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human G7 protein, the randomly pre-
dictable present amino acid pairs, randomly
unpredictable present amino acid pairs, ran-
domly predictable absent amino acid pairs,
mutations in randomly predictable and
unpredictable amino acid pairs, and the dif-
ference between actual and randomly pre-
dicted frequencies. In this way, we
compared the frequency difference in the
amino acid pairs affected by mutations.
Results: We found that 94.5% of 109 muta-
tions occur at randomly unpredictable
amino acid pairs, which account for 78.3%
of amino acid pairs in human G7 protein.
Conclusion: The randomly unpredictable
amino acid pairs are more sensitive to
mutations in human G7 protein. The results
also suggest that the human G7 protein has
a natural tendency to mutate.

INTRODUCTION
Von Hippel-Lindau disease is a tumor syn-
drome in multiple organs. Retinal capillary
hemangioma is the most frequent and often
the earliest manifestation of Von Hippel-
Lindau disease.1 The original descriptions
of retinal capillary hemangioma appeared
more than 125 years ago. Since then a
tremendous amount of new information has
become available.2 Typical extraocular
lesions associated with Von Hippel-Lindau
disease are central nervous system heman-
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ABSTRACT
Objective: We used a random approach to
analyze amino acid pairs in human Von
Hippel-Lindau disease tumor suppressor
(G7 protein) in order to determine which
amino acid pairs are more sensitive to 109
mutations from human G7 protein. The
rationale for this study is based on our
hypothesis and findings that a harmful
mutation is more likely to occur at randomly
unpredictable amino acid pairs and a harm-
less mutation is more likely to occur at ran-
domly predictable amino acid pairs. We
argue that the randomly predictable amino
acid pairs should not be deliberately
evolved, whereas the randomly unpre-
dictable amino acid pairs should be deliber-
ately evolved with connection of protein
function.
Design: The amino acid sequence of the
human G7 protein and its 109 mutations
with point mutant were obtained from the
Swiss-Protein data bank. There are a total of
212 amino acid pairs in human G7 pro-
tein—less than the 400 that are theoretically
possible. We calculated the randomly pre-
dicted frequency and actual frequency in



gioma, renal cell carcinoma, pheochromo-
cytoma, pancreatic islet cell tumors,
endolymphatic sac tumor of the inner ear,
and cysts and cystadenoma in the kidney,
pancreas, epididymis, and broad ligament.3

Current estimates of the prevalence of Von
Hippel-Lindau disease range between two
and three per 100,000 persons.4-6 The inci-
dence of Von Hippel-Lindau disease is
approximately 1 in 40,000 live births.

In 1929 Moller was the first to suggest
that Von Hippel-Lindau disease has an auto-
somal dominant pattern of inheritance.7

About 60 years later, a genetic locus for the
disease was mapped to the short arm of
chromosome 3 by linkage studies in 9 Von
Hippel-Lindau families.8 The Von Hippel-
Lindau tumor suppressor gene was identi-
fied in 1993;9 subsequently, germline
mutations in the Von Hippel-Lindau gene
confirmed the molecular genetic basis of
familial inheritance of the disease.10 Many
different intragenic Von Hippel-Lindau
germline mutations have been detected and
they are scattered over the Von Hippel-
Lindau gene. Missense mutations (leading
to an amino acid substitution in G7 protein)
are found in 40% of the families with an
identified Von Hippel-Lindau germline
mutation,11 and in 96% of the mutations in
Von Hippel-Lindau disease with pheochro-
mocytoma.12

The Von Hippel-Lindau protein (G7
protein) binds with other proteins to form a
complex, which targets the hypoxia-
inducible factors for degradation.13 In the
absence of G7 protein, the hypoxia-
inducible factors are not degraded, with
resultant excessive production of vascular

endothelial growth factor. Inappropriate
expression of vascular endothelial growth
factor causes blood vessels to proliferate and
form hemangioma.14

The Von Hippel-Lindau gene is a tumor
suppressor gene, according to Knudson’s
“two-hit” hypothesis: inactivation of both
copies of the Von Hippel-Lindau gene is
required for a normal cell to develop into a
tumor cell,15 a model that is supported by
recent clinical,16 statistical,17 and genetic18,19

studies. However, there are no reports deal-
ing with questions of why so many muta-
tions occur in the G7 protein and which
amino acids are more sensitive to mutations;
that is, it is still difficult to draw a general
rule of which amino acid subsequences are
more sensitive to mutations and which
amino acid subsequences are less sensitive
to mutations. If such a general rule can be
drawn, then we can get not only more
insight into the relationship between G7 pro-
tein and Von Hippel-Lindau disease, but,
more important, we can pay greater attention
to these sensitive subsequences in order to
prevent them from mutating. Moreover, we
can even predict the possible subsequences
sensitive to the currently unknown muta-
tions.

This problem can be assessed from dif-
ferent approaches, including empiric
(regression analysis), experimental (artificial
and natural mutations), and computational
(multiple sequence comparisons and align-
ments). Two explanations are currently pro-
posed to explain why some amino acids
mutate more frequently than others. The first
is targeted mutagenesis, which defines the
“hotspot” sites sensitive to endogenous and

Table 1. Occurrences of Mutations with Respect to Randomly Predictable and Unpredictable
Amino Acid Pairs in Human G7 Protein

G7 protein Kinds Pairs Mutations Ratio

Number % Number % Number % Mutations/Kinds Mutations/Pairs

Predictable 38 27.54 46 21.70 6 5.50 6/38 ≠ 0.16 6/46 ≠ 0.13

Unpredictable 100 72.46 166 78.30 103 94.50 103/100 ≠ 1.03 103/166 ≠ 0.62

Total 138 100.00 212 100.00 109 100.00 109/138 ≠ 0.79 109/212 ≠ 0.51
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Figure 1. Frequency difference between substituted and substituting amino acid pairs induced
by mutations.

Frequency Difference ∑ (AF-PF)



exogenous mutagens.20-22 The second expla-
nation is function selection, which posits
that the disruption of protein functions may
depend upon the position of the mutation in
the protein.23-25 Neither of these explanations
answer why some amino acid sequences are
sensitive to mutations and some are not. We
believe that a probability approach can con-
tribute to the understanding of this problem
because in the past we used similar
approaches to analyze the primary structure
of different proteins to cast light on protein
constructions and disease related to them.
In general, our approach can predict which
amino acid subsequences are present or
absent in a protein’s primary structure. We
argue that the randomly predictable present
and absent subsequences should not be
deliberately evolved, whereas the randomly
unpredictable present and absent subse-
quences should be deliberately evolved.
Accordingly, our first approach can classify
the present amino acid subsequences as ran-
domly predictable and unpredictable subse-
quences. We suggest that the randomly
unpredictable amino acid subsequences are
more related to protein function, and the
mutations in these subsequences may lead to
protein dysfunction. In a recent study,26 we
found that a mutation, which leads to the
dysfunction of rat monoamine oxidase B, is

located in a randomly unpredictable amino-
acid pair. In contrast, another mutation,
which does not affect rat monoamine oxi-
dase B function, is located in randomly pre-
dictable amino acid pairs.26

In this study, we attempt to use a ran-
dom approach to analyze amino acid pairs
in human G7 protein, with its 109 muta-
tions, in order to determine which amino
acid pairs are more sensitive to the muta-
tions.

MATERIALS AND METHODS
The amino acid sequence of the human G7
protein and its 109 mutations with point
mutations were  obtained from the Swiss-
Protein data bank (access number
P40337).27 The detailed calculations and its
rationales have already been published in a
number of previous studies.28 Briefly, the
calculation procedure with examples is as
follows.

Amino acid pairs in human G7 protein
The human G7 protein is composed of 213
amino acids. We count the first and second
amino acids as an amino acid pair, the sec-
ond and third as another amino acid pair, the
third and fourth, and so on, until the 212th

and 213th. Thus there is a total of 212 amino
acid pairs. As there are 20 types of amino
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Table 2. Classification of substituted amino acid pairs induced by mutations in human G7 
protein.

Pair I Pair II Mutations Total

Number % %

Predictable AF = PF AF = PF 6 5.50 5.50

Unpredictable AF > PF AF > PF 55 50.46 94.50

AF > PF AF = PF 34 31.19

AF > PF AF < PF 12 11.01

AF < PF AF = PF 0 0

AF < PF AF < PF 2 1.83

AF: actual frequency; PF: predicted frequency.



acids, any amino acid pair can be composed
of any of 20 types of amino acids; therefore
there are 400 (202) kinds of amino acid
pairs. Again, there are 212 amino acid pairs
in human G7 protein—less than the 400 the-
oretically possible amino acid pairs. Clearly,
some of the 400 potential amino acid pairs
are absent from human G7 protein.

Randomly predicted frequency vs actual
frequency
The predicted frequency of amino acid pairs
is calculated according to the simple permu-
tation principle.29 For example, there are 20
arginines (R) and 30 glutamic acids (E) in
human G7 protein. The predicted frequency
of amino acid pair “ER” would be 3 (calcu-
lation: 30/213 × 20/212 × 212 = 2.817).

In actuality we find 3 “ER”s in human G7
protein, so the actual frequency of “ER” is
3. Hence we have 3 relationships between
actual and predicted frequencies: the actual
frequency can be smaller than, equal to, or
larger than the predicted frequency, respec-
tively.

Randomly predictable present amino
acid pairs
As described in the last section, the fre-
quency of a randomly present amino acid
pair “ER” would be 3 and “ER” really
appears 3 times in human G7 protein, so the
presence of “ER” is randomly predictable.
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Table 3. Classification of substituting amino acid pairs induced by mutations in human G7 
protein.

Pair I Pair II Mutations Total

Number % %

AF = 0, PF > 0 AF = 0, PF > 0 6† 5.50 77.99

AF = 0, PF > 0 AF = PF = 0 11† 10.09

AF = 0, PF > 0 AF = PF > 0 11† 10.09

AF = 0, PF > 0 AF < PF, AF ≠ 0 5† 4.59

AF = 0, PF > 0 AF > PF 7† 6.42

AF = PF = 0 AF = PF = 0 18 16.51

AF = PF = 0 AF = PF > 0 7 6.42

AF = PF = 0 AF < PF, AF ≠ 0 3† 2.75

AF = PF = 0 AF > PF 17 15.60

AF < PF, AF ≠ 0 AF < PF, AF ≠ 0 6† 5.50 22.01

AF < PF, AF ≠ 0 AF = PF > 0 3† 2.75

AF < PF, AF ≠ 0 AF > PF 5† 4.59

AF = PF > 0 AF = PF > 0 4 3.67

AF > PF AF > PF 2 1.83

AF = PF > 0 AF > PF 4 3.67

†Indicates the mutations that target one or both substituting amino acid pairs with their actual frequency smaller than
predicted (52.28%).



mutation occurs at position 139, changing
leucine (L) to histidine (H), and the amino
acids at positions 138 and 140 are proline
(P) and alanine (A). Thus this mutation
leads to 4 amino acid pairs being changed:
“PL” → “PH” and “LA” → “HA.” As “PL”
and “LA” are randomly predictable amino
acid pairs according to our random analysis,
consequently we would not expect the first
mutation to lead to a substantial change in
enzymic activity, which is true in the real
situation. The second mutation occurs at
position 199, changing “I” to “F” and lead-
ing to changes in amino acid pairs as “II” →
“IF” and “IS” → “FS.” As “IS” belongs to
unpredictable amino acid pair according to
our random analysis, we would expect the
second mutation to lead to a substantial
change in enzymic activity, and this expec-
tation also is true in the real situation. In
this manner we hope to determine whether a
mutation occurs at randomly predictable or
unpredictable amino acid pairs in human G7
protein in order to get more insight into the
relationship between mutations and sensitiv-
ity of amino acid pairs.

Difference between actual and randomly
predicted frequencies
For the numerical analysis, we calculate the
difference between actual frequency (AF)
and predicted frequency (PF) of affected
amino acid pairs: ∑ (AF - PF). For
instance, a variant at position 93 substitutes
“G” for “D,” which results in 2 amino acid
pairs, “DG” and “GE,” changing to “DD”
and “DE,” because the amino acid is “D” at
position 92 and “E” at position 94. The
actual frequency and predicted frequency
are 4 and 1 for “DG,” 2 and 3 for “GE,” 0
and 1 for “DD,” and 1 and 2 for “DE,”
respectively. Thus, the difference between
actual frequency and predicted frequency is
2 with regard to the substituted amino acid
pairs (4 - 1) + (2 - 3), and –2 with regard
to the substituting amino acid pairs (0 - 1)
+ (1 - 2). In this way, we can compare the
frequency difference in the amino acid pairs
affected by mutations.

Randomly unpredictable present amino
acid pairs
The predicted frequency of a randomly pres-
ent amino acid pair “EE” would be 4 (calcu-
lation: 30/213 × 29/212 × 212 = 4.085),
so that there would be 4 “EE”s in human G7
protein. But in actuality “EE” appears 9
times in human G7 protein, so the presence
of “EE” is randomly unpredictable. This is
also the case that the actual frequency of
“EE” is larger than the predicted frequency
of “EE.” Another case is that the actual fre-
quency is smaller than the predicted fre-
quency. For example, there are 20 leucines
(L) in human G7 protein, so the predicted
frequency of “EL” is 3 (calculation: 30/213
× 20/212 × 212 = 2.817), but the actual
frequency is 2.

Randomly predictable absent amino acid
pairs
There are 3 lysines (K) in human G7 pro-
tein. The expected frequency of randomly
present “EK” would be 0 (calculation:
30/213 × 3/212 × 212 = 0.425). Thus the
amino acid pair “EK” would not appear in
human G7 protein, which is true in the real
situation. Thus the absence of “EK” is ran-
domly predictable.

Randomly unpredictable absent amino
acid pairs
There are 18 glycines (G) in human G7 pro-
tein. The predicted frequency of randomly
present “EG” would be 3 (calculation:
18/213 × 30/212 × 212 = 2.535), so that
there 3 “EG”s would be expected in human
G7 protein. However, there is no “EG” in
human G7 protein; therefore, the absence of
“EG” from human G7 protein is randomly
unpredictable.

Mutations in randomly predictable and
unpredictable amino acid pairs
Our rationale for determination of mutations
in randomly predictable and unpredictable
present amino acid pairs is based on the
finding of our previous study,26 which is
described as follows: There are two muta-
tions in rat monoamine oxidase B. The first
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RESULTS

General information on amino acid pairs
in human G7 protein
Of the 400 theoretically possible amino acid
pairs, 262 are absent from human G7 pro-
tein, including 207 randomly predictable
and 55 randomly unpredictable pairs.
Consequently, the 212 amino acid pairs
found in human G7 protein include only
138 kinds of theoretically possible amino
acid pairs (400 – 262 = 138; some amino
acid pairs should appear more than once).
Actually, of 212 amino acid pairs in human
G7 protein, 94 kinds of theoretical amino
acid pairs appear once, 25 kinds twice, 14
kinds three times, 3 kinds four times, 1 kind
five times, and 1 kind nine times.

Of 138 kinds of theoretical amino acid
pairs in human G7 protein, 38 kinds are ran-
domly predictable and 100 kinds are ran-
domly unpredictable. As mentioned earlier,
some kinds of amino acid pairs appear more
than once; thus, of 212 amino acid pairs in
human G7 protein, 46 are randomly pre-
dictable and 166 are randomly unpre-
dictable. We therefore can find how many
mutations occur with respect to these pres-
ent amino acid pairs in human G7 protein
(Table 1).

Mutations of G7 protein in randomly
predictable and unpredictable present
amino acid pairs
As mentioned in “Materials and Methods,” a
protein with a point mutation leads two
amino acid pairs to be substituted by anoth-
er two, and their actual frequency can be
smaller than, equal to, or larger than their
predicted frequency. Tables 2 and 3 detail
the situations related to substituted and sub-
stituting amino acid pairs, respectively, and
the relationship between their actual and
predicted frequencies.

Table 2 can be read as follows. The first
column classifies the amino acid pairs into
randomly predictable and unpredictable. The
second and third columns show which type
of amino acid pairs the mutation occurs in;

for example, the first two cells in columns 2
and 3 indicate that the actual frequencies are
equal to the predicated frequencies in amino
acid pairs I and II. The fourth and five
columns indicate how many mutations occur
in amino acid pairs I and II; for example, 6
of 109 (5.5%) mutations occur in amino
acid pairs whose actual frequencies are
equal to predicted frequencies. The sixth
column indicates the percentage of 109
mutations occurring at predictable and
unpredictable amino acid pairs.

Tables 1 and 2 indicate that 94.5% of
mutations occur at randomly unpredictable
present amino acid pairs and 5.5% of muta-
tions occur in randomly predictable amino
acid pairs. These results mean that 100
kinds of randomly unpredictable present
amino acid pairs account for 94.5% muta-
tions in human G7 protein, whereas 38
kinds of randomly predictable present amino
acid pairs account for only 5.5%. These
results strongly support our rationale that
the harmful mutations are more likely to
occur at randomly unpredictable present
amino acid pairs, which therefore are more
sensitive to the mutations.

When looking at the unpredictable pairs
in Table 2, we find that the vast majority of
these pairs are characterized by one or both
substituted pairs whose actual frequency is
larger than the predicted frequency (the first
3 rows in unpredictable pairs). Comparing
each mutation, we find that the impact of
mutations is to narrow the difference
between actual and predicted frequencies by
means of reducing the actual frequency.
This means that the mutations lead to the
construction of amino acid pairs to be ran-
domly predictable. In other words, the muta-
tions lead amino acid pairs to occur more
easily. It is interesting to note that only 2
mutations occur in the amino acid pairs
whose actual frequency is smaller than pre-
dicted frequency in both pairs. This suggests
that it is difficult for mutations to narrow
the difference between actual and predicted
frequencies by means of increasing the actu-
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al frequency; however, reducing actual fre-
quency would lead to the construction of
amino acid pairs against natural direction.

Table 3 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 mutations that occurs at
amino acid pairs I and II and their percents,
the fifth column is the total of our classifi-
cations.

Table 3 shows that 77.99% of mutations
result in one or both substituting amino acid
pairs, which are absent in normal human G7
protein (AF = 0). Table 3 also tells us that
52.28% of mutations target one or both sub-
stituting amino acid pairs with their actual
frequency smaller than predicted frequency
(see table footnote). These phenomena indi-
cate that the amino acid pairs in mutant G7
proteins are more randomly constructed.

Frequency difference of amino acid pairs
affected by mutations
The difference between actual and predicted
frequencies represents a measure of ran-
domness of construction of amino acid
pairs; that is, the smaller the difference, the
more random the construction of amino acid
pairs. In particular, (i) the larger the positive
difference, the more randomly unpredictable
amino acid pairs were present; and (ii) the
larger the negative difference, the more ran-
domly unpredictable amino acid pairs were
absent.

Considering all 109 variants, the differ-
ence between actual and predicted frequen-
cies is 1.83 ± 0.14 (mean ± SE, ranging
from –3 to 10) for substituted amino acid
pairs. This means that the variants occur in
the amino acid pairs, which appear more
than their predicted frequency. Meanwhile,
the difference between actual and predicted
frequencies is –0.29 ± 0.12 (mean ± SE,
ranging from –4 to 4) for substituting amino
acid pairs, which implies that the substitut-
ing amino acid pairs are randomly con-
structed in the mutant G7 proteins, as their
actual and predicted frequencies are about

the same. Striking statistical difference is
found between the substituted and substitut-
ing amino acid pairs (P < 0.0001). Figure 1
shows the distribution of difference between
actual and predicted frequencies.

DISCUSSION
In this study we use the random approach to
analyze amino acid pairs in human G7 pro-
tein in order to determine which amino acid
pairs are more sensitive to mutations. The
results confirm our hypothesis that the ran-
domly unpredictable amino acid pairs are
more sensitive to mutations. This data-based
theoretical analysis may provide a clue for
preventing human G7 protein from muta-
tions and cast light on the nature of G7 pro-
tein mutations.

Based on our previous studies,28 we
argue that functional amino acid pairs
should be deliberately evolved, and thus the
actual frequency should be different from
the predicted frequency. As the predicted
frequency is the highest chance for con-
struction of amino acid pairs, it is important
to find whether the mutations lead to the
actual frequency approaching the predicted
frequency. If so, we can understand that the
protein has a natural trend toward muta-
tions; if not, we can understand the protein
does not have a natural trend to mutate. The
present study demonstrates that the human
G7 protein has a natural trend toward muta-
tions.

With respect to randomly unpredictable
absent and present amino acid pairs, we are
interested in the difference between actual
and predicted frequencies because the ran-
domly predicable absent and present fre-
quency represents the easiest, most naturally
occurring event. The construction of amino
acid pairs should be the least energy- and
time-consuming. Thus the difference
between actual and predicted frequencies
should be engineered by the evolutionary
process: the larger the difference, the larger
the impact of the evolutionary process. The
narrowing of the difference between actual
and predicted frequencies has been shown in
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this study; thus the mutations in fact are a
degeneration process inducing tumors.
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