
J. Mol. Evol. 12 ,219-236 (1979) 
Journal of 
Molecular Evolution 
© by Springer-Verlag. 1979 

Two Types of Amino Acid Substitutions 
in Protein Evolution 

Takashi Miyata, Sanzo Miyazawa, and Teruo Yasunaga 

Department of Biology, Kyushu University, Fukuoka 812, Japan 

Summary. The frequency of amino acid substitutions, relative to the frequency 
expected by chance, decreases linearly with the increase in physico-chemical 
differences between amino acid pairs involved in a substitution. This correla- 
tion does not apply to abnormal human hemoglobins. Since abnormal hemo- 
globins mostly reflect the process of mutation rather than selection, the corre- 
lation manifest during protein evolution between substitution frequency and 
physico-chemical difference in amino acids can be attributed to natural selection. 
Outside of 'abnormal' proteins, the correlation also does not apply to certain re- 
gions of proteins characterized by rapid rates of substitution. In these cases 
again, except for the largest physico-chemical differences between amino acid 
pairs, the substitution frequencies seem to be independent of the physico-chemi- 
cal parameters. The limination of the substituents involving the largest physico- 
chemical differences can once more be attributed to natural selection. For smaller 
physico-chemical differences, natural selection, if it is operating in the polypep- 
tide regions, must be based on parameters other than those examined. 

Key words: Amino acid substitution - Physico-chemical difference - 
Conservative - Low-constraint - Protein evolution 

Introduction 

Hitherto, several workers have suggested that during the evolution of proteins amino 
acid substitutions producing relatively little physico-chemical changes are much more 
frequent than those involving relatively large changes, i.e., the amino acid substitutions 
are conservative (Zuckerkandl and Pauling, 1965 ; Epstein, 1967; Clarke, 1970; 
McLachlan, 1971 ; Dayhoff et al., 1972 a; Grantham, 1974; Hasegawa and Yano, 1975). 
By analysing the relationship between the frequencies of particular substitutions and 
the physico-chemical properties of the amino acids, Epstein (1967) and Clarke (1970) 
have inferred that natural selection has acted in the evolution of proteins to favour the 
substitutions that would be compatible with the retention of the existing conformation 
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of the proteins. Dayhoff et al. (1972a) have examined the patterns in the rate of sub- 
stitutions relative to the rate expected by chance, by using the data derived from the 
substitutions observed in many families of proteins, and they have pointed out that 
amino acids fall into groups and subgroups whose members have similar substitutional 
characteristic and these groupings are understandable on the basis of the physico- 
chemical properties of the amino acids. Grantham (1974) has presented a formula for 
physico-chemical differences between changing residues, by combining the three pro- 
perties of the amino acids, i.e., polarity, volume and composition, and has shown 
quantitatively that the difference values calculated from this formula correlate best with 
the substitution frequencies of amino acids observed in many proteins. 

The amino acid replacements in abnormal hemoglobins permit close examination of 
the effect of mutation upon the structure and function of protein molecules (Perutz and 
Lehmann, 1968). The amino acid replacements observed in abnormal hemoglobins are 
not the substitutions that have spread to fixation in a population during the course of 
evolution, but are only the result of mutations which have not yet been eliminated from 
the population. It seems appropriate, therefore, to examine the pattern of amino acid 
changes observed in abnormal hemoglobins in order to investigate the extent of the 
structural and functional disruptions due to amino acid replacements and to detect any 
possible influences of natural selection on proteins. In this report, we compare the pat- 
tern of amino acid replacements in conservative substitutions with that of amino acid 
replacements observed in abnormal hemoglobins quantitatively and show that natural 
selection operates to favour those amino acid substitutions that tend to maintain the 
original conformation of proteins through conservative substitution. 

The pattern of the amino acid substitutions studied so far has been concerned with 
those that are observed in the proteins which have been preserving their existing struc- 
tures throughout the course of evolution. In order to investigate the pattern of substi- 
tutions observed in the protein regions in which fewer structural constraints are imposed 
or the structure is diverging, we extend our analysis to the substitutions which arise in 
the hypervariable regions of immunoglobulin variable domains and fibrinopeptides and 
insulin c-peptides. From this analysis, we can show that there exists another type of 
substitution which depends less on the extent of physico-chemical properties of sub- 
stituted amino acids. Hereafter, we will call this type of substitution low-constraint 
substitution, distinguishing it from conservative substitution. 

Amino Acid Pair Distance 

For the quantitative analysis of the substitution pattern of amino acids, several quanti- 
ties for the objective classification of the physico-chemical properties of amino acids 
have been proposed (Sheath, 1966; Epstein, 1967; Clarke, 1970; Grantham, 1974; 
Goodman and Moore, 1977). On the basis of the three physico-chemical characters, 
polarity, volume and composition, Grantham (1974) has introduced the amino acid 
pair differences, dij, indicating the degree of the difference of physico-chemical proper- 
ties of the amino acids ai and aj. The three dimensional conformation of proteins is 
mainly determined by weak interactions between the amino acid residues. These 
interactions are determined by some of the properties the amino acids have, such as 
the ability to form hydrophobic interactions, hydrogen bonds, van der Waals interactions 
and salt bridges. These specific properties of the amino acids may be represented mainly 
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by the two physico-chemical factors, volume and polarity. That is, the polarity and vol- 
ume are the main representatives of the specific properties the amino acids have and they 
are the primary determinants for the three dimensional conformation of protein mole- 
cules. We therefore define the amino acid pair distance, dij, indicating the degree of the 
physico-chemical properties of the amino acids ai and aj, only by polarity Pi and volume 
vi for simplicity as follows: 

(1) dij = ~/(APij/ap)2 + (avij/Ov) 2' 

where Z~pi j and Avij represent polarity and volume difference induced as the result of 
amino acid substitution respectively, (i.e., Jpi  j = Ipi-Pj I and Avij = ]vi-v j I), and Op and 
Ov are standard deviations of Api j and Avij respectively. Our definition is somewhat 
different from Grantham's in that the polarity and volume differences are divided by 
their standard deviations respectively so as to fit the scale of polarity and volume dif- 
ferences to each other. The values for polarity and volume are from the data of 
Grantham (1974). 

According to Grantham (1974), it is important to include the third parameter, com- 
position, in his formula for obtaining the best correlation with observed substitution 
frequency. In comparing the physico-chemical difference with the substitution fre- 
quency obtained by McLachlan (1971), the amino acid pairs resulting from more than 
two steps were also included in his analysis. By a one step pair we mean an amino acid 
pair one member of which is changeable into the other by one base substitution in 
the sense of minimum base mutation (Fitch, 1966). Presumably this may be the main 
reason why he failed to obtain the good correlation by only the two parameters, polari- 
ty, and volume. According to his argument, the substitutions are expected to be ob- 
served with the same frequency for amino acid pairs whose differences are the same. 
But, in general, the substitutions between amino acid pairs of one step must be ob- 
served more frequently than those of two- or three-step pairs in a relatively short evolu- 
tionary time interval, even if they have the same physico-chemical differences. There- 
fore, the comparison must be made separately for amino acid pairs of one step and 
those of more than two steps. As we can see below, the amino acid difference based 
only on polarity and volume correlates well with observed substitution frequency in 
one-step pairs. 

Table 1 shows the pair distance, d, calculated by the above formula. The distance 
d ranges from the value 0.06 of the most similar pair, alanine and proline, to 5.13 of the 
most disimilar pair, glycine and tryptophan. All the amino acids are classified into well 
defined six groups by the distance. The classification is: amino acids in group 2 are 
small and have neutral polarity, group 3A amino acids are hydrophilic and relatively 
small, group 3B amino acids are hydrophilic and relatively large, group 4A amino acids 
are hydrophobic and relatively small, group 4B amino acids are hydrophobic and rela- 
tively large, and group 1 amino acid is special. Each pair within a group has a distance 
less than unity and mean distances between groups always exceed unity. Table 2 shows 
the classification of amino acids and mean distances within and between groups. This 
classification of amino acids will not be used in the subsequent analysis, but is shown 
only to illustrate the correspondence between the amino acid pair and the distance. 
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Table 2. Average pair distance within and between groups. Amino acid pairs more than two 
step are excluded in this calculation 

1 2 3A 3B 4A 4B 

Group 1 Special Cys 2.03 3.06 2.65 

Group 2 Neutral, Pro 
Small Ala 

Gly 2.03 0.69 2.09 2.59 2.47 4.07 
Ser 
Thr 

Group 3A Hydrophilic, Gin 
Relatively Glu 
small Asn 2.09 0.80 1.21 3.11 3.68 

Asp 

Group'3B Hydrophilic, His 
Relatively Lys 3.06 2.59 1.21 0.61 2.58 2.49 
large Arg 

Group 4A Hydrophobic, Val 
Relatively Leu 
small Ile 2.47 3.11 2.58 0.54 1.10 

Met 

Group 4B Hydrophobic, Phe 
Relatively Tyr 2.65 4.0"/ 3.68 2.49 1.I0 0.48 
large Trp 

Coarse Grained Relative Rate of  Substi tut ion 

In order to investigate how observed substitution frequencies correlate with physico - 
chemical differences between changing residues, we consider the rate of substitution be- 

tween amino acids ai and aj relative to the rate expected by  chance from the frequency 
of occurrence of the amino acids. The expression for relative rate of substitution be- 

tween ai and aj is 

(2) Rij = Aij /Nobs(f i f j /~f i f j )  
[q 

Where Aij is an accepted point  mutat ion matrix element defined by  Dayhoff et al. 
(1972 a) and fi is the amino acid frequency of  a i. N °bs is the total  number of substi- 

tuted amino acids, i.e., 

]gAii 
[ q  - 

and [I] means a set of  all the one-step pairs. Following Dayhoff  et al. (1972 a), the ma- 
tr ix A is derived from the comparison between closely related sequences, including con- 

temporary and inferred ancestral sequences. 
In the present analysis, amino acid pairs involving more than two-step changes are 

ignored. Almost all the amino acid changes arise as the result of a one-step change in 
a relatively short t ime span as we can see in the point  mutat ions of abnormal hemoglo- 
bin variants. Two-step changes result from the consecutive one-step changes. Let us 



224 T. Miyata et al. 

consider a case in which an amino acid ai changes .to aj through another amino acid 
act (i.e., ai~,act +aj, where both the pairs (ai, act), (act, aj) are one-step pairs), and that the 
physico-chemical properties of the pair (ai, aj) are similar, though those of (ai, act) and 
(act, aj) are disimilar. In this case, the high frequency of the substitutions between a i 
and aj may not be expected to be observed, even if they have similar physico-chemical 
properties. Then, in order to obtain the exact correlation between the observed substi- 
tution frequency and the physico-chemical difference between changing residues, the 
accepted point mutation matrix must be constructed using closely related sequences, 
only, in which most of  the substitutions correspond to one-step changes. 

Instead of the direct use of Rij in equation (2), we use R(d) the coarse grained 
version of Rij, that is, the average value of Rij in the interval of distances d and 
d+A: 

(3) R(d)= " / N(d) 
d<d.. <d+ AR1J 

lj 

where N(d) is the number of  one-step pairs expected from the genetic code in the inter- 
val of  distances d and d+A. Hereafter we will call this R(d) as 'coarse grained relative 
rate of substitution' (RRS). 

When the substitution patters of various protein families are compared by means of 
RRS defined above, the values of R(d) may show appreciable deviation around the mean 
from protein to protein because of the small sample sizes. To avoid this fluctuation, 
it may be more suitable to leave out the direct comparison by the values of R(d) and to 
compare the number of pairs in the interval of distances d and d+ z~, whose relative rate 
of substitutions exceeds some threshold value. This procedure may correspond to a 
more coarse analysis of the substitution pattern than the analysis by RRS. 

There is another reason to analyse the substitution pattern of each protein family, 
not by the use of R(d), but by means of the number of pairs for which the substitutions 
are observed frequently. Even in the substitution data which were accumulated from 
inferred ancestral sequences and closely related sequences, there are still non-zero matrix 
elements corresponding to two-step pairs. This indicates that, even in one-step pairs, 
substitutions would occur in an indirect way in which one amino acid is exchanged for 
the other through successive one-step replacements (i.e., ai+act÷aj, where the amino 
acid pair (ai, aj) is a one-step pair and act is an intermediate amino acid). These indirect 
substitutions would occur with low frequencies compared with direct one-step substitu- 
tions (i.e., an amino acid a i changes to aj in a direct way without going through an inter- 
mediate amino acid a~). Both the direct and indirect substitutions contribute to the 
relative rate of substitution Rij (i.e., Rij = Rij (direct) + Rij (indirect)). For a pair (ai, aj) 
with small dij, Rij (indirect) may be negligibly small compared with Rij (direct) in a 
short time span. A serious case may arise when we consider a dissimilar amino acid pair 
(ak, a 1) with a distance dkl so large that no direct substitution occurs between ak and al. 
Nevertheless, the substitutions between them may be possible through successive one- 
step changes between similar amino acid pairs. In this case, the main contributor to 
Rkl must be the indirect substitutions. In any case, as the indirect substitutions may be 
observed with low frequencies so long as we use the data accumulated from closely re- 
lated sequences, the indirect effect may be excluded by introducing an appropriate 
threshold value for Rij. The elimination of the indirect effect is particularly important 
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when we compare the substitution patterns of different protein families whose substi- 
tution data are accumulated from sequences in different time intervals, or when we 
analyse the substitution pattern by using distantly related sequences. 

Therefore, for the comparison of the substitution patterns in various protein fami- 
lies, it is more appropriate to use the ratio, F(d), of the number of pairs whose substi- 
tution frequencies exceed some threshold value relative to the number of one-step pairs 
expected from the genetic code in the interval of distances d and d+zX. Here, we tenta- 
tively use the mean value R of all the Rij of one-step pairs as a threshold value (i.e., 

R---~ R i j / N  
[i] 

where N is the total number of one-step pairs expected from the genetic code and If] 
means all one-step pairs). Then, F(d) is expressed as follows: 

(4) F(d) = N[(i, j); Rij > R, d <di j  < d+ A] / N(d) 

where N[(i, j); Rij > R, d _< dij < d+A] is the number of pairs whose Rij exceeds 
and also dij is in the interval d and d+ &. The value of 0.5 is always fixed for the inter- 
val of distance, A, throughout this analysis. For example, there are 16 one-step pairs 
in the interval of distances 0.5 and 1.0, of which 12 pairs have the relative rate of sub- 
stitutions [Rij ] over the mean R (=0.97) in the data of Dayhoff et al. (1972 a), then, 
we have F(0.5) = 12/16 = 0.75. The use of F(d) seems to be suitable particularly for 
the analysis in which distantly related protein sequences are used (see Fig. 6). Here- 
after we will call this F(d) as 'relative number of frequent substitution' (RNFS). 

Results 

Dayhoff et al. (1972 a) have calculated the matrix, A, of accepted point mutations ac; 
cumulated from closely related sequences of protein families such as cytochrome c, 
hemoglobin, myoglobin, virus coat potein, chymotrypsinogen, glyceraldehyde 3-phos- 
phate dehydrogenase, clupeine, insulin and ferredoxin. This matrix is suitable for the 
present purpose, but it includes non-zero matrix elements which correspond to two- 
and three-step mutations. These matrix elements are omitted in this analysis. Dayhoff 
et. al. (1972 a) have pointed out that the matrix of accepted point mutations computed 
separately from each family reflects the same pattern as the accumulated matrix, within 
the variation expected from the smaller sample size. This accumulated matrix may there- 
fore be regarded as the matrix of an 'average protein'. 

Figure 1 shows results of RRS and RNFS, calculated from equation (3) and equation 
(4) using this matrix. There is an obvious negative correlation both between R(d) and d 
and between F(d) and d, indicating that, as has already been pointed out by several 
workers, the substitutions which involve relatively small physico-chemical changes are 
much more frequent than those involving relatively large changes. The negative correla- 
tions between R(d) and d and between F(d) and d are highly significant. For R(d), the 
correlation coefficient is equal to -0.966 and the regression of R(d) on d is R(d) = -0.8d + 
2.44 for d < 3.5. For F(d), the correlation coefficient is -0.990 and the regression is 
F(d) = -0.39d + 1.07 for d ~ 3.0. 

From these results, we may say that the substitutions preferentially occur between 
members of pairs having more similar physico-chemieal properties. In order to confirm 
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t h a t  th is  assures t h a t  t he  c o n f o r m a t i o n  of  t he  p ro t e in  depar t s  as l i t t le  as possible  f r o m  

the  exist ing s t ruc tu re  and  is a resul t  o f  na tu ra l  select ion,  it is ap p ro p r i a t e  to  analyse t h e  

pa t t e rn  o f  amino  acid changes  observed  in uns t ab l e  a b n o r m a l  and a b n o r m a l  h u m a n  

hemoglob ins .  

Uns tab le  a b n o r m a l  hemog lob in s  of fer  a good  o p p o r t u n i t y  for  invest igat ing h o w  phy-  

s ico-chemical  d i f ferences  b e t w e e n  changing  residues a f fec t  the  t e r t i a ry  s t ruc tu re  of  t h e  

p ro te in .  Uns tab le  a b n o r m a l  hemog lob in s  are a g roup  of  a b n o r m a l  h emo g l o b i n s  t h a t  pro- 

1, 

1 

(a) 0 ] 2 d 3 /~ 5 

0.4 

(b) 0 1 2 3 
d 4 5 

Fig. 1. (a) Relation between distance (d) and RRS (R(d)). The distance d stands for the physico- 
chemical difference between changing residues (see eq. 1), and R(d) stands for the coarse grained 
relative rate of substitutions in the closely related sequences accumulated from homologous pro- 
tein families (see eq. 3). The value of d for each set of plots is the average distance of pairs in d 
and d+0.5. Straight line represents the regression of R(d) and d, i.e., R(d) = -0.80d + 2.44 for 0 < 
d < 3.5. Correlation coefficient is -0.966. Most of the observed substitutions were for pairs of 
similar amino acids with a small value of d, and no substitutions were found where d was greater 
than 3.5 for this data. (b) Relation between distance and RNFS (F(d)), where F(d) stands for the 
ratio of the number of one-step pairs for which substitutions are observed frequently to the number 
of one-step pairs expected from the genetic code in the interval of d and d+0.5 (see eq. 4). Straight 
line is the regression of F(d) on d, i.e., F(d) = -0.39d + 1.07 for 0 < d < 3.0. Correlation coefficient 
is -0.990. Data for (a) and (b) are from Dayhoff et al. (1972a) 
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duce a characteristic hemolytic anemia. The single amino acid substitution in unstable 
abnormal hemoglobins results in an instability of the hemoglobin molecules. In unstable 
abnormal hemoglobins, the change of one particular amino acid has a well-defined patho- 
logical consequence at the molecular level, and the clinical and hematological features 
are proportional to the severity of the structural lesion of the molecule (Lehmann and 
Huntsman, 1974). Hayashi (1975) has classified unstable abnormal hemoglobins into 
four groups according to the degree of severity of the hemolytic anemia. Following 
Hayashi's classification, group 1 and group 2 are groups of unstable abnormal hemo- 
globins where hemoglobinopathy is mild (mild group) and group 3 and group 4 are 
those where hemoglobinopathy is severe (severe group). Figure 2 shows the distribu- 
tions of the physico-chemical differences, i.e., distance, between changing residues in 
the unstable abnormal hemoglobins, separately according to the severity of the hemo- 
lytic anemia. The broken line represents the distribution expected from the genetic 
code if a single amino acid change occurs randomly in human hemoglobins. The 
average amino acid contents of 0~- and/3-chain of normal human hemoglobin are used 
for obtaining the random distribution. 

The mean distances of the distributions for the mild group and the severe group and 
of the random distribution expected from the genetic code are 1.85, 2.67 and 1.80 
respectively. As a measure of the extent of deviation from the random distribution, ×2 
values have been calculated for the mild group and the severe group, which are 11.3 and 
19.7 respectively. The deviation from the random distribution is significant in the se- 
vere group (X2=19.7, dr=9, p<0.05). Judging from these results for the mean distance 
and X 2 value, the more the extent of the severity increases, the more thedistribution 
deviates towards a greater distance. This means that the extent of hematologic severity 
is positively correlated with the physico-chemical difference induced by the change of 
one particular amino acid. Since the hematologic features are proportional to the se- 
verity of structural disruption of the molecule in unstable abnormal hemoglobins, we may 
infer that the extent of conformational change caused by single amino acid change is po- 
sitively correlated with physico-chemical difference between changing residues. 

Abnormal human hemoglobins seem to be a direct reflection of the base mutations in 
the hemoglobin genes, except a few of them, such as HbS, which are selected for (Allison, 
1954). If we exclude the latter from consideration, then the comparison between the 
pattern of amino acid exchanges in abnormal hemoglobins and that of substitutions in 
'normal' proteins makes it possible to detect any influence of natural selection on the 
type of substitution. Comparisons of this kind have already been made by several wor- 
kers concerned with the non-randomness of base substitutions (Vogel, 1955; Fitch, 1967; 
Vogel, 1972 ; Vogel and Kopun, 1977). 

Up to the present day, examples of about 250 abnormal hemoglobin variants, includ- 
ing the variants of ct-,/3-, 7- and b-chain are known (International hemoglobin information 
center, 1976). For the application of these data to the present analysis, we must take 
note of the fact that the variants are usually detected by electrophoresis. The sampling 
is therefore biased in favour of mutations that cause different charges. In a few instances, 
the amino acid mutations, although not involving a charge change, may disrupt the ter- 
tiary structure of the molecule so that the overall charge is affected and the change 
detected. Because of this non-uniformity for the detection, it is necessary to correct 
the expression for the denominator-of equation (2) such that a different weight factor, 
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Fig. 2. Frequency distributions of d, 
the physico-chemical difference, in 
unstable abnormal hemoglobins clas- 
sified by the extent of their haemo- 
lyric anemia. (a) Mild haemoglobin- 
opathy group. (b) Severe haemoglo- 
binopathy group. Broken line repre- 
sents the frequency distribution (ran- 
dom distribution) expected from the 
genetic code in normal human hemo- 
globin. Dotted arrow represents the 
mean distance of the random distri- 
bution and solid arrow represents 
that of the distribution in unstable 
abnormal hemoglobins 

w(i,j), is used for the amino acid pair (ai,aj), according to whether it involves a charge 

change or not. Of the 250 point mutations, about 80% involve charge changes. Thus in 

this analysis, we tentatively put w equal to 0.8 for a pair involving charge change and w 

equal to 0.2 for a pair not involving charge change. 
Figure 3 shows the substitution pattern of abnormal hemoglobins. There is a posi- 

tive correlation between R(d) and d and between F(d) and d. That is, the regression of 
R(d) on d is R(d) = 0.30d + 0.99 (the correlation coefficient ~' = 0.49), and that of F(d) 
on d is F(d) = 0.17d + 0.08, (')' = 0.75). Particularly, the significant frequencies of amino 

acid replacements are observed at rather larger distances (i:e., d > 3.5), where no substi- 
tutions are observed in the conservative type. This may well be explained that the ab- 
normal hemoglobin involving a large change in d would have a bigger physiological ef- 
fect so that it is more likely to be found. This explanation is consistent with the argu- 
ment  mentioned in the analysis of unstable abnormal hemoglobins that the more dis- 
similar the amino acids are, the larger effect the change between them has on the struc- 
ture and function of the protein, This positive correlation may be due to a sampling 
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Fig. 3. Relation between distance (d) and RRS (R(d)); (a), and relation between distance and 
RNFS (F(d)); (b), in abnormal hemoglobin variants. Distance d stands for the physico-ehemical 
difference between changing residues (see eq. 1), and R(d) the coarse grained relative rate of sub- 
stitutions defined by equation 3. The RNFS (F(d)) stands for the ratio of the number of one- 
step pairs for which substitutions are observed frequently to the number of one-step pairs expected 
from the genetic code in the interval of d and d+0.5 (see eq. 4). The value of d for each set of plots 
is the average distance of pairs in d and d+0.5 

effect in the detection. It seems likely that R(d) and F(d) depend less on d in abnormal 

hemoglobin variants, if they are detected uniformly from population. As the amino 
acid changes observed in abnormal hemoglobins are not the substitutions that have 
spread to fixation in populations during evolution, but  are only the result of mutations 
which have not yet been eliminated from populations by natural selection, we may there- 
fore conclude that the negative correlation of substitution frequencies of the amino acids 
with physico-chemical differences between changing residues in the conservative substi- 
tut ion is the result of natural selection which acts to maintain the original conformation 
of the protein. 
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The accepted point  mutat ion matrix for each protein family is also obtained by com- 
paring observed sequences with inferred ancestral sequences of that protein family. Fig- 
ure 4 shows the calculated results of  F(d) for various protein families such as globin (he- 
moglobin and myglobin),  cytochrome c and variable domains of immunoglobulin (hyper- 
variable regions are omitted),  including the 'average protein ' .  The data of myoglobin and 
immunoglobulin are from Romero-Herrera et al. (1973) an d Barker et al. (1972) respective- 
ly and the others are from Dayhoff  et al. (1972 a, b, c, d). Although the plots are some- 

what scattered, the negative correlation between F(d) and d reappears for d < 3.0 and 

F(d) vanishes for d >~ 2.5. This is the typical substitution pattern of the conservative 
type,  indicating that  these protein families have been forced to conserve their existing 
structures and functions during their evolution since they had assumed their original 
functions. 

It has been confirmed by  the above analysis that the negative dependency of the sub- 
sti tution frequency on the difference of the physico-chemical properties between chang- 

ing residues is a result of natural selection acting on the proteins so as to eliminate the 
disruptive mutations for the preservation of their conformation. According to this 
argument, it is expected that, in a protein or a protein moiety in which less selective 
constraint is imposed on the structure, the substitution frequency depends less on the 
difference of the physico-chemical properties of changing residues. That is, the amino 
acid substitutions observed in such polypeptides or protein moieties as hypervariable 
regions of immunoglobulins, f ibrinopeptides and insulin c-peptides are expected to show 
a pattern distinct from that  of conservative substitution. Here, the fibrinopeptides and 

~0]~ 

J . \ .  

" i I C I D ~  

0.2- 

0 1 2 d 3 4 5 

Fig. 4. Relation between distance (d) and RNFS (F(d)) in 'average protein': e, globin: o, 
cytochrome c: m, and variable domains of immunoglobulin (hypervariable regions are excluded): 
~. The RNFS (F(d)) stands for the ratio of the number of one-step pairs for which substitutions 
are observed frequently to the number of one-step pairs expected from the genetic code in the 
interva} of d and d+0.5 (see eq. 4). The value of d for each set of plots is the average distance of 
pairs in d and d+0.5. Plots are somewhat shifted right and left to distinguish each other when they 
overlap. Straight line is the regression line of 'average protein'. Amino acid replacements of glo- 
bin, cytochrome c and variable domain of immunoglobulin were recorded from phylogenetic trees 
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Fig. 5. Relation between distance (d) and RNFS (F(d)) in abnormal hemoglobins: e, hypervariable 
regions of immunoglobulin variable domains: o, fibrino-peptide: • and average of hypervariable 
regions of immunoglobulin variable domains, fibrino-peptide and c-peptide of insulin: o. The 
RNFS (F(d)) stands for the ratio of the number of one-step pairs for which substitutions are ob- 
served frequently to the number of one-step pairs expected from the genetic code in the interval 
of d and d+0.5 (see eq. 4). The value of d for each set of plots is the average distance of pairs in 
d and d+0.5. Plots are somewhat shifted right and left to distinguish each other when they overlap. 
Straight line is the regression line on the plots, i.e., F(d) = -O.05d + -.43 for 0 < d < 4.0. Amino 
acid replacements of hypervariable regions of immunoglobulin variable domain, fibrino-peptide 
and c-peptide of insulin were recorded from phylogenetie trees 

insulin c-peptides are protein moieties which are removed from the precursors. The hy- 
pervariable regions of  immunoglobulins are parts of  the variable domains (V L and VH). 
A high frequency of the amino acid substitutions and gross structural changes are ob- 
served in these regions (Poljak et al. 1976; Padlan and Davies, 1975 ; Padlan, 1977). It 
has been confirmed by  structural analysis that  the hypervariable regions represent the 
complementari ty-determining parts of antibodies and that these regions are close to- 
gether in space to form the antigen binding sites (Padlan, 1977). The structural diver- 
gence of  hypervariable regions thus results in the functional (i.e., specificity for antigen) 
divergence of  immunoglobulins. 

Figure 5 shows the relations between F(d) and d for the polypeptides that  are removed 
from the original chains and for protein moieties in which gross structural divergence is 
observed. The result for abnormal hemoglobins is also shown in this figure for compari- 
son. Although plots are somewhat scattered, the strong negative dependency of  F(d) 
on d, the characteristic of  conservative substitution, is not seen in these polypeptides 
or protein moieties, but  the substitution frequencies seem rather not  to depend on 
physico-chemical factors. In fact, the regression of  F(d) on d is F(d) = -O.5d + 0.43 for 
d < 4.0 for the data accumulated from fibrinopeptides, hypervariable regions of  im- 
munoglobulins and insulin c-peptides. Another  different point  between the substitu- 
t ion pattern in these polypeptides and that of conservative substitution is that, in these 
polypeptides,  substitutions are observed wi thappreciable  frequency over d=3.0, where 
almost all the changes are excluded in conservative substitution. Although the substi- 
tut ion patterns in these polypeptides are rather similar to the pattern in abnormal hemo- 
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globins in the point that F(d) depends less on physico-chemical factors, there is a dif- 
ference above d=4.0. That is, no substitution is found there during evolution of the 
polypeptide regions examined, in striking contrast to the substitution pattern in abnor- 
mal hemoglobins. Presumably it means that the most extreme changes are not accept- 
able even in peptides that are excised or in hypervariable regions. We may therefore 
infer that most of  the substitutions that occur in these parts of  proteins are almost free 
from those selective constraints that tend to maintain the precise original conformation 
in whole proteins. If some selection intervenes here also, it bears on different parame- 
ters (Zuckerkandl, 1975). 

Discussion 

The typical pattern of  conservative substitution (or 'high-constraint substitution', con- 
trasting with 'low-constraint substitution') is that the observed frequency of amino 
acid substitutions decreases as the physico-chemical difference between changing resi- 
dues increases and vanishes when the extent of  this difference exceeds some critical 
value. As Figure 4 shows, there is no appreciable difference between substitution pat- 
terns in various protein families, within the variation expected from the small sample 
size. This fact shows that amino acid substitutions always abide by the same substitu- 
tion pattern, irrespective of protein families, whenever amino acid substitutions occur. 
Indeed, as we can see in Table 3, the mean distances of substituted amino acids are 
nearly constant for various proteins such as cytochrome c, myoglobin, hemoglobin 
a- and/3-chain, and immunoglobulin variable domains. As the characteristic pattern in 
conservative substitution results from the natural selection that tends to maintain the 
existing three dimensional conformation, we may venture the generalization that the 
relative intensity of  selection pressure against the amino acid substitutions is almost 
the same in different globular proteins. It should be noted that, although the present 
analysis has shown that mutations that are more likely to disrupt the structure are eli- 
minated by natural selection, this does not tell us anything about how the substitutions 
that are observed do occur and by what mechanism accepted mutations are fixed in 
populations. Whether they are selectively neutral or not remains to be determined 
(Kimura and Ohta, 1974). 

The negative correlation between the observed frequency of amino acid substitu- 
tions and the extent of physico-chemical difference may be interpreted as follows: 
The degree to which the tertiary structure of proteins is affected by substitutions, even 
though the same physico-chemical differences between changing residues are involved, 
may differ from site to site in the protein. The substitutions between amino acids 
having similar physico-chemical properties, i.e., d <~ 1.0, may not result in any signifi- 
cant change of  tertiary structure over almost all the variable sites in the protein within 
a short time interval of  evolution. There may be some sites where an amino acid can 
be substituted for another having distinct physico-chemical properties (for example, 
d • 3.0) without causing the structural disruption of the protein. But the number of 
these sites may be very limited in the protein molecule. In other words, there may be 
more sites available for substitutions between similar amino acids that for substitutions 
between dissimilar amino acids in a short time interval of the protein evolution. This 
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Table 3. Mean distance, standard deviation and number of substituted amino acid pairs for 
various protein families, in which substitution patterns obey the conservative type 

Mean of Standard Number of 
distance deviation substitutions 

Cytochrome 1.16 

Myoglobin 1.07 

Hemoglobin a and ~ 1.05 

Immunoglobulin 1.15 
variable domains 
(Hypervariable regions 
are excluded) 

0.81 121 

0.70 140 

0.66 201 

0.87 123 

may be the  reason why the substitution frequency is reduced as the distance d increases 

in the interval 0 < d < 3.5. The changes between more distant amino acids, i.e., d > 

3.5, are so disruptive for the original conformation of the protein that there are not  

sites which accept them. 
The above characteristic patterns in amino acid substitutions make it possible to 

quantify the intensity of selective constraint acting against a codon change occurring 
on variable sites in a cistron. As a codon specifies an amino acid except three termi- 

nation codons, the 'distance between codons'  can be defined by  using the same phy- 
sico-chemical parameters as for amino acids. A point mutat ion occurring on any one 
of  the codons leads to a change of the codon to another whose physico chemical pro- 
perties differ from those of the original one by  d. (Here, we define d = 0 for a syn- 

onymous change and d = oo for a change to a stop codon.) According to the present 

analysis, it seems reasonable to assume that,  as an average, the rate of acceptance, s(d), 
of the mutat ion decreases linearly on d and vanishes over some critical distance dc, 
irrespective of  protein families, whenever the change occurs at any one among variable 
sites. We therefore have an expression for s(d) as 

s(d) = 

1 ; for d = 0 (synonymous change) 

fc(1 - d/d c) ; for 0 < d < dc 
0 ; f o r d / > d c  

where the value of  s(d) is measured relative to the value for synonymous changes. The 
parameter fc is the rate of  acceptance of a mutat ion by which any one of the codons 
changes to another with the distance between them being infinitesimal. According to 
our conjecture that  amino acid substitutions always abide by the same substitution pat- 
tern whenever they take place, it seems likely that, though fc is not  necessarily equal to 
unity, it has a constant value regardless of  protein families. The critical distance dc 
takes a distinct value, depending on whether the substitution pattern is of a high-con- 
straint or a low-constraint type:  From our present analysis, d c takes nearly constant 
value 3.0 for high-constraint substi tution and is sufficiently large for low-constraint sub- 
stitution. We may therefore say that  the inverse of  d c reflects the extent  of selective 
constraint that  tends to maintain the original conformation of the protein molecule. 
This model may be useful to predict to what extent  a contemporary nucleotide se- 
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quence  or  amino acid sequence will undergo subst i tut ions during the course o f  its evo- 

lu t ion f rom now on. An applicat ion o f  this mode l  will be given in a separate paper. 

So far, we have been analysing the  pat tern  of  amino acid subst i tut ions by  using the 

closely related sequences only.  McLachlan (1971) has counted  the  large number  o f  

amino acid subst i tut ions which have occcurred in 17 homologous  protein families in 

which dis tant ly related sequences are also included and has constructed the mat r ix  of  

accepted po in t  mutat ions .  All the mat r ix  e lements  corresponding to two- and three- 
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Fig. 6- (a) Relation between distance (d) and RRS (R(d)) in distantly related sequences accumulated 
from homologous protein families compiled by McLachlan (1970). The RRS stands for the coarse 
grained relative rate of substitutions (see eq. 3), and d the physico-chemical difference between 
changing residues (see eq. 1). The value of d for each set of plots is the average distance of pairs 
in d and d+0.5. Straight line is the regression line of 'average protein'. (b) Relation between dis- 
tance and RNFS (F(d)), the ratio of the number of one-step pairs for which substitutions are ob- 
served frequently to the number of one-step pairs expected from the genetic code in the interval 
of d and d+0.5 (see eq. 4). The value of d for each set of plots is the average distance of pairs in 
d and d+0.5. Straight line is the regression line of 'average protein' 
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step changes have non-zero values since distantly related sequences are also compared 
with each other and accumulate a large number of substitutions. Even the matrix ele- 
ments corresponding to one-step pairs may contain many changes produced by succes- 
sive one-step changes. 

Figure 6 shows the result of the caluculation for RRS and RNFS, by applying these 
data and by neglecting the matrix elements corresponding to two- and three-step 
change. The regression lines in the case of closely related sequences, i.e., 'average pro- 
tein' are also shown for comparison. For relatively small distances, i.e., d < 3, the 
plots of R(d) fit well with the regression line of the 'average protein', though they are 
slightly lower than this line. But appreciable frequencies of substitution are observed 
even for large distances, i.e., d > 3. On the contrary, the plots of F(d) fit well with 
the regression line of 'average protein' over all the ranges of distance. 

These features are interpreted as the result of conservative substitution: In a rela- 
tively short time span, almost all the substitutions are produced by one-step changes. 
A substitution from amino acid a i to aj may be eliminated, if the physico-chemical 
difference between a i and aj is large enough, i.e., dij ~> 3.5. But in a relatively long 
time span, there may be many paths from a i to aj by successive one-step substitutions 
which are conservative. The substitution between ai and aj through these paths is also 
conservative for the tertiary structure of a protein. Because the frequency of substitu- 
tion between a i and aj may be proportional to the products of the frequencies of sub- 
stitution at each step in that path, F(d) goes to zero for relatively large distances. 
Recently, Goodman and Moore (1977) have analysed the similar amino acid substitu- 
tion process by using their conformational parameter distance and have suggested that 
by way of intermediate amino acids almost any amino acid can ultimately be substi- 
tuted for another through successive one-step changes without damage to an evolving 
protein's conformation during the process. 
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