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ABSTRACT 

A reliability analysis attempt is hereby presented for point mutations in Escherichia 

coli DNA replication without considering the postreplicative correction by the DNA 

mismatch repair system. Rates for correct and false enzymatic and mechanochemical 

processes are considered for calculation of probabilities for false primary inclusion of 

deoxynucleotides in the growing DNA chain and for defective verification of the new 

formed base pair in this chain by the DNA polymerase complex. Formulae for 

obtaining correct new synthesized DNA strand are given. The probability of no false 

insertion in the entire helix of length N in a correct new DNA strand is calculated to 

0.63 with the 10
-5

 and 10
-2

 figures for the probabilities of defective base inclusion and 

escape rate and 4.6⋅10
6
 bp length of the K12 strain E. coli chromosome. Perspectives 

of reliability analysis for mechanism concerning specificity in biologic processes are 

discussed. 

KEY WORDS: reliability analysis, DNA replication, point mutations, DNA 

polymerase, Escherichia coli. 

 

INTRODUCTION 

 Biologic processes such as DNA replication and immune system response 

present similarities to defaults in the functioning of automata. The biological 

robustness term was coined (Csete & Doyle, 2002; Kitano, 2002, 2004, 2007) and the 

relevance of reliability analysis of engineering sciences to such biologic default 

processes was recognized (Leemis, 1995; Ramakumar, 1993). We present here a 

reliability analysis approach attempt for point mutations in DNA replications of E. 

coli. 
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In reliability analysis various components of automation have different 

probabilities. In DNA replication the correspondence to the functioning of various 

components will be enzymatic reaction rates for transformation of the correct and false 

substrates, or rates of mecanochemical processes performed correctly or with defaults. 

The probabilities for correct and false pairing are connected to differences in free 

energy between complementary and non-complementary base pairs (Seclaman et al. 

2007; Simon et al. 2005). The hydrogen bonding contributes to fidelity but the 

contribution is small, accounting one incorrect insertion for several tenths correct 

insertion (Kunkel, 2004). 

 
 MATERIALS AND METHODS 
 The mechanism for E. coli DNA replication is the one described (Alberts et al. 

2008) and is depicted in Figure 1, as typical functional schema for reliability analysis. 

The main processes implied in the precision of the replication process are 

inclusion of the correct, complementary nucleotide in the growing DNA chain (error 

probability p1) and verification of the new formed base pair of the DNA double helix 

with (error probability p2) by the DNA polymerase complex. Unlike polymerase IV 

and V, E. coli DNA polymerase I, II and III have proofreading ability. When an 

incorrect base pair is recognized, DNA polymerase using exonuclease activity excises 

the mismatched base, re-insert the correct base and replication can continue. Typically, 

bacteria display a mutation rate of 1 nucleotide for every 10
10

 nucleotides copied 

(Fijalkowska et al. 2012). However, some E. coli mutants display decreased mutation 

frequencies (Fijalkowska et al, 1993; Yamagishi et al. 1986).  

Based on different mechanism in leading and lagging strand polymerization, 

there is generally a 2- to 6-fold difference in the error rate with the lagging-strand 

replication being more accurate (Makiela-Dzbenska et al. 2009; Blattner et al. 1997).  

The following annotation of events is introduced: 

A - the event of a false nucleotide inclusion in the leading strand by DNA polymerase; 

the same for lagging strand 

B - identification of the inclusion error and correction by substitution of the false 

nucleotide using 3'→5' exonuclease activity. 

 
RESULTS AND DISCUSSIONS 

The possible events are A, complement of A ( A ), B and complement of B 

( B ). The combination of 4 events can be written as:  

Ω={(A∩ B) ∪ (A ∩B ) ∪ ( A ∩ B) ∪ ( A  ∩B )} (1) 

where Ω is the sample space.  

The following supposedly known probabilities are considered: 

P(A) = p1 – the probability of a false inclusion 
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P( B /A)=p2 – the error probability of verifying the nucleotide inclusion during 

replication, i.e. nonsubstitution of a false inclusion conditioned by occurrence of the 

false inclusion. 

P(A/B) – the probability of occurrence of a false inclusion conditioned by its 

substitution. 

The default in verification of inclusions consists in nonsubstitution of a 

defective inclusion and is given by the probability of occurrence of a defective 

inclusion conditioned by its nonsubstitution, i.e. P(A/ B ). The probability of non-

occurrence of a false substitution conditioned by its substitution, P( A /B) is perhaps 

very low.  

We present below the failure case for the calculus of conditioned probabilities. 

After subtraction of event B  from (1):    

B  = (A ∩ B ) ∪ ( A  ∩ B ) (2) 

the calculus yields:  

P(A/ B )=P(A ∩ B )/P( B )=P( B  ∩ A) / P[(A ∩ B ) ∪ ( A  ∩ B )] = 

[P( B /A) ∗P(A)]/[ P( B /A) ∗P(A)+ P( B / A )∗P( A )] (3) 

 

All probabilities of eq. (3) are known from eq. (1) and (2). 

The probability for occurrence of one mutation conditioned by its 

nonsubstitution in the chromosome of length N generated by the synthesis of leading 

strand will be: 

)pp2pp(1

pp
)B/A(PP

2121

21
1m

−+−
==  (4) 

 

The probability of not having this mutation is 1-Pm1 and the probability of not 

having a mutation in any position is (1- Pm1)
N
. Finally, the probability to have at least 

one mutation in the whole leading strand is: 
N

1m1M )P1(1P −−=
+

 (5) 

If the length N base pairs of the chromosome are divided into m Okazaki 

fragments (N=nm), the probability of occurrence of one mutation in lagging strand is: 
)1m(n

11m

1n

11M )p1(mP)p1(nP −−
−∗−=  (6) 

The equation (6) is obtained considering the case of occurrence of a mutation 

in a chain of n nucleotide-pairs and non-occurrence in the rest of m-1 segments, each 

of length n, with m realization cases. The probability of occurrence of one mutation 

following the synthesis of both strands will be: 
2

1M1Mt1M PP2P −=
+

 (7) 
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FIG.1. E. coli DNA replication functional schema 
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A certain error rate is required, ensuring the rate of beneficial mutations. A 

very low rate of mutations provides no benefit because of a high energy cost i.e. 

increasing the expression of DNA repair enzymes (Kibota & Lynch 1996; Trindade et 

al. 2010).  

 
CONCLUSIONS 

With typical values p1=10
-5

 and escape rate p2=10
-2 

[10], the probability to 

have at least one mutation in the whole N=4.6⋅10
6
 bp length of the K12 strain E. coli 

chromosome is 37.0P 1M =
+

. Accordingly, the probability of no mutation in the entire 

chromosome is 0.63. Okazaki fragments are between 1000 and 2000 nucleotides long 

in E. coli. Considering equation (6) with n = 1000, the probability of occurrence of one 

single mutation in lagging strand is 10
-7

.  

The real value of reliability analysis attempts will appear as biological 

processes will be more and more completely understood. Results of such analysis 

could indicate if a proposed mechanism for a biological process has sufficient 

robustness (i.e. sufficient low error probability) to assure the functioning of the 

process, respectively of the whole biological organism.  
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