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SUMMARY 

The incorporation of labeled deoxyribonucleosides into DNA during one 
cell cycle was measured in synchronous cultures of themesophile, Bacillus 
licheniformis, and the thermophile, B. s tear0thermophilus, each grown at 
two temperatures. There were definite changes in the incorporation of 
adenine, guanine, and thymine for the mesophile as the temperature was 
raised from 37oc to 45°C. For the thermophile, only the incorporation of 
thymine changed as the temperature was raised from 55 ° to 65°C. These re- 
suits may be indicative of greater fidelity of DNA replication in the 
thermophile. Apparent error rates of base incorporation (10 -4 to 10 -6) were 
significantly lower than those found for in vitro systems and were within 
the range of theoretically calculated values. 

INTRODUCTION 

The fidelity of DNA replication in vivo is usually estimated indirectly 

either from spontaneous mutation rates of bacteria and bacteriophages (1-3), 

or from the fidelity of Escherlchia coli DNA-dependent DNA polymerase under 

in vitro conditions (4). These estimates are unsatisfactory since (i) not 

all mutations in DNA result in mutated organisms that can be isolated and 

identified, and (ii) the fidelity of DNA polymerase is known to be affected 

by a large number of variables under in vitro conditions (5-7). 

The study presented here describes an attempt to estimate directly the 

maximum lack of fidelity for DNA replication in vivo brought about by changes 

in the growth temperature. This was done by measuring the incorporation of 

labeled nucleosides into DNA during one cell cycle of synchronous bacterial 

cultures of a mesophile and a thermophile, each grown at two temperatures. 
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MATERIALS AND METHODS 

Synchronou s cultures. The mesophile, Bacillus licheniformis (NRS 243), and 
the thermophile, B__ u stearothermophilus i0, were grown in shake flasks con- 
taining 150 ml of medium consisting of 1% Trypticase (BBL) and 0.2% yeast 
extract (Difco). Cells of B. licheniformis were grown at 37°C and 45°C and 
those of B__%. stearothermophilus were grown at 55°C and 65°C. Cell growth was 
followed either by absorbance measurements at 540 nm or by viable cell counts. 
Exponential growth was maintained for at least 12 generations by repeated 
transfers of the ceils into fresh medium. 

Synchronous growth was then achieved by selecting and growing the smallest 
cells in the population. This was done by filtering the culture under vacuum 
through a pad of filter paper (8-10). For synchronization, 150 ml of culture 
in midlog phase (A540 about 0.5 in all cases) were filtered at a time. Filtra- 
tion was completed within about 1 minute. The filtrate was collected at the 
growth temperature of the cells and then reincubated. 

DNA biosynthesis. The synchronous culture obtained by filtration was immediately 
labeled with i0 ~Ci of a deoxyribonucleoside and then reincubated. In the case 
of deoxythymidine, the labeled compound was added along with 6 ~g of unlabeled 
deoxythymidine in order to obtain linear DNA biosynthesis. The following deoxy- 
ribonucleosides were used: {methyl-3H}deoxyt~ymidine (81.2 Ci/mmol, ICN), 
{8-3H}deoxyadenosine (14.5 Ci/mmol, ICN), {5- oH}deoxycytidine (24.7 Ci/mmol, 
ICN), and ~'[8-3H}deoxyguanosine (1.9 Ci/mmol, Amersham). All labeled deoxyribo- 
nucleosides were found to be more than 99% pure as determined by thin layer 
chromatography (Ii). Samples of 0.5 ml were removed from the culture at 15 
to 20 minute intervals, the cells were lysed, and the labeled DNA was collected 
on a Millipore filter and counted (12,13). 

DNA isolation. DNA was isolated from a synchronous culture according to the 
proeedure of Sarfert and Venner (14). Aliquots of the isolated DNA were count- 
~d or~hydrolyzed (15) and ianalyzed by thin!layer chromatography (16). ~he DNA 
was determined by the diphenylamine reaction (17) and by absorbance measurements 
at 260 nm (18). Contamination of the DNA by RNA (<2.5%) and protein ¢<2%) was 
determined by the orcinol (17) and Lowry reaction (!9), respectively. 

RESULTS 

Growth curves obtained for the synchronous cultures showed that synchrony 

could be maintained readily for the duration of one cell cycle. DNA biosynthesis 

was continuous and approximately linear over the same time period. Typically, 

synchronous cells obtained after filtration represented approximately 10% of 

the original number of asynchronous cells. The yield of synchronous cells at 

the beginning of each experiment varied to some extent, depending on the precise 

absorbance of the culture and the filtration rate. 

For the DNA replication experiments, a labeled deoxyribonucleoside was 

added to the synchronous culture at time zero and the DNA was then isolated 
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Table I 

DNA Replication as a Function of Growth Temperature 

cpm/A260unit 

B. licheniformis B. stearothermophilus 

37°C 55°C 
37°C 45°C ~ 55°C 65°C 

(a)* 390 4,845 0.08 4,320 4,500 0.96 
(b) 9,912 18,052 0.55 13,636 13,075 1.04 

(a) 3,600 4,841 0.74 1,630 500 3.26 
(b) 4,765 6,941 0.68 2,049 1,462 1.40 

(a) 8,841 3,870 2.28 3,269 3,458 0.94 
(b) 14,210 8,073 1.76 9,288 9,629 0.96 

(a) 9,504 9,852 0.96 3,805 4,280 0.89 
(b) 17,496 21,600 0.81 7,855 8,600 0.91 

* (a) and (b) represent two separate experiments; the 
labeled deoxyribonucleoside added is indicated on 
the left. 

at the end of one cell cycle. The amount of DNA (in terms of A260 units) and 

the extent of incorporation of label (in terms of cpm) was then determined. 

Two experiments were carried out for each system. The results are given in 

Table 1. In experiment (a) the yield of synchronous cells at the beginning 

of the experiment was significantly higher than that for experiment (b). As 

a result, the cpm/A260 unit are lower for experiment (a) compared to those for 

experiment (b). Some of the changes in cpm/A260 unit for B__~.licheniformls, 

as a function of temperature, are of such magnitude as to require specific 

explanation (see Discussion). 

Some general trends can, however, be discerned from the data of Table i. 

For B. licheniformis, there were significant differences in the incorporation 

of all four deoxyribonucleosldes at 37°C compared to the incorporation at 45°C. 

On the other hand, the incorporation for B. stearothermophilus at 55°C was 

essentially identical to that at 65°C, except for the case of deoxythymidlne. 

A better way of analyzing these data is given by the ratio of (cpm/A260 unit) 

values obtained for each organism at the two temperatures. These ratios (Table 
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i) show that there was a definite increase in the incorporation of adenine and 

thymine, a slight increase in the incorporation of cytosine, and a definite 

decrease in the incorporation of guanine for B a _. licheniformis as the growth 

temperature was increased from 37°C to 45°C. For B. st earethermophilus, on 

the other hand, there was a definite decrease in the incorporation of thymine 

but no significant changes in the incorporation of adenine, guanine, and cyto- 

sine as th~ growth temperature was increased from 55°C to 65°C. Analysis of 

the data in this fashion avoids some of the variability inherent in cpm/A260 

unit; the ratio of cpm/A260 unit for two growth temperatures is, by and large, 

a reproducible measurement. 

DISCUSSION 

Taken at their face value, the data of Table i indicate in some instances 

such large changes in the incorporation of various nucleosides as a function of 

temperature that gross changes in the DNA base composition would result. That 

clearly cannot be the case. The reason for this apparent inconsistency is the 

fact that the experiment described here deals with a very complex metabolic 

system, many aspects of which could be affected by a change in temperature. 

Examples of such aspects include transport of deoxyribonucleosides into the cell, 

enzymatic modifications of nucleosides and nucleotides, sizes of the intracellu- 

far pools of nucleosides and nucleotides, and DNA repair mechanismS. We were 

able to rule out the involvement of some, but not all, of these aspects by the 

following experimental findings: 

(a) no unlabeled intracellular deoxyribonueleosides could be detected by 

chromatographic techniques (il) so that the intracellular pool of 

labeled deoxyribonucleosides was a good estimate of the total pool. 

(b) intracellular pool sizes of labeled deoxyribonucleosides (determined 

chromatographically) were constant for a given organism and deoxyribo- 

nucleoside regardless of the growth temperature so that pool size varia- 

tion could not account for the observed differences in incorporation. 
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(~) the isolated DNA had all of its label in the base with which it had 

been labeled orlginlnally (15,16) so that metabolic interconverslons of 

nucleosides and nucleotides appeared to be negligible. 

The complexity of the metabolic system studied makes a precise Interpreta- 

tlon of the data difficult. But a definite difference between the two organisms 

is nevertheless apparent. The measured incorporation of deoxyrlbonucleosides 

into DNA appears to be essentially independent of temperature for the thermophile, 

but very temperature dependent for the mesophile. 

Moreover, the data can be used to calculate an apparent error rate for DNA 

replication in vlvo on the assumption that changes in cpm/A260 unit are due 

entirely to mislncorporatlon. Using an extinction coefficient of 250 (1% 

solution, 1 cm lightpath) for the DNA, an average mol. wt. of 250 for a nucleo- 

tide, and the specific activity for each deoxyribonucleoslde, an apparent error 

rate can be calculated. This is based on the assumption that the specific 

activity of the added deoxyrlbonucleoside does not change inside the cells and 

is identical to that of the intracellular deoxyribonucleoside triphosphate (the 

ultimate substrate of DNA polymerase). The apparent error rates thus calculated 

are shown in Table 2. Three conclusions can be drawn from these data. First 

the apparent error rates are decidedly smaller than those reported for in vitro 

systems (7,20,21). Low in vlvo error rates are, of course, expected in order 

for an organism to be able to transmit genetic information from generation to 

generation with a high degree of fidelity. Second, the apparent error rates 

are in excellent agreement with theoretically calculated values based on chem- 

ical considerations of non Watson-Crlck base pairs and the occurrence of alter- 

nate tautomerlc forms of the bases (22). Third, generally speaking, there is 

greater lack of fidelity in the replication of DNA in the mesophile than in the 

thermophile. It is tempting to speculate that the ability to carry out DNA 

replication with a high degree of fidelity at elevatedt.emperatures is one of the 

contributing factors to the phenomenon of thermophily. 

234 



Vol. 101, No. I, 1981 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Table 2 

Apparent Error Rates of Base Incorporation* 

Base B. licheniformis B. stearothermophilus 

(37°C • 45°C) (55°C • 65°C) 

(a) ** (b) (a) (b) 

A i/3.0x105 i/l.7x105 i/7.7xi06 (i/2.5xi06) 

T i/3.1x104 i/l.8x104 (i/3.4xi04) (i/6.6xI04) 

G (i/3.7xi04) (i/2.9xi04) i/l.0xl06 i/5.3xi05 

C i/6.6xi06 i/5.7xi05 i/5.0xl06 I/3.1x106 

*error rates refer to an increase in the incoporation of a base per total number of 
bases incorporated as the temperature is raised as indicated; parentheses refer to 
a decrease in the incorporation as the temperature is raised. 

**(a) and (b) represent two separate experiments. 

It must be stressed again, though, that the apparent error rates, because 

of the complex metabolic system involved, do not necessarily represent actual 

misincorporation of bases into the DNA (i.e. lack of fidelity). But it is 

likely, since we were able to rule out the involvement of several metabolic 

aspects, that these apparent error rates constitute a reasonable estimate of 

misincorp0ration. As such they may serve to indicate the maximum lack of 

fidelity that might be expected in bacterial systems for the in vivo replica- 

tion of DNA. 
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