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Abstract

In this study, we use our probabilistic approach to analyze the amino acid pairs in human copper-transporting ATPase 2

(ATP7B) in order to determine which amino acid pairs are more sensitive to 125 variants from missense mutant human ATP7B. The

results show 97.6% of 125 variants occur at randomly unpredictable amino acid pairs, which account for 80.9% of amino acid pairs

in ATP7B, and the chance of occurring of variant is about 9 times higher in randomly unpredictable amino acid pairs than in

predictable pairs. Thus, the randomly unpredictable amino acid pairs are more sensitive to variants in human ATP7B.

� 2004 Elsevier Inc. All rights reserved.
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Copper is an essential element for the activity of a

number of physiologically important enzymes [1]. The

Wilson disease is an autosomal recessive disorder of
copper transport, with a prevalence of approximately

one in 35,000 [2,3]. The disease results from the absence

or dysfunction of a copper-transporting P-type ATPase

(ATP7B) encoded on chromosome 13 [4]. This ATP7B is

expressed in hepatocytes and transports copper into the

secretory pathway for incorporation into ceruloplasmin

and excretion into the bile [5]. Affected individuals ex-

hibit excessive copper accumulation in the liver and
brain, deficient holoceruloplasmin biosynthesis, and a

marked impairment in biliary copper excretion [6,7].

Clinically, the disorder leads to progressive liver dys-

function, cirrhosis, and/or extrapyramidal features such

as parkinsonism and dystonia [8].

To date, about 125 variants from missense mutation

have been found in the ATP7B [9]. Generally a single

amino acid is related to a variant, however this amino
acid (except for the one at terminal) has a connection

with two neighboring amino acids, whose connection

constructs two amino acid pairs. We, therefore, regard
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the amino acid pairs as the basic unit for analysis fol-

lowing the concept that a good signature pattern of a

protein must be as short as possible, but the conserved
sequence is not longer than four or five residues [10]. In

the case of 125 variants in ATP7B, little is known about

which amino acid pairs are more sensitive to variants,

thus it is difficult to draw a general rule to judge the

sensitivity of amino acid pair to variants. If such a

general rule could be drawn, then we could gain not only

more insight into the relationship between ATP7B

variants and Wilson disease, but more importantly we
can pay much attention to these amino acid pairs in

order to prevent them from variants. Moreover, we even

can principally predict the possible pairs sensitive to the

currently unknown variants.

This problem can be assessed using different ap-

proaches such as empirical (regression analysis), exper-

imental (artificial and natural mutations), computation

(multiple sequence comparisons and alignments), etc.
Currently two explanations are commonly proposed to

explain why some amino acids are mutated more fre-

quently than others. The first is targeted mutagenesis,

which defines the “hotspot” sites sensitive to endoge-

nous and exogenous mutagens [11–13]. The second is the

function selection, which indicates that the disruption of
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protein functions may depend upon the position of the
variant in a protein [14–16].

Over the last several years we have developed three

models using random approaches to analyze primary

structure of proteins (for review, see [17]). Generally, in

terms of actual and predicted frequencies, our first

model classifies the amino acid pairs in a protein into

two categories: the randomly predictable and the un-

predictable. We suggest that the randomly predictable
amino acid pairs should not be deliberately evolved,

whereas the randomly unpredictable amino acid pairs

should be deliberately evolved. Accordingly the ran-

domly unpredictable amino acid pairs are more related

to protein function, and the variants in these amino acid

pairs may lead to the dysfunction of protein.

More recently we found that a mutation, which leads

to the dysfunction of rat monoamine oxidase B, is lo-
cated in a randomly unpredictable amino acid pair. On

the contrast, another mutation, which does not affect rat

monoamine oxidase B function, is located in randomly

predictable amino acid pairs [18]. This implies that a

harmful variant is likely to be located at the randomly

unpredictable amino acid pair, and a harmless variant is

likely to be located at the randomly predictable amino

acid pair. As a harmful variant is easy to draw our at-
tention, we would expect that a harmful variant could be

easily documented in the literature, hence we would

expect to see more variants to be located at the ran-

domly unpredictable amino acid pairs. On the other

hand, we would also expect that the randomly unpre-

dictable amino acid pair is not as stable as the randomly

predictable amino acid pair because randomness gov-

erns the highest probability of occurrence. As a result, a
variant is readily to occur at the randomly unpredictable

amino acid pair, and the randomly unpredictable amino

acid pair is more sensitive to variant.

In this study, we analyze 125 variants from human

ATP7B in order to determine whether or not the ran-

domly unpredictable amino acid pairs are more sensitive

to variants.
Materials and methods

The amino acid sequences of the human ATP7B and its 125 vari-

ants are obtained from the SWISS-PROT data bank [16] (Accession

No. P35670). The detailed calculations and its rationales have already

been published in a number of our previous studies (for the details, see

[17]). The calculation procedure with its examples is as follows.

Amino acid pairs in human ATP7B. The human ATP7B is com-

posed of 1465 amino acids. We count the first and second amino acids

as an amino acid pair, the second and third as another amino acid pair,

the third and fourth, until the 1464th and 1465th, thus there are 1464

amino acid pairs. As there are 20 types of amino acids, so there are 400

theoretically possible kinds of amino acid pairs. Again there are 1464

amino acid pairs in human ATP7B, which are more than 400 kinds of

theoretically possible amino acid pairs, clearly some of 400 kinds of

theoretically possible amino acid pairs should appear more than once.
Meanwhile, we may expect that some of 400 kinds of theoretically

possible amino acid pairs are absent from human ATP7B.

Randomly predicted frequency and actual frequency. The randomly

predicted frequency is calculated according to the simple permutation

principle [19]. For example, there are 134 alanines (A) and 62 aspartic

acids (D) in human ATP7B, and the predicted frequency of amino acid

pair “AD” is 6 (134/1465� 62/1464� 1464¼ 5.671). Actually we find 6

“AD”s in human ATP7B, so the actual frequency of “AD” is 6. Hence,

we have three relationships between actual and predicted frequencies,

i.e., the actual frequency is smaller than, equal to, and larger than the

predicted frequency, respectively.

Randomly predictable present amino acid pairs. As described above,

the frequency of randomly presence of amino acid pair “AD” is 6 and

“AD” really appears 6 times in human ATP7B, so the presence of

“AD” is randomly predictable.

Randomly unpredictable present amino acid pairs. There are 69

glutamines (Q) in human ATP7B, and the frequency of random pres-

ence of amino acid pair “AQ” is 6 (134/1465� 69/1464� 1464¼ 6.311).

But actually the “AQ” appears 9 times, so the presence of “AQ” is

randomly unpredictable. This is the case that the actual frequency is

larger than the predicted frequency. Another case is that the actual

frequency is smaller than the predicted frequency. For example, there

are 53 arginines (R) and 104 glycines (G) in human ATP7B and the

predicted frequency of “RG” is 4 (53/1465� 104/1464� 1464¼ 3.762),

whereas the actual frequency of “RG” is only one.

Randomly predictable absent amino acid pairs. There are 29 cys-

teines (C) and 11 tryptophans (W) in human ATP7B, and the fre-

quency of random presence of “CW” is 0 (29/1465� 11/1464�
1464¼ 0.218), i.e., the “CW” would not appear in human ATP7B,

which is true in the real situation. Thus, the absence of “CW” is ran-

domly predictable.

Randomly unpredictable absent amino acid pairs. There are 80 glu-

tamic acids (E) in human ATP7B, and the frequency of random

presence of “CE” is 2 (29/1465� 80/1464� 1464¼ 1.584), i.e., there

would be two “CE”s in human ATP7B. However no “CE” appears in

human ATP7B, therefore the absence of “CE” from human ATP7B is

randomly unpredictable.

Difference between actual and randomly predicted frequencies. We

calculate the difference between actual frequency (AF) and predicted

frequency (PF) of amino acid pairs in variant ATP7B, i.e.,
P

ðAF� PFÞ. For instance, the variant at position 642 substitutes “D”

to “H” which leads to the amino acid pairs “LD” and “DH” mutate to

“LH” and “HH,” because the amino acids are “L” and “H” at posi-

tions 641 and 643. The actual frequency and predicted frequency are 4

and 6 for “LD,” 0 and 3 for “LH,” 5 and 2 for “DH,” and 1 and 1 for

“HH,” respectively. With respect to these amino acid pairs, the dif-

ference between actual and predicted frequencies before mutation is 1,

i.e., ð4� 6Þ þ ð5� 2Þ, while the difference between actual and pre-

dicted after mutation is )3, i.e., ð0� 3Þ þ ð1� 1Þ. In this manner, we

can compare the difference in the amino acid pairs before and after

mutations.

Statistics. The difference between actual and predicted frequencies

before and after mutations is compared using the Mann–Whitney U

test with SigmaStat for Windows (SPSS, 1992–2003), and the p < 0:05

is considered statistically significant.
Results and discussion

General information on amino acid pairs in human

ATP7B

Table 1 details the general information on amino acid

pairs in human ATP7B, for example, 56 of 400 kinds of

theoretically possible amino acid pairs are absent from



Table 1

Appearance of theoretical kinds of amino acid pairs in human ATP7B

protein

Appearances Number of theoretically possible

kinds of amino acid pairs

0 56

1 68

2 71

3 50

4 36

5 32

6 19

7 16

8 12

9 9

10 7

11 5

12 7

13 3

14 1

15 4

17 1

18 1

20 2
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human ATP7B including 13 randomly predictable and

43 randomly unpredictable. Consequently, 1464 amino

acid pairs in human ATP7B include only 344 kinds of
theoretically possible amino acid pairs (400� 56 ¼ 344),

i.e., some amino acid pairs should appear more than

once (Table 1).

Of 344 kinds of theoretically possible amino acid

pairs in human ATP7B, 91 kinds are randomly pre-

dictable and 253 kinds are randomly unpredictable. As

mentioned above, some kinds of amino acid pairs ap-

pear more than once, thus of 1464 amino acid pairs in
human ATP7B, 280 pairs are randomly predictable and

1184 pairs are randomly unpredictable. We therefore
Table 2

Occurrences of variants with respect to randomly predictable and unpredict

ATP7B Kinds Pairs

Number Percentage Number Percentage

Predictable 91 26.45 280 19.13

Unpredictable 253 73.55 1184 80.87

Total 344 100 1464 100

Table 3

Classification of original amino acid pairs induced by variants in human AT

Amino acid pair V

I II N

Predictable AF¼PF AF¼PF

Unpredictable AF>PF AF>PF 3

AF>PF AF¼PF 2

AF>PF AF<PF 3

AF<PF AF¼PF 1

AF<PF AF<PF

AF, actual frequency; PF, predicted frequency.
can find how many variants occur with respect to these
present amino acid pairs in human ATP7B (Table 2).

Variants of human ATP7B in randomly predictable and

unpredictable present amino acid pairs

As mentioned under Materials and methods, a mis-

sense mutant protein leads to two amino acid pairs to be

replaced by another two, and their actual frequency can

be smaller than, equal to, and larger than the randomly

predictable frequency. Tables 3 and 4 detail the situa-

tions related to the amino acid pairs before and after

mutations, and the relationship between their actual and

predicted frequencies.
Table 3 can be read as follows. The first column

classifies the amino acid pairs into randomly predictable

and unpredictable. The second and third columns show

the variant occurs in which type of amino acid pairs, for

example, the first two cells in columns 2 and 3 indicate

that the actual frequencies are equal to the predicted

frequencies in amino acid pairs I and II. The fourth and

five columns indicate the number of variants occur in
amino acid pairs I and II, for instance, 3 of 125 variants

(2.4%) occur at amino acid pairs whose actual fre-

quencies are equal to predicted frequencies in both pairs.

The sixth column indicates the percentage of variants

occurring at predictable and unpredictable amino acid

pairs.

Tables 2 and 3 indicate that 97.6% of variants occur

at randomly unpredictable present amino acid pairs and
2.4% of variants occur in randomly predictable amino

acid pairs. These results imply that 253 kinds of ran-

domly unpredictable present amino acid pairs account

for 97.6% variants in human ATP7B, whereas 91 kinds

of randomly predictable present amino acid pairs
able amino acid pairs in human ATP7B protein

Variants Ratio

Number Percentage Variants/kinds Variants/pairs

3 2.40 3/91¼ 0.03 3/280¼ 0.01

122 97.60 122/253¼ 0.48 122/1184¼ 0.10

125 100 125/344¼ 0.36 125/1464¼ 0.09

P7B

ariants Total (%)

umber Percentage

3 2.40 2.40

7 29.60 97.60

5 20.00

4 27.20

7 13.60

9 7.20



Table 4

Classification of mutant amino acid pairs induced by variants in human ATP7B

Amino acid pair Variants Total (%)

I II Number Percentage

AF¼ 0, PF> 0 AF¼ 0, PF> 0 0a 0 12.00

AF¼ 0, PF> 0 AF¼PF¼ 0 1a 0.80

AF¼ 0, PF> 0 AF¼PF> 0 1a 0.80

AF¼ 0, PF> 0 AF<PF, AF 6¼ 0 4a 3.20

AF¼ 0, PF> 0 AF>PF 5a 4.00

AF¼PF¼ 0 AF¼PF¼ 0 1 0.80

AF¼PF¼ 0 AF¼PF> 0 3 2.40

AF¼PF¼ 0 AF<PF, AF 6¼ 0 0 0

AF¼PF¼ 0 AF>PF 0 0

AF<PF, AF 6¼ 0 AF<PF, AF 6¼ 0 23a 18.40 88.00

AF<PF, AF 6¼ 0 AF¼PF> 0 21a 16.80

AF<PF, AF 6¼ 0 AF>PF 37a 19.60

AF¼PF> 0 AF¼PF> 0 6 6.80

AF>PF AF>PF 11 8.80

AF¼PF> 0 AF>PF 12 9.60

a Indicates the variants which target one or both mutant amino acid pairs with their actual frequency smaller than predicted one (totally 73.60%).

Fig. 1. Frequency difference between original (filled) and mutant (unfilled) amino acid pairs induced by variants from human ATP7B.
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account for only 2.4% of variants. Still we can see the

ratio in Table 2 that the chance of occurring of variants

in unpredictable amino acid pairs is larger than in pre-

dictable amino acid pairs. For example, the chance of

occurring of variant is 15-fold higher in unpredictable

kind than in predictable kind (0.48 vs. 0.03). These re-

sults strongly support our rationale that the harmful

variants are more likely to occur at randomly unpre-
dictable present amino acid pairs, which therefore are

more sensitive to the variants.

When looking at the unpredictable pairs in Table 3,

we find that the majority of these pairs are characterized

by one or both original pairs whose actual frequency is

larger than predicted frequency (the first three rows in
unpredictable pairs). Comparing each variant, we find

that the impact of variants is to diminish the difference

between actual and predicted frequencies by means of

reducing the actual frequency, which indicates that the

variants lead to the construction of amino acid pairs

more randomly. In other words, the variants result in

the construction of amino acid pairs to be more natu-

rally easy to occur.
Table 4 can be read as follows. The first and second

columns indicate the actual and predicted situations in

amino acid pairs I and II. The third and fourth columns

indicate the number of variants occurs at amino acid

pairs I and II and their percents. The fifth column is the

total percentage of our classifications. Table 4 shows
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that 12% of variants bring about one or both mutant
amino acid pairs which are absent in normal human

ATP7B (AF ¼ 0). Also 73.60% of variants target one or

both mutant amino acid pairs with their actual fre-

quency smaller than predicted frequency (a). These

phenomena indicate that the amino acid pairs in mutant

proteins are more randomly constructed.
Frequency difference of amino acid pairs affected by

variants

The difference between actual and predicted fre-

quencies represents a measure of randomness of con-

struction of amino acid pairs, i.e., the smaller the
difference, the more random the construction of amino

acid pairs. In particular, (i) the larger is the positive

difference, the more randomly unpredictable is the

presence of amino acid pairs; and (ii) the larger is the

negative difference, the more randomly unpredictable is

the absence of amino acid pairs.

Considering all 125 variants, the difference between

actual and predicted frequencies is 1.91� 0.34 (means�
SE, ranging from )8 to 12) for original amino acid pairs.

This means that the variants occur in the amino acid

pairs that appear more frequently than their predicted

frequency. Meanwhile, the difference between actual and

predicted frequencies is )0.35� 0.32 (means� SE,

ranging from )10 to 15) for mutant amino acid pairs,

which implies that the mutant amino acid pairs are

randomly constructed in the mutant ATP7B, as their
actual and predicted frequencies are about the same.

Striking statistical difference is found between the origi-

nal and mutant amino acid pairs (p < 0:0001). Fig. 1
shows the distribution of difference between actual and

predicted frequencies. As the predicted frequency is the

highest chance for construction of amino acid pairs, it is

important to find out whether the variants lead to the

actual frequency to approach the predicted frequency. If
so, we can understand that the protein has a natural

trend to variants; if not, the protein does not have a

natural trend to variants. The present study reveals that

the human ATP7B has a natural trend to variants.

In conclusion, the results in this study suggest that the

randomly unpredictable amino acid pairs are more

sensitive to the variants. Diminishing of difference be-

tween actual and predicted frequencies has been shown
in this study, thus the variants in fact are a degeneration

process inducing Wilson disease related to ATP7B

variants.
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