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Abstract: In this study, we use the cross-impact analysis to establish a quantitative relationship between mutated 
primary structure of MLH1 protein and its clinical outcomes using the amino-acid distribution probability as a 
measure to determine the magnitude of changes in primary structure of MLH1 due to mutations. Then, we use the 
Bays’ equation to calculate the probability of occurrence of long-QT syndrome under a new variant. Thereafter, we 
numerically compare altered protein functions with the help of amino-acid distribution probability. Finally, we use 
the amino-acid distribution probability to find the mutation trend in 155 variants. The results are not only 
meaningful for clinicians to have a concept on the possibility of occurring of long-QT syndrome when finding a new 
variant before any sophisticated and expensive tests, but also pave the ways for simulation of relationship between 
mutated primary structure of proteins and clinical outcome from molecular level.  
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1. Introduction 

Very likely, we should begin our studies on 
the genotype-phenotype relationship from 
determination of a relationship between a protein and 
a certain disease, and then we should strive the build 
a descriptively quantitative relationship between 
variant and its clinical outcome, because it is 
oftentimes that a mutation in a protein induces a 
disorder in clinical settings. With such quantitative 
models in hands, we may be able to predict a clinical 
outcome, which will be due to an undocumented 
mutation because biological evolution would 
generate new mutations along the time course. This 
would at least give a concept on what will result from 
a mutation. 

At genetic level, human mismatch repair 
genes play an important role in DNA stability, and 
their inactivation leads to mutations that often loss 
the mismatch repair function [1]. Lynch syndrome, 
also known as hereditary non-polyposis colorectal 
cancer (HNPCC), is a dominant autosomal genetic 
disorder caused by germ line mutations in mismatch 
repair genes and the most common hereditary form of 
colorectal cancers, which is the second most leading 
cause of cancer related deaths in the western 
countries [2-5]. Therefore it is considered necessary 
to build a model that can quantitatively describe the 
relationship between mutations and clinical outcome. 

For this reason, we need the methods, which 
can code a protein sequence as a numeric sequence. 

This can be achieved using a certain number to 
replace each amino acid in a protein, and generally 
the values representing physicochemical property of 
individual amino acid are the first option [6]. After 
such a replacement, a protein sequence becomes a 
numeric sequence useful for mathematical modeling. 
However, a limitation in such coding is that 
individual amino acid property does not reflect the 
characteristic of a whole protein and is unchangeable 
before and after mutation.  

Over last decade, Doctors Wu and Yan have 
developed three approaches to quantify the 
characteristic of individual amino acid and 
characteristic of a whole protein [7-10], and their 
quantifications indeed differ before and after 
mutation, thus it is possible to use their approaches to 
build a quantitative relationship between mutated 
primary structure and changed function of protein. 
 
 
2. Material and Methods 
2.1 Data  

The human MLH1 protein with its 155 
variants (accession number P40692; update to July 
11, 2012; sequence version 1, entry version 146) is 
obtained from UniProtKB/Swiss-Prot entry [11], of 
which 100 are missense variants, 2 are insertion and 
13 are deletions. 
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2.2 Amino-Acid Distribution Probability 
Amino-acid distribution probability is 

mainly related to the positions of amino acids along 
the protein, which is suitable for mutation analysis, 
and this approach has been used in some studies [7-
10, 12-22]. 

For example, there are five tryptophans (W), 
which are the least abundant amino acids in MLH1. 
This protein is composed of 756 amino acids. 
Although it is very simple to determine the positions 
of these five tryptophans in MLH1 experimentally, it 
does not provide a quantitative measure that can be 
used for modeling. To estimate these five positions, 
the simplest way is to imagine dividing the MLH1 
into five equal partitions, each contains about 151 
amino acids (756/5 = 151.2). Then we may guess that 
each partition contains a W, which is one type of 
distribution for five tryptophans in MLH1. Naturally, 
we also may guess that one partition contains two 
tryptophans, three partitions contain one W, and one 
partition contains zero W, which is another type of 
distribution for five tryptophans in MLH1. 
Theoretically, there are totally seven different 
distributions for five tryptophans in five partitions in 
MLH1, and we can mathematically calculate the 

probability for each type of distribution of these five 
tryptophans (Table 1) according to the problem of 
subpopulations and partitions using the following 
equation   [23], where r is the number of amino acids, 
n is the number of partitions, rn is the number of 
amino acids in the n-th partition, qn is the number of 
partitions with the same number of amino acids, and ! 
is the factorial. In the real world, there is only one 
possible distribution for these five tryptophans in 
MLH1, which is the actual distribution, whose 
probability is the actual distribution probability. 
 
 
2.3 Amino-Acid Distribution Probability in MLH1 
Variant 

Theoretically the amino-acid distribution 
probability can be referred to the statistical 
mechanics, which classifies the distribution of 
elementary particles in energy states according to 
three assumptions of whether distinguishing each 
particle and energy state, i.e. Maxwell-Boltzmann, 
Fermi-Dirac and Bose-Einstein assumptions [23]. 
The approach used here is equivalent to the Maxwell-
Boltzmann assumption. 

 
 
 

Table 1. All possible distributions of five tryptophans (W) in 5 partitions of MLH1 

1 2 3 4 5 Probability Rank 

W W W W W 0.0384 5 

 W W W WW 0.3840 1 

  W WW WW 0.2880 2 
  W W WWW 0.1920 3 

   WW WWW 0.0640 4* 
   W WWWW 0.0320 6 

    WWWWW 0.0016 7 

*, the actual distribution of five tryptophans in MLH1. 
 

 
 
Generally, a variant is related to two types of amino acids, the original and mutated amino acids. In the 

cases of insertion or deletion, at least one type of amino acids would be affected. As each type of amino acids is 
associated with a certain distribution probability, a variant will change the distribution probability of relevant type of 
amino acids, that is, the amino-acid distribution probability differs before and after mutation so it is sensitive to 
mutation. 
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Table 2. Distribution pattern and probability of tryptophans and arginines in wild-type MLH1 and in its W666R 
variant 

Partition 
Wild-type W666R variant 

W R W R 
I 0 3 0 3 
II 0 1 0 1 
III 0 0 1 0 
IV 2 2 3 2 
V 3 1  1 
VI  0  0 
VII  1  1 
VIII  2  2 
IX  1  1 
X  1  1 
XI  2  2 
XII  0  0 
XIII  2  2 
XIV  0  0 
XV  0  0 
XVI  1  1 
XVII  1  1 
XVIII  0  0 
XIX  2  2 
XX  0  0 
XXI  2  2 
XXII  1  1 
XXIII  3  3 
XXIV  4  4 
XXV  1  1 
XXVI  0  0 
XXVII  0  0 
XXVIII  1  1 
XXIX  0  0 
XXX  0  0 
XXXI  0  0 
XXXII  1  2 
XXXIII  1  1 
XXXIV  0  0 
XXXV  1  1 
XXXVI  1  1 
XXXVII    0 

Probability 0.0640 0.0301 0.1875 0.0297 

W, Tryptophan; R, Arginine. 

For example, a variant at position 666 changes tryptophan (W) to arginine (R) [24]. In above subsection, 
we have calculated the distribution probability of tryptophans (Table 1) before mutation, and now we show the 
calculation of their distribution probability after mutation. There are five tryptophans in wild-type MLH1, while 
there are 4 tryptophans in the variant (Table 2), for which we have q0 = 2, q1 = 1, q2 = 0, q3 = 1; and r1 = 0, r2 = 0, r3 

= 1, r4 = 3, i.e. 0.18754
!3!1!0!0

!4

!1!0!1!2

!4 4 





 . However, its distribution probability is 0.0640 before 

mutation, so this variant increases the distribution probability of tryptophans. On the other hand, there are 26 
arginines in wild-type MLH1 and 37 arginines in the variant. Their distribution probabilities are 0.0301 and 0.0297 
before and after mutation, so the variant decreases the distribution probability of arginines. The overall effect for this 
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variant on MLH1 is (0.1875 – 0.0640) + (0.0297 – 0.0301) = 0.1231, that is, the variant increases the distribution 
probability for MLH1. 

Clearly, a variant changed the composition of amino acids, which can change the distribution pattern of 
corresponding amino acids in the protein, and consequently the distribution probability changed too. Table 3 lists the 
amino acid compositions and their distribution probability in wild-type human MLH1 and the variant that amino 
acids RVQ at positions 325-327 are missing. As can be seen, only 3 amino acids were missing in the variant, 
however, the distribution probability changed in 13 out of 20 kinds of amino acids. Hence, the distribution 
probability is sensitive to variants, and can serve as a measure for modeling. 

This way, we have the quantitative measure for the mutated primary structure of MLH1 variants and we 
also have their documented clinical manifestations, therefore we can build a descriptively quantitative relationship 
between mutated primary structure and its clinical outcome. 
 
2.4 Probabilistic Relationship 

With the descriptively probabilistic method, we build the quantitative relationship between variant and 
clinical outcome. Our measure was amino-acid distribution probability and each individual variant related to its 
clinical outcome was presented as frequency, which we coupled by means of the cross-impact analysis, because the 
amino-acid distribution probability either increased or decreased after mutation, which was a 2-possibilty event, and 
the clinical outcome either occurred or did not occur after mutation, which was a yes-and-no event. Thereafter, we 
used the Bayesian equation to calculate the probability of occurrence of clinical outcome under mutation. 

 
3. Results and Discussions 

After above computation, we have the amino-acid distribution probability in wild-type human MLH1 and 
changed amino-acid distribution probabilities in its 155 natural variants, among which 138 variants are documented 
with colorectal cancer and 125 belong to the hereditary non-polyposis colorectal cancer (HNPCC), two variants 
relate to endometrial cancer, four variants relate to gastric cancer, while 13 variants are polymorphism. Thus, we can 
use the cross-impact analysis to build a quantitative relationship between the increase/decrease of distribution 
probability after mutations and corresponding clinical outcomes, because the cross-impact analysis is particularly 
suited for two relevant events coupled together [25-31]. 

 
Table 3. Amino acids, their compositions and distribution probability in wild-type human MLH1 and the variant that 
amino acids RVQ at positions 325-327 are missing 

Amino acid 
Number Distribution probability 

Wild-type Variant Wild-type Variant 
A 50 50 0.0026 0.0026 
R 36 35 0.0301 0.0314 
N 33 33 0.0506 0.0371 
D 34 34 0.0416 0.0079 
C 11 11 0.1010 0.1010 
E 70 70 0.0100 0.0034 
Q 30 29 0.0296 0.0147 
G 40 40 0.0281 0.0137 
H 19 19 0.0064 0.0064 
I 48 48 0.0163 0.0114 
L 76 76 0.0048 0.0069 
K 47 47 0.0267 0.0225 
M 14 14 0.0618 0.0618 
F 26 26 0.0170 0.0363 
P 34 34 0.0175 0.0175 
S 69 69 0.0003 0.0000 
T 45 45 0.0085 0.0060 
W 5 5 0.0640 0.0640 
Y 23 23 0.0712 0.0712 
V 46 45 0.0174 0.0116 
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A, alanine; R, arginine; N, asparagine; D, aspartic acid; C, cysteine; E, glutamic acid; Q, glutamine; G, glycine; H, 
histidine; I, isoleucine; L, leucine; K, lysine; M, methionine; F, phenylalanine; P, proline; S, serine; T, threonine; W, 
tryptophan; Y, tyrosine; V, valine. 
 

 
Fig. 1 displays the cross-impact analysis on the relationship between changed amino acid distribution 

probabilities of MLH1 variants and their corresponding clinical outcomes. At the level of amino-acid distribution 

probability, P(2) and  2P  are the decreased and increased probabilities induced by variants, and 102 and 53 variants 

result in the distribution probability decreased and increased, respectively. At the level of clinical outcome: (i) 

 2|1P  is the impact probability (conditional probability) that cancer is diagnosed under the condition of increased 

distribution probability, and 46 variants have such an effect. (ii)  2|1P  is the impact probability that polymorphism 

is diagnosed under the condition of increased distribution probability, and 7 variants work in such a manner. (iii) 
P(1|2) is the impact probability that cancer is diagnosed under the condition of decreased distribution probability, 
and 96 variants play such a role. (iv)  2|1P  is the impact probability that polymorphism is diagnosed under the 

condition of decreased distribution probability, and 6 variant falls into this category. At the level of combined 
events, we can see the combined results of changed amino acid distribution probabilities and their corresponding 
clinical outcomes. 

 

 

155 variants

P(2) = 1- P(2)

Increased probability
( n = 53 )

P(2)

Decreased probability
( n = 102 )

P(1|2)

Cancer ( n = 46 )

P(1|2)=1- P(1|2)

Polymorphism ( n = 7 )

P(1|2)

Cancer ( n = 96 )

P(1|2) = 1- P(1|2)

Polymorphism ( n = 6 )

P(12) = 46/155

P(12) = 7/155

P(12) = 96/155

P(12) = 6/155

Distribution probability (Event 2) Diagnosis (Event 1) Combined event 
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Figure 1. Cross-impact relationship among MLH1 variants, changed amino-acid distribution probability, and clinical 
outcomes. 

 
 
 
 
 

Table 4. Computation on cross-impact analysis in Fig. 1 
Event 2 P(2) = 102/155 = 0.6581 

 2P  = 1 – P(2) = 1 – 0.6581 = 0.3419 = 53/155 

Event 1  2|1P  = 46/53 = 0.8679 

 2|1P  = 1 –  2|1P  = 1 – 0.8679 = 0.1321 = 7/53 

P(1|2) = 96/102 = 0.9412 

 2|1P  = 1 –P(1|2) = 1 – 0.9412 = 0.0588 = 6/102 

Combined event  21P  =  2|1P  ×  2P = 46/53 × 53/155 = 46/155 = 0.2968 

 21P  =  2|1P  ×  2P = 7/53 × 53/155 = 7/155 = 0.0452 

P(12) = P(1|2) ×P(2) = 96/102 × 102/155 = 96/155 = 0.6194 

 21P  =  2|1P  × P(2) = 6/105 × 102/155 = 6/155 = 0.0387 

 
 

Table 4 lists the computed probabilities according to the data in Fig. 1, from which two points can be 

found. (i) As P(2) is larger than  2P  , a MLH1variant has a larger chance of decreasing the distribution probability. 

(ii) As the ratio is about 6 for  2|1P  versus  2|1P  and P(1|2) versus  2|1P , a MLH1 variant has remarkably 

larger chance of causing cancer no matter its effect on the distribution probability. 
The diagnosis of Lynch syndrome is complicated by the absence of a pre-morbid phenotype and germline 

mutation analysis is expensive and time consuming [32]. However, a variety of techniques have been used to screen 
molecular alterations at the DNA, RNA and protein level [33]. MLH1 methylation testing can identify the defect in 
MLH1 by denature gradient gel electrophoresis [34], immunohistochemistry [35]. Emerging technologies may 
substantially help the diagnosis in the future with high-throughput sequencing [36]. 

The Bayes’ law [37],      
 2

1
1|22|1

P

P
PP  , indicates the probabilities of occurrences of two events. By 

now we can use it to determine the probability that the cancer occurs under a MLH1variant, P(1), because P(2) and 
 2|1P  have already been defined in cross-impact analysis, while  1|2P  is the probability that the distribution 

probability decreases under the condition of cancer. 
As P(1|2) = 96/102 = 0.9412 (Table 4), and  1|2P  = 96/(46 + 96) = 0.6761, 

   
 

  9161.0
6761.0

6581.09412.0
2

1|2

2|1
1 


 P

P

P
P  , namely, the patient has a larger than 0.9 chance of being cancer when 

a new variant is found in MLH1. This is remarkable, because this estimate is very meaningful for clinical settings, 
because the clinicians would have a concept on the possibility of occurring cancer when finding a new variant 
before any sophisticated and expensive tests. 

Indeed the analysis can furthermore go from clinical outcomes of mutations to functions of MLH1 variants. 
Of 155 MLH1 variants, only 44 are documented DNA mismatch repair function, which ranges from normal to 
complete lost. Fig. 2 displays the relationship between changed function for DNA mismatch repair and changed 
amino-acid distribution probability in MLH1 variants with statistical comparison. As can be seen, the decreased and 
lost functions in DNA mismatch repair are generally associated with the decrease in amino-acid distribution 
probability, while a normal function in DNA mismatch repair is generally associated with the increases in amino-
acid distribution probability. Thus, the amino-acid distribution probability can be viewed as a measure that is 
directly linked to protein function. The higher the amino-acid distribution probability is, the higher the function 
protein has. Therefore the variants that decrease the amino-acid distribution probability are highly likely to reduce 
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the function. Actually, this amino-acid distribution probability also provides a way to statistically compare protein 
with its variants. 

 
 
 
 
 

 

DNA mismatch repair function in MLH1 variants
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Figure 2. Comparison of changes between DNA mismatch repair function and amino-acid distribution probability in 
MLH1 variants. The data are presented as median with interquartile. The P values are obtained from Mann-Whitney 

rank sum test compared with normal group. 
 
 
 
 

In this study, we use the distribution 
probability of amino acids as a measure to quantify 
155 MLH1 variants, and then link their changes to 
clinical outcomes. The results shed lights on 
quantitative relationship between mutated primary 
structure and changed function of MLH1 protein, 
which paves the way for quantitative diagnosis of 
genetic disorder. 
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