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1. Introduction 

Various hypothesis have been advanced to explain 
the regulation of rRNA synthesis. Transcription of 
ribosomal genes may be dependent on the presence of 
rapidly turning over proteins, on the concentration of 
amino acids [l-5], or under the control of intracellu- 
lar ATP and GTP pool sizes [6]. Also, there may be a 
role for protein phosphoxylation in the regulation of 
gene expression [7-l 01, Finally, interrelations 
between these various control mechanisms must also 
be considered. 

We have investigated the role of a number of fac- 
tors postulated to be involved in the regulation of 
transcription in a heat shock system using CHO cells. 
Incubation of cells for 1 h at 43°C induces reversible 
inhibition of rRNA synthesis [ 1 1 - 121. Following 
heat shock, cells incubated at 37°C recover a normal 
level of RNA synthesis by 7 h. Results indicate that 
in our experimental system, RNA polymerase activi- 
ties ATP and GTP pool concentrations and overall 
proteins transport were not directly related to rRNA 
synthesis. On the other hand, heat shock induced the 
phosphorylation of two nuclear proteins, one of 
which is specific to the nucleolus (95 000 M,). An 
apparent correlation between the initiation of RNA 
synthesis and the dephosphorylation of the 95 000 
MI protein was observed. 

2. Materials and methods 

Chinese Hamster ovary cells (CHO) were grown 
and heat shock experiments were carried out as in 
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[12]. After heat shock (1 h at 43’C), cells were 
allowed to recover at 37’C. Cells were collected [ 121 
and fractionated into nuclei and nucleoli according to 
[ 131. RNA polymerases were extracted from purified 
nuclei by high salt sonication [ 141. The assays were 
done as in [ 151. The relative concentrations of ATP, 
GTP and UTP were determined by chromatography 
on polyethyleneimine (PEI) thin-layer plates. 32P- 
Labeled cell pellets (10’ cells) were treated by 15% 
formic acid for 30 min at 4°C under vigorous agita- 
tion [6]. Aliquots of 10 ti of the extracts were 
analyzed by polyethyleneimine chromatography and 
the plates were developed with 1.5 M KH2P04 
(pH 3.5). The chromatograms were cut, nucleotides 
were eluted with 15% formic acid and the radioactivity 
measured. Am of the eluted ATP was read. Analysis 
of proteins was carried out by slab-gel electrophoresis 
asin [12]. 

3. Results 

3 .I . RNA synthesis after heat shock 
Incubation of CHO cells for 1 h at 43°C induces a 

reversible inhibition of high molecular weight RNA 
synthesis. In the first 6 h following heat shock, no 
RNA synthesis was detected in cells incubated at 
37°C. RNA was extracted from isolated nucleoli and 
from the non-nucleolar fraction of the nucleus. More 
than 90% of the RNA contained in the nucleolar frac- 
tion was preribosomal RNAs while hnRNAs were pres- 
ent in the non-nucleolar fraction. As shown in fig. 1, 
synthesis of hnRNA and rRNA both resumed after 
8 h recovery at 37’C. By 10 h after heat shock the 
level of rRNA synthesis was twice that of the control 
and then returned to control level by 14 h. This sys- 
tem appeared to be particularly suitable to study the 
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Fig.1. RNA synthesis in CHO cells recovering from a heat 
shock. Cells were heat-shocked for 1 h at 43”C, and allowed 
to recover at 37°C. At various times, aliquots were incubated 
for 15 mm in the presence of [ ‘H]U (1 MCi/ml, 20 Ci/mmol). 
RNA was extracted from purified nucleoli (e-o) and from 
the non-nucleolar fraction of the nucleus (o-o) and assayed 
for incorporated ‘H radioactivity. 

The possible influence of the pool sizes of nucleo- 

tide triphosphates on RNA synthesis was examined 
in cells recovering at 37’C from a heat shock. The 
pool size of ATP was directly measured by the luci- 
ferin-luciferase technique [ 161 (table 2). Slight varia- 
tions of the ATP pool were observed during or after 
heat shock. This finding demonstrates that transcrip- 
tion of rRNA was not only under control of the 
nucleoside triphosphate levels in the cell. After 4 h 
recovery, rRNA synthesis had not resumed in heat- 
shocked cells while the ATP pool size was identical 
to that of control cells. On the contrary, after 7 h 
when RNA synthesis resumed, a decrease in the ATP 
pool occured. Similar variations of the GTP pool were 
observed, while the UTP pool remained constant 

throughout the experiment (table 2). 

various factors involved in the regulation of rRNA 3.4. Phosphorylated protein content of heat-shocked 
synthesis . cells during recovery 

3.2. RNA polymerase activities after heat shock 
RNA polymerases were solubilized from heat 

As reported [ 121, heat shock-induced discrete 
variations in nucleolar protein content and especially 
the appearance of new species. After 4 h recovery at 

shocked and control cells. Activities of RNA poly- 
merases A and B were determined in the presence or 

the absence of CII amanitin, respectively. During the 
first hours following heat shock, a decrease of 20% 
was observed for both activities, followed by an 
enhancement of 50-100% after 10 h recovery 

(table 1). Consequently, the complete inhibition of 
RNA synthesis could not result simply from the 
inactivation of RNA polymerases. The increase in 
RNA synthesis during recovery, however, followed 
the enhancement of polymerase activities. 

3.3. Variation in ATP and GTP pools of heat-shocked 
cells during recovery 

Table 1 
RNA polymerase activity in cells recovering from a heat shock 

Recovery Total activity RNA polymerase ‘In vivo’ RNA 
time (h) (A + B) (%) A activity (%) synthesis (%) 

Control 100 48 100 
4 64~ 5 32+ 4 8+ 10 

10 160 + 30 75 f 10 140 + 14 

Cells were heat shocked and allowed to recover at 37°C as in fig.1 ; activities were 
measured on extracts from purified nuclei as in [ 151. RNA polymerase A activity 
was determined in the presence of 100 pg or-aminitin/ml. Results are expressed as 
% of activity determined on the same number of control cells. Percentages of 
‘in vivo’ RNA synthesis were calculated from fig.1 
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Table 2 
ATP pool in cells recovering from a heat shock 

Recovery 
time (h) 

Control 
1 
4 
8 

PM/I 0’ 
Cells 

160 i 10 
164 t 10 
145t10 

29t 6 

Spec. act. 
(cpm . 10e4/~M) 

0.11 
0.03 
0.02 
0.10 

GTP 
(%) 

100 
124t15 
loot x5 
52 * 10 

UTP 
(%) 

100 
102*15 
95* 15 
12*13 

The pool size of ATP was measured by the luciferin-luciferase technique [ 161. 
To determine ATP specific activity, heat-shocked cells (1 h at 43OC) were incu- 
bated appropriate times at 37°C and labeled for 1 h with [ ‘rP]orthophosphate. 
ATP, GTP and UTP were isolated by chromatography on polyethyleneimine thin- 
layer plate. For GTP and UTP pool determination, cells were sap-labeled for a 
long time (15 h), heat shocked for 1 h at 43°C and then allowed to recover at 
37°C. Results are expressed as % of control cells harvested before heat shock 

37’C, newly synthetized protein appeared in the 
nucleus and the necleolus, showing the same distri- 
bution pattern as in control cells. However, although 
a large decrease in total protein phosphorylation 
occurred (80%) only 3 changes were observed in the 
pattern of phospho~lated proteins: the phospho~la- 

9Sk-e 

Fig.2. Detection of phosphory~t~ protein from control and 
heat-shocked cells by chromatography on slab-gel electro- 
phoresis: CHO cells were s2P labeled for 1 h at 37°C (1) or at 
43°C (2) or at 37°C 1 h after heat shock [3]. Nucleoli were 
prepared [ 131 and proteins analysed by electrophoresis on 
lo-16%~~ient slab geis [12]. 

tion of a 95 000 MT nucleolar protein and a 54 000 
M, non-nu~leolar nuclear protein and the dephospho- 
rylation of a 35 000 M, non-nucleolar nuclear pro- 
tein [ 171. These changes were still observed during 
the first 6 h at 37°C following heat shock. On the 
other hand, after 7 h when RNA synthesis had 
resumed a normal phosphorylation pattern was 
observed (fig.2). 

4. Conclusion 

In the experimental system described here, rRNA 
synthesis was successively turned off and turned on 
again. Examination of the various factors supposed 
to be involved in the regulation of rRNA synthesis 
showed them to be differently affected by incubation 
at supranormal temperature. The crucial point is that 
after 4 h recovery at 37*C, new RNA was synthesized 
while most of the factors considered were present in 
concentrations almost identical to those in control 
cells. Thus, the only apparent correlation was that 
between rRNA synthesis ~duction and the dephos- 
phorylation of two specific proteins. These results are 
relevant to the argument that protein phosphoryla- 
tion plays a key role in the regulation of gene expres- 
sion [7-lo]. 

The effect of the phosphorylated or dephos- 
phorylated 95 000 Mr nucleolar protein on ‘in vitro’ 
transcription of cloned rDNA is now under investiga- 
tion. 
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