U.S.A. 68, 3009-3014. 

B I O C H E M I S T R Y ,  V O L .  1 6 ,  N O .  20, 1 9 7 7  4525 


