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Summary. Using information from human hemoglobin variants, different hemo-
globin chains, cytochrome c, insulin molecules, labile parts of human y-globulin,
(-, A-, and H-chains) and tobacco mosaic virus coat proteins, some aspects of point
mutations were examined.

The main results:

1. All recent hemoglobin variants characterized by one amino acid substitution
can be explained by one single base replacement. Of the amino acid substitutions in the
other proteins, many more can be accounted for in this way than expected if substitu-
tion occured at random.

2. Within the human hemoglobin «-, -, y-, and §-cistrons, a number of codons
can be excluded.

3. When origin and direction of base replacements are taken into account,
transitions cytosine — thymine (C-—T) and thymine — cytosine (T —C) turn out
to occur much more often than expected if replacements would occur at random.
They are also more frequent than the corresponding transitions guanine -+ adenine
(G —A) and adenine — guanine (A —>G). This trend can be observed in all cistrons
examined. It cannot be explained by obvious biases in the ascertainment of amino
acid substitutions. It points to a relationship between mutation and coding, that
cannot be explained on the basis of our present knowledge of the molecular processes
involved in replication, mutation, repair, and transscription. Transversions, on the
other hand (replacements of a purine by a pyrimidine or vice versa) seem to occur
at random:.

4. There is no evidence for clustering of point mutations in the same or in neigh-
bouring codons of the abnormal human hemoglobin «- and f-cistrons.

Key words: Genetic Code — Codon Exclusion — Point Mutation — Base Replace-
ment — Non-Randomness of Base Replacement — Amino Acid Substitution.

l. The Problem

One of the most important parameters of evolution is the mutation
process. Many mutations are point mutations sensu strictiori, i.e. one base
pair only in the DNA double helix is changed. Statistical analysis of some
aspects of these point mutations has become possible, since the genetic
code has been deciphered and the amino acid sequences of many proteins
have become known. Analyses were published among others by Beale and
Lehmann (1965), Vogel and Rahrborn (1965, 1966), Epstein (1966), Deran-
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Fig. 1 (quoted from Vogel, 1970). Possible transitions (replacements purine —purine

and pyrimidine —pyrimidine) and transversion (replacements purine —pyrimidine

and pyrimidine —purine). (From: Chemical mutagenesis in mammals and man; ed.

F. Vogel and G. Roéhrborn Berlin-Heidelberg-New York: Springer 1970; chapter 2,
Fig. 3, p. 31)

court et al. (1967), Zuckerkandl et al. (1971), Vogel (1969), Fitch (1967, 1972),
Lehmann and Carrell (1969), Dellweg (1967), Rahmel (1967).

We had the impression that transitions, i.e. replacements of one pyri-
midine by another pyrimidine, or of one purine by another purine, are more
than half as common as transversions, i.e. replacements of a pyrimidine by
a purine or vice versa (Vogel and Réhrborn, 1965, 1966). Epstein (1966)
independently arrived at the same conclusion. He analysed 31 hemoglobin
variants and 20 mutations between cistrons for different hemoglobin chains.
He not only concluded that transitions are observed more frequently than
expected, but that the C —T transition is the most frequent one. He related
this result to considerations of Freese and Yoshida (1965) that this result
had to be expected on the basis of chemical mutation mechanisms. This
conclusion is also contained in Table 11 of the paper of Vogel and Réhrborn
(1965). Their Table 10 also shows the high incidence of the C —T transition.
In the discussion of this paper, these authors point also to the dilemma
that, for example, a C —T transition might indicate a primary event either
in C, or in G. Independently, Fitch (1967) has analysed the same problem
with hemoglobin mutations and cytochrome ¢ replacements. Again, he
could show that in the mRNA code, the transition guanine —adenine
(G —A) was more frequent than the three others. This corresponded to
our result with the human hemoglobin variants (Vogel and Rohrborn, 1965,
1966), that the cytosine —thymine (C —T) transition (expressed in the DNA
code) was the most frequent one. We (Vogel, 1969) have reexamined the
problem with inclusion of the additional hemoglobin variants known up
to that time, and of other hemoglobin mutations. The increased frequency
of the C —T transition was confirmed. The most comprehensive analysis of
the problem published so far is that of Derancourt et al. (1967) and especially
Zuckerkandl et al. (1971).
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These authors not only confirmed the high incidence of the C—T
transition. They could also show that the effect is bidirectional in the globins,
T —C being also more frequently observed than the corresponding transition
A —G. In the other protein examined, the cytochrome c variants, C T
only seemed to be favoured. However, these authors believe that the
preferences observed do not reflect any particularity of the mutation
process, but selective trends during evolution. They also note a tendency
towards substitution of more common amino acids by rarer ones and
interpret it as a tendency towards randomness.

Their method of analysis, which deviates from our own in certain
aspects, will be discussed later. Suffice it to say that they analysed not only
amino acid substitutions, but base replacements, as well. The same was
done by Fitch (1971).

Some other problems were also examined by Vogel (1969): Due to the
fact that the genetic code is degenerate, no clearcut conclusions are possible
from the amino acid sequence to the exact sequence of bases in the cistrons
concerned. However, when the assumption is correct that point mutations
are due to replacements of one base pair only, some codons may be excluded
because they are not compatible with the observed mutations. A number
of codon exclusions in the Hb «-, -, ¥-, and é-chains were tabulated.

Besides, it was shown that the mutations leading to human hemoglobin
variants are distributed at random over their cistrons.

In the present paper, it is intended to reexamine some of the problems
mentioned, using somewhat more exact methods, and with inclusion of some
other proteins. The following problems will be investigated:

1. Which of the point mutations observed are compatible with the
assumption that the mutation process has affected one base pair only ?

2. Can more codons be excluded than hitherto reported?

3. Do the frequencies of all mutations, transitions and transversions,
correspond to expectations which are based on the assumption of random-
ness, or do they show deviations from randomness? For example, is the
C T transition significally more frequent than expected? Are there any
other deviations from the expectation ? This problem will be examined with
more exact methods than in the past.

4. Moreover, the problem of distribution of mutations over the hemo-
globin cistrons of abnormal hemoglobins will be reexamined.

The following data will be included in our study:

1. The 155 human hemoglobin (and myoglobin) variants characterized
by one single amino acid substitution, which were listed by H. Lehmann

(1972)1.

1 I am grateful to Dr. H. Lehmann for providing me with this list.
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2. The amino acid substitutions noted in comparisons between the hemo-
globin fg-chains of different species and between f- and d-chains (Data from
Braunitzer, 1967).

3. The differences between sperm whale myoglobin and the human
hemoglobin «-, -, and f-chains which are thought to have originated from
one ancestral chain. Amino acid substitutions were assumed to have
occurred in the direction (Mb —« —7y —8). Possible biases introduced by this
assumption will be discussed below.

4. Insulin «- and g-chains from different species (see Dayhoff, 1969).
Amino acid substitution was assumed in this case to have proceded from
the residue more frequently found in the different species examined to the
residue found less frequently (or only once).

5. Labile parts of the human gammaglobulin chains (x-, 4-, and
H-Chains) 2 In order to keep as close as possible to the mutation event,
only amino acid differences within the subgroups, not between the sub-
groups were taken into account (x chains: Subgroups I-III; A chains:
Subgroups I-1V; H-chains: Subgroups I-1V). Again mutation was assumed
to have occurredin the direction from the more frequent to the less frequent
substitution.

6. Differences between cytochrome c chains of different species (Day-
hotf, 1969).

7. Tobacco mosaic virus (TMV) coat proteins (Dayhoff, 1969). Here,
TMYV vulgare was assumed to be the basic form.

The method of analysis may be demonstrated with one example: In position 57
of the human hemoglobin «-chain we normally find glycine (DNA codons: CCA;
CCG; CCT; CCC). In Hb Norfolk, a rare variant, glycine is substituted by aspartic
acid (DNA codons: CTA; CTG). This allows us to conclude:

1. The substitution is compatible with only one base replacement in the codon:
C —T in the second position.

2. One pyrimidine is replaced by another one. Hence, it is a transition.

3. Comparing the possible DNA codons for gly and asp we find out that the
replacement C —T in the second position will lead to a codon for asp only if the basic
codon for gly is CCA or CCG but not if it is CCT or CCC. Therefore Hb Norfolk
provides a codon exclusion for CCT and CCC in pos. 57 of the normal human Hb
o cistron: The last-mentioned two codons would require two base replacements. For
the human Hb variants which are of relatively recent origin this is extremely unlikely;
hence the exclusion may be accepted. For the mutations which have been established
during evolution, on the other hand, two independent mutational events within the
same codon are very well possible. Therefore, we refrained from establishing codon
exclusions for these proteins.

2 I am grateful to Dr. N. Hilschmann for providing me with alignments available at
the end of 1971.
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Il. Results
1. Point Mutations and Single Amino Acid Replacements

For lack of space, the original tables, which contain all individual
amino acid substitutions analyzed, cannot be published. Table 1 shows,
how many of the substitutions included in our study can be explained by a
single base replacement in the DNA code. It turns out that all human
hemoglobin variants analyzed which are due to single amino acid substitu-
tions can be explained by one single base replacement. For the other
proteins, however, this is not the case. This can only mean that an appre-
ciable part of these amino acid substitutions are due to at least two in-
dependent mutation steps. Theoretically, one could argue that some of
them could also be due to molecular events affecting two at the same time.
This alternative, however, is rendered very unlikely by the hemoglobin
variants: There is no reason why these molecular events should not have
affected the hemoglobin cistrons as well. A calculation for the expectations
of the percentages of amino acid substitutions which would be compatible
with single base replacements, if amino acid substitutions occurred at random,
is difficult due to the degeneracy of the genetic code. In order to gain at least
a crude impression of the order of magnitude, we calculated how many
amino acids can be reached from all codons together of all 20 amino acids.
We arrived at the figure of 151 out of 380 (= 20 X 19) statistically possible
amino acid pairs (39.7 %). Furthermore it can be shown that the values for
the different amino acids do not differ too much; therefore, the differences
in amino acid composition of different proteins may not influence the
expectations too strongly. However, this percentage is higher than the

Table 1. Number and percentage of amino acid substitutions which can be explained
by single base replacements

Total number Number of % of all
of amino acid substitutions substitutions
substitutions which can be
studied explained
by single base
replacements
Hb o-variants
Hb g-variants 155 155 100,0
(+y+d+Mb.)
Hb g—>s -0 28 23 82,142
Mb. —»a 107 59 55,514
o>y 89 55 61,797
y—=B 29 23 79,310
Insulin 43 31 72,093
Human y 470 374 79,574
Cytochrome ¢ 162 97 59,877

TMYV coat prot. 127 82 64,567
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actual expectations, as it applies for all possible codons of one amino acid
together, whereas in every codon only one of the different possibilities can
be realized. Therefore, an exact assessment of the expectations is impossible.
Suffice it to say that in all proteins examined, amino acid substitutions
compatible with the replacement of only one base are much more frequent
than expected, if amino acids were replaced at random.

2. Codon Exclusions

The rationale of codon exclusions has been explained above. Tables
were published by Vogel and Réhrborn (1965) and Vogel (1969). Due to
the additional hemoglobin variants published by Lehmann (1972), the list
can be complemented. Table 2 contains an up-to-date list of codon exclusions
based on hemoglobin variants. It is remarkable that wherever two in-
dependent sources for codon exclusions are available, they confirm each
other.

3. Types of Mutations Observed

Table 3 contains the types of mutations observed. Most point mutations
can be pinpointed to a certain base replacement. For some mutations, more
than one base replacement is possible. For example, asp may have the
codons CTA and CTG. glu, on the other hand, may have the codons CTT
and CTC. Hence, the substitution asp—glu can be brought about by
replacement of one base only. However, it is uncertain which two bases
are involved: The following replacements are possible: A—T; A—C;
G—->T; G—C. All the four are transversions. Therefore, a substitution
asp —glu is tabulated as “uncertain transversion”. In basically the same
way, the uncertain transitions and the completely uncertain base replace-
ments were tabulated.

Statistical analysis of Table 3 renders some interesting results (Table 4).

First, Transitions are again more frequent than expected when replace-
ments would occur at random. For this comparison, calculation of the
expected value for transitions posed a certain difficulty: In an earlier
paper (Vogel and Rohrborn, 1965), we had assumed that the correct
expectation should be 1/3, because every base can undergo one transition
and two transversions. Later on, however, we pointed out (Vogel, 1969)
that this is not entirely correct, as due to the degeneracy of the code, many
replacements, especially transitions, lead to samesense mutations not
expressed in an amino acid substitution. The number of visible transitions
and transversions can be calculated for every amino acid (Vogel, 1969,
Table 9). The correct way to calculate expectations for whole polypeptide
chains would be to weigh these expectations with the frequencies of these
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Table 2
Nr. Pos.+AS Possible codons Impossible codons Informations

a) Codon exclusion (Hbw-chain)

1 10 Ala CGA, CGG CGT, CGC Abnormal Hb
2 12 Ala CGA, CGG CGT, CGC Abnormal Hb
3 15 Gly CCA, CCG CCT, CCC Abnormal Hb
4 22 Gly CCA, CCG CCT, CCC Abnormal Hb
5 51 Gly CCA, CCG CCT, CCC Abnormal Hb
6 57 Gly CCA, CCG CCT, CCC Abnormal Hb
7 80 Leun GAA, GAG, GAT, GAC AAT, AAC Abnormal Hb
8 84 Ser TCA, TCG AGA, AGG, AGT, AGC Abnormal Hb
9 92 Arge GCT, GCC GCG, GCA, TCT, TCC Abnormal Hb
10 102 Ser TCA, TCG AGA, AGG, AGT, AGC Abnormal Hb
1 115 Ala CGA, CGG CGT, CGC Abnormal Hb
12 136 Leu GAT, GAC, GAA, GAG AAT, AAC Abnormal Hb
13 141 Arg GCA, GCG, GCT, GCC TCT, TCC Abnormal Hb

b) Codon exclusion (Hb f-chain)

1 9 Ser AGA, AGG AGT, AGC, TCA, TCG  Abnormal Hb
2 12 Thr TGA, TGG TGT, TGC p-0
3 14 Leu GAT, GAC, GAA, GAG AAT, AAC Abnormal Hb
4 16 Gly?a CCA, CCG CCT, CCC Abnormal Hb
5 20 Val CAT, CAC CAA, CAG B-comparison
6 30 Arg GCG, GCA, TCT, TCC GCT, GCC Abnormal Hb
7 32 Leu GAA, GAG, GAT, GAC AAT, AAC Abnormal Hb
8 46 Gly CCT, CCC CCA, CCG Abnormal Hb
9 56 Gly CCA, CCG CCT, CCC Abnormal Hb
10 67 Val CAA, CAG CAT, CAC Abnormal Hb
12 74 Gly CCA, CCG CCT, CCC Abnormal Hb
13 76 Ala CGT, CGC CGA, CGG Abnormal Hb
14 83 Gly CCA, CCG CCT, CCC Abnormal Hb
15 87 Thr TGT, TGC TGA, TGG Abnormal Hb
16 88 LeuPb GAA, GAG, GAT, GAC AAT, AAC Abnormal Hb
17 91 Leu GAA, GAG, GAT, GAC AAT, AAC Abnormal Hb
18 98 Val CAC CAT, CAA, CAG Abnormal Hb
19 111 Val CAA, CAG CAT, CAC Abnormal Hb
20 113 Vale CAT, CAC CAA, CAG Abnormal Hb
21 125 Pro GGT, GGC GGA, GGG B-6
22 126 Val CAC, CAT CAA, CAG Abnormal Hb
23 129 Ala CGA, CGG CGT, CGC Abnormal Hb
24 136 Gly CCA, CCG CCT, CCC Abnormal Hb
25 141 Leu GAA, GAG, GAT, GAC AAT, AAC Abnormal Hb
¢) Codon exclusion (Hb y and d-chain)
1y 12 Thr TGT, TGC TGA, TGG Abnormal Hb
2 016 Ala CGT, CGC GGA, GGG Abnormal Hb
3 022 Ala CGT, CGC CGA, CGG Abnormal Hb
4 0136 Gly CCA, CCG CCT, CCC Abnormal Hb
5 8116 Arg GCA, GCG GCT, GCC g6
Myoglobin
1 138 Arg GCT, GCC GCA, GCG Abnormal Hb
TCT, TCC

a Confirmed by two different substitutions.
b Confirmed by comparison between f-chains
¢ Confirmed by amino acid differences between f and d-chains
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Table 3. Base substitution in the transscribed stand

Hb Hb: Hb: Labile In- Cyto- TMV Sum

vari- f—90 Mb—a-> y-Glo- sulin chrome coat total

ants subst. + —y—f  bulin c pro-

diff. chains teins
B-chains
T A-G 9 1 4 17 3 3 3 40
G—A 8 3 6 15 1 7 5 45
T->C 22 3 18 71 7 10 11 142
C->T 32 1 20 58 3 17 1 142
Uncert. 0 0 0 0 0 0 0 0
Sum total 71 8 48 161 14 37 30 369
TV A>T 4 2 4 10 0 5 8 33

T—A 3 0 5 26 2 3 3 42
A-C 5 0 11 11 1 2 6 36
C—A 5 1 7 12 1 3 5 34
G->T 9 3 6 8 2 4 5 37
T->G 11 1 9 25 1 9 2 58
G->C 12 1 12 12 0 4 3 44
C—->G 15 0 8 18 1 6 4 52
Uncert. 12 5 30 77 8 24 14 170
transv.
sum total 76 14 92 199 16 60 50 507
Uncertain 4 1 1

Table 4. Analysis of the data in. Table 3

Comparison Characterization Obs. 2 P
of null hypothesis vs. Exp.

All transitions vs. 28,5 % of all base Trans.: 79.72 >10710
all transversions replacements 369 vs.
are transitions 249.7
Transitions C —-T Co>Tand T—-C C—>T+4+T—=C107.32 >10710
and T —-C are as frequent as 284 vs.
vs. transitions A - G A->Gand G-sA 184.5
and G —~A
Transversions starting same frequency T+C 3.857 0.05%
with only pyrimidines vs. 186 vs.
Transversions starting 168
with purines
Replacements starting same frequency G+C no
with Cor G 354 vs. diffe-
vs. replacements starting 352.5 rence

with T or A
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amino acid in the polypeptide chains examined. This was done for the
hemoglobin « and B chains (Vogel, 1969, Table 10). Applying the same
weighting procedure to the polypeptides examined in Table 3 would imply
a relatively complicated calculation. Besides, as inspection of Table 9
(Vogel, 1969) shows, differences in expectations between the different amino
acids are relatively small. Therefore we decided to carry out these pre-
liminary calculations with the unweighted mean of all expectations for
transitions, which is 0.285 (Vogel, 1969, Table 9). The results in Table 4
are based on this expectation.

Secondly, within the group of transitions, those in which the pyrimidines
are involved (T —~C and C—T) are significantly more frequent than those
involving the purines. Earlier studies (Vogel and Réhrborn, 1965; Fitch,
1067 ; Zuckerkandl, ef al., 1971 ; Vogel, 1969) had pointed primarily towards
an increased C —T frequency, and some authors (Fitch, 1967; Vogel, 1969)
had pointed out the significance of this result for the understanding of the
molecular process of mutation. The present analysis which was carried
out with many more proteins and a much greater number of amino acid
replacements shows two points: First, the phenomenon is not confined to
the hemoglobin and cytochrome c cistrons, but can be shown with a number
of other proteins as well. Secondly, not only the C —T, but also the T-»C
transition is too frequent, i.e. both the transitions in which pyrimidines
are involved.

Besides, a small and weakly significant (P ~~0.05) preponderance of
pyrimidine involvement can also be observed among the transversions.
The effect, however, is much less pronounced than among the transitions.
For transitions and transversions together involvement of the T=A base
pair (T + A together) is almost exactly as frequent as involvement of the
G =C base pair (G +- C together).

As will be discussed below, the high frequency of transitions which start
with pyrimidines in the transcribed DNA strand confronts us with an
intriguing problem about the molecular mechanism of mutations. Therefore,
it seems worthwhile to analyse this problem somewhat further.

All mutations for which the base replacement can be ascertained
unambiguously affect the first or the second base of the codon. Base
replacements in the third position lead to samesense mutations, or to
mutations for which the base replacement is ambiguous. For the over-
whelming majority of all first and second positions in codons belonging
to cistrons for which the amino acid sequence in the polypeptide chain
has been analysed, the exact base can be deduced. This is merely another
way to restate the well-known fact that the degeneracy of the genetic code
is confined almost exclusively to the third bases. Therefore, the number
of bases in the transcribed strands of the cistrons analyzed can be calculated
almost exactly. This had already been done by Vogel and Réhrborn (1965)
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for the codons giving rise to amino acid variants, by Zuckerkandl et al. (1971)
for hemoglobins and cytochrome ¢ and by Fitch (1972) for hemoglobin
genes. It will now be done for all the cistrons included in this study. In the
exceptional cases in which the first two bases cannot be deduced unam-
biguosly (codons for leucine, serine and arginine), it will be assumed that
all possible codons occur exactly with the same frequency. For leucine, for
example, we find the DNA codons AAT, AAC, GAA, GAG, GAT, GAC.
This means that the first baseis A in two cases and G in four cases. Therefore
we count one leu codon as 1/3 A and 2/3 G in the first position. The second
position is A in all cases.

The number of bases in the first two codon positions of the cistrons can
be compared with the number of mutations affecting these bases, and
special hypotheses can be tested directly on the level of the base concerned.

The pooled data are contained in Table 5. Its first four columns contain
the percentages of the four bases in the transcribed strands of the cistrons.
On the basis of these values, the expectations E in the following columns
were calculated. For example, 80 Hb f-variants were analyzed, 42 of which
were transitions. The sum of the precentages for T and C together is 54.26 %.
Thus E for all replacement affecting T + C=80.0 X 0.5426=43.41. E for
transitions (T4 C) =42 X 0.5426 =22.79.

Statistical analysis was carried out using the y? method in the version
given by Woolf (1955) with a slight modification:

0, X E, 1

X=%x0, v
Here, O, and O, are the observed values in the two classes (namely T+ C
vs. A+ G); E, and E, are the corresponding expectations. The method
had been devised by Woolfin order to compare empirical frequencies in two
series of patients and controls,—mot to compare a frequency with its
expectation. In order to take into account this difference, calculation of the
variance, which was based originally on four classes (two classes of “patients”
and two classes of ‘“controls’’) had now to be based on the two “ observed”
classes only. The calculation of §} gives—within the limits of rounding—
exactly the same results as a classical y? calculation. However, the method
used here has two advantages: 1. x gives a reasonable measure for the
extent of the deviation from the null hypothesis. 2. Still more important:
It is easily possible to calculate a weighted over-all estimate for the deviation
from the null hypothesis and x? values for this over-all estimate as well as
for the heterogeneity between the different samples examined. For this
additional calculation, the following formulas are used:

Y=>wy/D'w; Y=khX
x: of deviation: Y2> w; 4 of heterogeneity: >'wy? —Y2> w

(Degrees of freedom: Number of single comparisons —1).

Xi=yw.

1 1
y=InX; Vzo—1+~()~2—; w=

24 J. molec. Evolution, Vol. 1
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Table 5. Expected and observed base replacements in

Protein % of bases in the transscriding Exspected (E) and observed values for bz
stand (pos. 1 and 2 of codons)

a) All replacements

A G T C T+C O/E X 22 P
E 0

Hb «-variants 21.65 27.13 26.03 25.06 21.00 28 1.333 2.051 4.587

Hb ﬂ-variants 23.90 21.84 25.75 28.51 43,41 50 1.152 1.405 2.166
Substitutions 23.91 21.84 25.75 28.51 8.68 6 0.691 0.506 1.740

Hb >0

Myoglobin —Hb « 20.92 2146 33.12 24.51 27.09 27 0.997 0.993 0

Hb oz——>Hb'y 21.65 27.13 26.16 25.06 22.03 25 1.135 1.323 0.825
Hby—»Hbﬁ 23.36 19.96 28.18 28.51 13.04 16 1.227 1.747 1.509
Insulin 32.03 16.99 26.14 24.84 11.22 15 1.337 2.060 2.492

Human y-Globulins 26.13 20.77 28.18 24.87 146.00 204 1.397 1.539 45.920
labile parts of

#, A and H-chains
Cytochrome ¢ 17.95 15.71 41.51 28.84 48.43 48 0.991 0.974 0.011
TMYV Coat proteins 23.31 25.95 27.22 23.52 33.49 36 1.075 1.165 0.383

Sum totals 374.37 455 1.215 1.616 34.413 =~

%2 of heterogeneity: 25.22; P (m = 9) = 0.0027.

Table 5 shows the most important results of this analysis:

a) In the total material, replacements affecting T + C are significantly
more frequent than replacements affecting G + A. This is also documented
by the observation that 8 of 10 values for O/E as well as for X are above 1.
However, statistical heterogeneity between the single proteins is also signifi-
cant, indicating that special conditions influence the extent of the effect.

b) When the analysis is confined to the transitions, the preponderance
of T+ C compared with A+ G is still more pronounced. This turns out
also from the higher values of O/E and X, 9 of which are now above 1. In
this comparison, the heterogeneity 2 is not significant.

¢) For transversions, on the other hand, the observed values agree
amazingly well with their expectations; heterogeneity is on the borderline
of significance.

Taken together, these results show that the risk to be involved in a
transition is, indeed, higher for T and C as compared to A and G. A slight
and weakly significant increase of transversions involving T and C (see
Tables 3 and 4) is not caused by a higher risk of these bases to undergo
transversions. It is obviously due to the fact that in the first two codon
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-estigated cistrons (1. and 2. bases of the codons only)
lacements starting with T 4 C as compared with those starting with A 4+ G
Transitions only ¢) Transversions only
-C O/E X 2 P T4+C O/E X 2z P
o E o
.24 17 1.512  3.246  5.356 9.71 11 1.133 1.313  0.367
279 31 1.360 2.376 6.080 20.62 19 0.921 0.843 0.278
}.34 4 0922 0.843 0.058 4.34 2 0461 0281 2417
3.65 9 1.041 1.103  0.035 18.44 18 0.976 0.945 0.025
).24 16 1.562 3.809 5.720 11.78 9 0.764 0.612 1.320
3.50 13 1.5290 4.968 4.454 4.53 3 0.662 0.458 1.144
14 10 1.401  2.404 2.198 4.08 1.226 1.603 0.418
49 123 1.439 3.561 41.381 60.53 75 1.239 1.735 7.804
-.55 27 1.100 1.370 0.723 23.88 21 0.879 0.710 1.025
.22 22 1.445 2.670 5.657 18.27 14 0.766 0.618 1.981
16 275 1.388  2.645 60.097 <1071 176.19 177 1.005 1.015 0.018 =~0.9

Het) =11.565; P(m =9)~0.5

2% (Het) =16.761; P ~0.05.

positions of the transscribed strands in the cistrons examined, T and C are
slightly more frequent than A and G.

An additional question may be examined: Does the increased risk for
transitions affect C and T in the same way, or is there any difference between
the two bases? This problem was examined for transitions in Table 6. It
turns out that C is slightly more often affected than T. (In spite of the fact
that the observed numbers are exactly the same. But T is slightly more
abundant in the cistrons examined). The difference, however, is not
significant.

The mutations leading to hemoglobin variants are of relatively recent
origin, whereas others, for example those responsible for the differences
between cytochrome ¢ molecules of different spezies are very old. One
could expect that peculiarities of the mutation process could become less
obvious when the mutations were exposed for a long time to influences of
natural selection. The percentage in a protein of amino acid substitutions
not compatible with a single base replacement could be taken as one criterion
for the ancientness of differences between related proteins. Therefore, we
considered it worthwhile to examine the relationship between the ratio
observed/expected of the T C transition (Tables 5 and 6) and the percentage
of substitutions not compatible with a single base replacement (Table 1).

24*
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Table 6

T C

E (0] O/E E 0 O/E
Hb a-variants 5.727 7 1.222 5.513 10 1.814
Hb ﬂ-varia.nts 10.815 12 1.110 11.974 19 1.587
Hbpg—>p—+6 2.060 3 1.456 2.281 1 0.451
Myogl. >a 4.968 4 1.242 3.677 5 1.360
o=y 5.232 6 1.147 5.012 10 1.995
y =B 4.227 8 1.893 4.277 5 1.169
Insulin 3.660 7 1.913 3.477 3 0.863
Human y 45.370 71 1.565 40.041 58 1.449
Cytochrome ¢ 15.357 10 0.651 9.191 17 1.850
TMYV coat prot. 8.165 11 1.255 7.057 11 1.559
Sum totals 105.581 139 1.317 92.500 139 1.503

Comparison between T and C (from the sum totals). y2 =2.100; P~ 0.16.

0/E, T+C;
A

transitions only

t +
60 70 80 L0 100
Percentage of amino acid substitulion compatible
with replacement of one base

%

Fig. 2. Relationship between percentage of amino acid substitutions compatible with
replacement of one base, and observed/expected number of transitions starting with

TorC

The Spearman rank correlation coefficient is, as expected, negative, but
the deviation from O is negligible, and not significant statistically (r, — 0.103;
$ > 0.05) (see also Fig. 2). The higher risk of C and T to be involved in
transitions as described above could mainly have two different causes:
Either, it could be due to biases in the ascertainment of amino acid sub-
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stitutions, or it could be due to non-randomness of the mutation process
itself.

Which are the ascertainment biases of amino acid substitutions? Two
different situations have to be considered: Of the mutations which arose
many generations back in evolution, only some of those have been preserved
in the genome which were compatible with the function of the protein (Even
the majority of these mutations were eliminated by genetic drift, but this
does not concern us here). Most of the human hemoglobin variants, on the
other hand, have arisen by new mutation only recently. But the probability
to be detected is strongly influenced by the character of the substitution
involved. Many of them were detected through patients with hematological
diseases, and among the others, mutations leading to a change in the electric
charge have a much higher change to be detected, as electrophoretic mobility
is influenced.

Could the non-randomness demonstrated above simply be caused by
non-randomness of the amino acid substitutions ascertained? This seems
to be now the opinion of Fitch (1972); and of Zuckerkandl ef al. (1971).

We compared the observed amino acid substitutions with their expecta-
tions. As the possible biases are so different we carried out this analysis
separately for the hemoglobin variants on the one hand (confining ourselves
to the a- and B-chain variants)—and for the other proteins (leaving out
the differences between g- and é-chains and between the different f-chains).
As in the direct analysis of base replacements, we included only mutations
involving the first two bases of the codons.

The probabilities F, for amino acid substitutions were calculated as demonstrated
in the following example For ala, we find C as the first base and G as the second
base in the DNA code. C may be replaced by A, G, and T giving the codons for ser,
pro and thr respectively. If we assume randomness, these substitutions are expected
to occur in the same frequencies, giving expectations of 1/3 each of all replacements
to the first base. For the second base, G, the situation is slightly more complicated.
It may change into A, T or C. G—A gives the val codon, and G —C gives the gly
codon. For G —T, however, there are two possibilities. It depends on the third position
of the ala codon, which of the two will occur. If the ala codon is CGA or CGG, G—-T
will lead to the substitution ala->-asp. On the other hand, if the ala codon is CGT
of CGC, G—T will lead to the substitution ala—>glu. Unfortunately, however, we
do not know the third position of the ala codons examined. Therefore, we assume
that A and G have the same probability to occur in the third position of the ala
codcn, as have T and C. This, of course, introduces a small incertainty into our
calculation.

We calculate the following values for amino acid substitutions due to base replace-
ments in the second position of this codon:

ala—val 1/3; ala—gly 1/3; ala—asp 1/6; ala —glu 1/6.

Now the results for the first and second base can be combined, giving the p; values
for the different substitutions. They can now be multiplied by the number of a,la,nmes
observed in the polypeptide chain 5 under examination ().

In order to obtain expectations E; ; , for the substitution j of the amino
acid % in the polypeptide 7, summation over all possible substitutions is
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needed. If we call ZO,-, ;,» the number of substitutions observed for this
polypeptide, the following formula emerges:

_ 20k
Ei.f,k—m X Wig Dijne (1)
7

This calculation may be carried out for all substitutions of each protein ¢
together and additionally for those substitutions which are due to transitions
or due to transversions separately.

The ratio 20, ; ,/E, ; » gives an impression of the extent of the deviation
from unity. In this way, we calculated the expectations of all amino acid
substitutions and for all proteins examined.

The results of this analysis are contained in Table 7. For the hemo-
globin variants, the pattern of substitutions observed is clearly nonrandom,
the substitutions involving a change in electric charge being much more
frequent than expected.

Can the preponderance of transitions in general, or of C—T and T —C
transitions be explained by this bias?

As had been shown earlier (Vogel, 1969), there is no difference between
all possible transitions and all transversions in the proportion of sub-
stitutions with and without change in the electric charge. It can easily be
shown that our present calculations carried out in a somewhat different way
corroborate this result.

We may, however, ask: Is there any difference between the subgroups
A->G;,G=>Aand T—-C;C-T?

As inspection of the table shows, there is such a difference, and it
points into the direction expected: T —C and C—T replacements lead to
a change in the electric charge more frequently than A -G and G—>A
replacements (see also Zuckerkandl et al., 1971).

65 transitions leading to a substitution with change of the electric charge
were observed, 59 of which are T—+C or C—=T; and 6 are A >G4+ G —A.
The expected ratio

T->C+C->T

A->G4+G—A

would be 3.2234, whereas the observed ratio is % =9.8333. Therefore, this
bias does not account fully for the preponderance of T—-C+C—T
transitions. In the 18 transitions involving no charge difference, the expected
ratio

T-C+C—>T
A->G+G—A

=0.7191,

whereas we observe 8/10=0.8. This result would be compatible with
randomness. The numbers, however, are very small.
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Calculation of the weighted expectations for the amino acid substitutions
not derived from hemoglobin variants was slightly more complicated.

Because all of them were screened by evolution, we decided to calculate
expectations for all substitutions E; ; in all proteins and then to combine
them to obtain weighted expectations E,;,=>'E,;, This means that

expectations had first to be calculated for each protein seperately on the

basis of the number of substitutions observed in this protein, ZOHk

The calculation was carried out in the following way:

Ej k= ZE1 ik Z 2‘210;;,; ok X i bij ke (2)
The meaning of the symbols used may be defined once more:
E; = Expectation for the substitution j of amino acid % for all proteins together.
E;;» = Expectation for the substitution j of amino acid % in the protein 2.
20; ; = Observed numker of all substitutions in the protein 4.
7 g = Number of the amino acid % in the protein 7.
b;;, = Probalitity for the substitution j of the amino acid % in the protein 1.

These expectations were again calculated on the basis of all observed
replacements, transitions and transversions together, and additionally for
transitions and transversions separately. They are compared with the
observed numbers in Table 7.

For these proteins the obvious alternative for the hypothe51s of non-
randomness in the mutation process itself is the assumption that we mainly
observe those amino acid substitutions which involve similar amino acids
and, hence, do not influence the properties of the proteins too much.
Therefore, it is justified to consider substitutions involving two amino acids
in opposite directions together, for example ala-—thr and thr--ala.
ala —thr means C —T, whereas thr —ala means T —C. This was done in
Fig. 3, which shows the ratios O/E for all substitutions with the exception
of those that have never occurred. The hatched bars relate to expectations
derived from all replacements, transitions and transversions together,
whereas the white bars relate to expectations only derived from the total
number of transitions or transversions, respectively.

If the substitutions had occurred at random, one would have expected
small fluctuations around 1 (dotted line). These are not found, and therefore
the whole picture gives a definite appearance of non-randomness.

The next question to be examined is: Which deviations from randomness
are most obvious? The answer is easy when we look at the transversions.
Here, phe<tyr and ser<sala are most frequently involved. These are
obviously related amino acids, each pair differing in one OH group only.
One can easily imagine that these substitutions may not influence the
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Fig. 3. Comparison of observed and expected frequencies for different amino acid substitutions
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properties of a protein too much. One could speculate about the others,
especially those that are too rarely involved; however, considering the small
sample sizes, the deviations from randomness do not seem to be too obvious.

With the transitions this is quite different. Almost all substitutions
involving C—T and T ->C transitions are much more frequent than ex-
pected. Whereas for some of them, a moderate degree of similarity could
be asserted (arg<>lys; val<sile; asp<>-asn), this is not obvious in others
(ser «sasn; valemet; gly < ser etc.)3.

This consistent pattern for the whole group C<T does not corroborate
the assumption that the preponderance of these two transitions is brought
about by selection for amino acids which, due to their similarity, can
easily substitute each other. On the contrary, it favours the hypothesis that
this effect reflects non-randomness of the mutation process itself.

4. The Distribution of Mutations over the Hemoglobin Cistrons

The next problem to be examined is the problem whether the amino
acid substitutions known so far are randomly distributed over the length
of the « and g chains. The problem has already been examined by Vogel
(1969), and the analysis will now be repeated using an increased number of
variants. Fig. 4 shows the distribution of 52 « chain variants and 87 8 chain
variants. First, the problem will be examined whether the number of posi-
tions with more than one known substitution is increased as compared with
expectation if mutational events occurred at random. The mutations leading
to amino acid substitutions are rare events which occur independently of
each other. Therefore, the distribution of positions with 0, 1, 2, ... different
substitutions is expected to follow a Poisson distribution, if there is a
constant probability of mutation. As Table 8 shows, the distributions
actually found correspond to the Poisson expectations.

3 E. Zuckerkandl (pers. comm.) explained to me: “I think you will meet with general
disagreement when you state, implicitly, that some amino acid replacements cannot
have been due to amino acid selection, because the amino acids involved in the sub-
stitution are too dissimilar. The three examples you mention: Ser<sasn, val<>met,
gly <>ser, do not bring out such dissimilarity. If the proportion of molecular sites at
which a given substitution has been found to occur is taken as a measure of the degree
of functional conservatism of this substitution, then ser<sasn and gly<>ser are highly
conservative substitutions, as can be seen for hemoglobins my looking at the matrix
published as table 2 in Zuckerkandl and Pauling (1965). The val<>met substitution
occurs at a smaller proportion of sites, met being rare, but is also a very “normal”
substitution at apolar sites (as can be seen in a table of another paper, given at Berkeley
in April 1971, but apparently still not in print). These findings are quite plausible.
Asn is like ser a hydrogen bond forming amino acid; ser is like gly a small amino acid;
met is like val an apolar amino acid. Concerning the met<>val exchange, it is observed
in globins that whenever two different apolar amino acids occur at a given molecular
site, the other apolar amino acids of intermediary size (if there are any) will also be
found at that site. The size range tolerated at a site is often quite larger.”
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Distribution of AS substitutions on the w-chain _of human hemoglobin

N-terminus x :
X x X X X X x x
PRI SR 0N NN N N N TN WO T R O M S N TN AU TN N T N TS N N A T U O oy o
] T T T ) T ) 1 T T T | R T 1 T t 1 T U T ] T L 1 T T ¥ 1 ¥ ¥ ] T L) T L) i
5 10 15 20 25 30 35
X
< 3: x x x X
< X X x x x X X X x x
o1 1 B O N DU N | [ TS0 WU NN TN SN N N N N IO T | FUUN WU UUS 0 UUUEN SN NN U N [ O
LIRSS IR S B N B B EE B S FAS S S B SU SN N SN A S SR A AP SR AR A SN St R AN M L N M L
40 45 50 55 60 65 70
x x x x
x x X X x x x x x

’fn T WO N NS (NN DU TN N TN AU VNN UK U000 UUPUD: N0 UV U A S N SN TN O N o s I TN I N R S |
(S5 T L RN S WY S R RO R E HD SR NN NN SR A SR I U S S R AN SN N N N NN NN R AR N IR
75 80 85 30 95 100 105 110
x

x x X X x x C ~terminus
SIS NN U NN IR TR U N W NV | [N VRN SR IR T NN NN S SN I TN IO N B NS B | | S N O |
(SR N TN AN B S R S N R SO N NN RN R I RN IS S B S RN B N N | T 1 LS I S T B

115 120 125 130 135 140 141 ‘
a

Distribution of _AS substitutions on the f-chain of human hemoglobin

N-terminus ,’§ x
x X x x
x X x X X X X X x X x x x x x x
I . | S TR AR NN NN N N T YO N JUURY (NY AU N U JANUNS T NN SN O N T N I
RN N S S N SR SR RS Rt SRS N N AN SN N NN R RN RN INASE NNt RO RN NN N N NN N S N AN AN BN R B N B B
1 5 10 15 20 25 30 35
x
X e x X x X
X x X x x x x X x X x X x X x
[N N N TN VA TN N JURNUE OOt S Y ISV NN SN NS TN Y SN TN Y N IO DU WG IS SN NS NN N NN SN SN S N S ]
L S UL L L R L L L N A O RO U O O N L L LA AL AL
40 é5 50 55 80 65 70 75
x x x x
X X X x x X X X X X X X X X x x Y x
[ SR OO SUUE W NN SN NN N SN ISR WY U TOUSE YRR NN UUUNG WOURN SN SN JO NN RN TN OV IOVUNY NN S A Y AV O T A A |
b N L L S A T AL LA R R R N D AL A A T DL I L L L L L L Tt
80 85 90 95 100 105 10 115
x X X C-terminus
X X X X x X X X X x X X X x
TR S T N RN NN DU [N A I I [ TN AN NN T Y NN U T IO Ao [ O N N S A | I N (N N S |
AL A T T S (N TR I Rt A B RN S SRS RO M DA S | L LI L S L LT Y L L S B
120 125 130 135 140 145 746I

Fig. 4a and b. Amino acid substitutions in human haemoglobin variants: distribution
over the genes for Hb «-chain (Fig. 3a) and Hb f-chain (Fig. 3b)

The next question to be examined is whether the known substitutions
are distributed at random within the total length of the «- and p-chains,
or whether they tend to cluster in special parts of the chains. To put the
question more exactly, it is asked whether the number of runs of codons
with or without known substitutions corresponds to the expectation of a
random distribution, or whether it is decreased. The following formulas
were used (Siegel, 1956):

o 2uymy . __ 29y Ny (27 By — Ny — Ny)
E'_— e +1 O’,——l/ (4 m9)2 (g -1 —1)
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Table 8. Comparison with Poisson expectations

» (number o chain p chain
of different

mutations in €XPected observed expected observed
one codon)

0 97.333 105 80.120 83

1 36.082 24 48.075 47

2 6.679 10 14.422 12

3 0.823 1 2.885 4

4 0.076 0 0.434 1

5 0.007 1 0.064 0

Here, n, and », are the numbers of codons with and without known amino
acid substitutions, and 7 is the number of runs. The result: «-chain:
E,=54.617; 0,=54; 0,=4.489; y=E,—O0,/¢,=0.137; P=0.92. f-chain:
E,=72.630;0,=85;7=5.908; y=E,—O0,/r=2.094; P=0.045.

The difference for the «-chain is not significant. For the g-chain, the
difference is weakly significant, but in the opposite direction: The number
of runs is somewhat in excess. The hypothesis of a random distribution of
mutations leading to amino acid variants within the « and f cistrons is
still the more likely one.

I1l. Discussion

Our investigation had the following results:

1. The majority of the amino acid substitutions in the polypeptides
examined can be explained by one base replacement only. This confirms
the conclusion that the one prominent mechanism of point mutation is,
indeed, the replacement of only one base pair in the DNA double helix.
This conclusion is corroborated by the observation that human hemoglobin
variants, most of which are rare, and have presumably originated only a
few generations ago, can be explained by a single base replacement without
any exception. This had already been stated by Beale and Lehmann (1965),
and has been confirmed since then repeatedly with an increasing number
of variants.

It is not surprising that for the other polypeptide chains analyzed, a
strong minority of amino acid substitutions cannot be explained in this
way. Here, repeated and independent point mutations within the same
codons provide the obvious explanation. In this connection, it may be
worthwhile remembering that even for those substitutions which are compat-
ible with a single base replacement, this event is by no means the only
possible explanation. For example, if a glycine codon happens to be CCA,
then a first step may lead to CTA (asp), and a second step to CTT (glu),

25 J. molec. Evolution, Vol. 1
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which could also have arisen from the glycine codon CCT by the single
replacement C ->T. Authors concerned with the rates of amino acid replace-
ments during evolution have given a formula for calculation of these rates
from amino acid substitution data (c.f. Zuckerkandl and Pauling, 1965;
Kimura and Ohta, 1971). This formula is supposed to correct for multiple
substitutions at the same sites, but it does not use the information available
from the frequency of ““impossible’” substitutions. It is not our intention
to refine this formula here. Suffice it to say: We have the feeling, that the
formula underestimates the number of multiple substitutions somewhat
in the examples given by Kimura and Ohta (1971). Holmquist (1972) in his
formal treatment points to the same bias.

For the conclusions in the following respects, the possibility of multiple
replacements has always to be kept in mind. Therefore, it is cautious always
to compare the results obtained with ancient proteins with those worked
out on the recent hemoglobin variants. Certain problems, for example the
problem of codon exclusion, simply cannot be investigated with ancient
proteins: All formal “exclusions” would be invalidated by the possibility
of double substitutions.

2. Codon Exclusions. The number of codon exclusions has been increased
appreciably compared with the first exclusions published by Vogel and
Rohrborn (1965) and Vogel (1969). In some cases, codons for the same amino
acids were excluded in different positions. It can be shown occasionally
that, as in microorganisms, also in humans different codons for the same
amino acid do occur. For example, glycine in pos. 15, 22, 51, and 57 of
the « cistron, and in pos. 56, 74, and 83 of the g cistron must be CCA or
CCG. In pos. 46 of the g cistron, however, it must be CCT or CCC. Alanine
in pos. 10, 12, and 115 of the « cistron, and in pos. 129 of the y cistron must
be CGA or CGG. In pos. 16 of the § cistron, on the other hand, it must be
CGT or CGC. It would be tempting to speculate on the basis of these data
about the relative frequencies of different codons in the cistrons concerned;
here, however, special conditions involved in the hemoglobin mutations
would have to be taken into account. As soon as the exact base sequence of
these cistrons will be known from biochemical evidence, it will be interesting
to compare the results. Recent advances in the biochemical field seem to be
promising: Spiegelman et al. (1971) have described a purified RNA-in-
structed DNA polymerase (reverse transcriptase) from avian myeloblastosis
virus, which proved to be an useful tool for synthetizing DNA complements
of a rather wide variety of naturally occuring RNAs. It is tempting to
speculate about the analytical consequences if this enzyme could be used
to synthetize human Hb cistrons.

Theoretically, inspection of the amino acid substitutions in Table 7
should provide information on the problem whether certain codons, though



Non-Randomness of Point Mutation 361

able to code for amino acids in in-vitro experiments, occur rarely or never
in the human cistrons examined: This could have the consequence that some
substitutions, though expected with a relatively high frequency, do not
occur. For example, if the codons TCT and TCC for arg did not occur,
arg —lys, arg —thr, arg —met, and arg —ileu could not be observed. We
tried to analyze the material with this problem in mind, but without
convincing results.

3. The Frequencies of Different Base Replacements. As mentioned above,
it had been shown in earlier papers that certain transitions were more
frequent than expected if base replacements occurred at random. This result
had been worked out first for recent hemoglobin variants, and later on for
differences between hemoglobin chains as well as for cytochrome ¢ variants.
The DNA transition C—T seemed to be more frequent than expected.
Fitch (1967) and Vogel (1969) had explained that this result, if confirmed,
would have far-reaching consequences for our understanding of the spon-
taneous mutation process (for explanation see below).

Therefore, possibilities for examining this problem somewhat further
had to be looked for. Three ways were feasible: a) Examination of a greater
number of proteins, b) Investigation of the problem on the level of replace-
ment probabilities of the four bases, and c) examination of the single amino
substitutions separately. The second way was tried by Fitch (1972) and by
Zuckerkandl ef al. (1971). Fitch arrived at the conclusion that the probabi-
lities for replacement are more or less the same for all four bases. Zucker-
kandl et al. (1971), while finding some indications for nonrandomness,
concluded that it was probably due to selection, not to the mutation process
itself.

We have examined all three aspects:

a) For the recent hemoglobin variants, we took advantage of the kindness
of Dr. H. Lehmann, who provided an unpublished paper with a list which
was complete up to the second half of 1971. For the labile parts of the human
»-, A-, and H-chains, Dr. Hilschmann gave us an unpublished list, which
also contains the data up to autumn, 1971. It can be questioned whether
these chains should be included into the analysis. In our opinion, this
inclusion is justified because one of the following three hypotheses now
under discussion will very probably be correct: Either the substitutions are
due to germ cell mutations in very many different genes which had orig-
inated during evolution by gene duplication (Hilschmann, 1969), or they
are due to somatic mutation (Jerne, in Giinther et al., 1972) or both alter-
natives occur (Ohno, in Gunther ef al., 1972). We believe that the first
alternative will be basically correct; however, even if the second one were
exclusively or predominantly correct, this would not impair the usefulness
of these mutations for our analysis, provided only that it is warranted to

25%
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assume that molecular mechanisms for mutations in germ cells and in
somatic cells are basically identical.

For the other proteins, the Dayhoff atlas (1969) was used. Besides
the proteins analyzed, it also contains alignments for a number of other
proteins. However, they are so fragmentary that we decided not to use
them.

It resulted from our analysis that the higher incidence of C—T
transitions could also be found in the other proteins, including even the
TMV coat proteins.

Besides, it turns out that the finding applies not only to the C—T
transition, but to the T —C transition as well. To put it in a slightly different
way: All transitions in which pyrimidine bases are involved are more fre-
quent than expected. This last conclusion has to be qualified by one argu-
ment: In many of the polypeptide chains compared, the direction of sub-
stitution, i.e. the original composition of the codon, is unknown. It can
only be inferred from the present state of related chains. Therefore, a T —C
transition could be faked by a C—T transition and vice versa. However,
in the recent Hb variants, where the direction of mutation is obvious,
the T —C transition is also very frequent. Besides, in the cistrons for the
other proteins, the direction of mutation can be deduced in many cases with
a high degree of probability.

Therefore, until other arguments are available, we assume that both
pyrimidines are, indeed, involved.

b) So far, it was only shown that the bases T and C are much more
often involved in transitions than the corresponding bases A and G. This
could still have two reasons, a trivial or an interesting one. The trivial one
would be that the two bases are simply more frequent in the cistrons ana-
lyzed, whereas the interesting one would be a higher probability of the
single pyrimidine base to be affected.

For the first two positions of every codon, the base can be determined
almost without doubt, the degeneray of the code beeing confined mainly
to the third position. As explained above, ambiguities have to be taken into
account only for the leucine, serine and arginine codons. This was done
assuming equal probabilities for all possibilities. Any errors induced by
this assumption are bound to be of a much smaller order of magnitude than
the deviations actually found. The null hypothesis would imply that all
bases are involved in the mutation process in relation to their respective
frequencies. As Table 5 shows, this is not the case. Even when all mutations,
transversions and transitions, are analyzed together, a significant prepon-
derance of replacements starting with T or C can be detected. This prepon-
derance becomes much more obvious when the analysis is confined to the
transitions. Interestingly enough, here, the statistical heterogeneity between
the different polypeptides also disappears. Exclusive analysis of the trans-
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versions, on the other had, renders no differences at all between the four
bases.

Analyzing the problem on the amino acid basis, we had found a weakly
significant increase of transversions affecting T and C compared to those
affecting A and G. Now this difference turns out to be due to the somewhat
higher frequency of C and T as compared to A and G in the cistrons in-
vestigated. Here the “trivial”’ explanation is obviously correct.

It may be mentioned that the over-all base composition of the genes
concerned was also examined. It was assumed for the third positions, as
well, that the different possibilities are equally likely. Unlike in the first
and second positions, however, this introduces an element of considerable
insecurity. Therefore, we did not tabulate the results. Suffice it to say that
the ratio

A+4T
G+C

generally is not much higher than 1. At the first glance, this seems to
contradict over-all results for human and mammalian DNA

A4T

Grc =1.26 —1.53;  Bresch and Hausmann (1970), Table 6 and 7| .
This, however, is easily explained by the well-known fact that the highly
repetitive DNA included in these analyses contains a high percentage of
A =T pairs.

c) The third way of analysis was the comparison of each of the observed
amino acid substitutions with its expectation on the assumption of random-
ness. The substitutions observed show many different deviations from
randomness: Among the hemoglobin variants, substitutions which change
the electric charge are predomiant. However, it was shown that this bias
explains neither the preponderance of transitions, not the extent of increase
of C T and T —C transitions as compared with A —G and G — A replace-
ments.

For proteins screened by evolution, non-randomness was also shown.
Among the transversions, two substitutions (phe<tyr and ala<sser) can
easily be explained by the similarity of the amino acids involved. The C T
increase, however, is fairly consistent for most of the amino acids involved,
and here, similarity is obvious only in very few of them.

Both results—for the hemoglobin variants and for the other proteins—,
again favour the hypothesis that the observed phenomenon reflects, indeed,
non-randomness of the mutation process itself. They render it very unlikely
that it is caused only by a bias in ascertainment of the mutations.

The alternative would be that the amino acid substitutions involving
CoT transitions show a high degree of hidden similarity which enables
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Fig. 5a. A point mutation leads to the replacement of one base pair by an other one.
In our example, T = A is replaced by C= G. There are two possibilities for the forma-
tion of mRNA: If the left-hand strand is the transscribed one, the mutation will
turn up as T—C replacement. If the right-hand strand is the transscribed one, the
mutation will appear as A — G replacement. Therefore T—C and A -G replacements
would occur in equal frequencies, if the primary process of mutation would be in-
dependent form the property (transscribed or complementary) of the strand concerned

them to be substituted in proteins without change of their function. A priori,
this hypothesis seems to be somewhat farfetched, but the data in Table 7
and Fig. 3 provide a basis for testing it, taking into account additional
properties of the amino acids involved. The remark of E. Zuckerkandl in
the footnote of p. 357 represents a beginning of this discussion.

The first two of the three steps of analysis mentioned above were also
carried out by Zuckerkandl ¢f al. (1971) and by Fitch (1972) with partially
different material. These authors, however, proceeded in a slightly different
way. We confined the analysis to the amino acid substitutions only involving
one base pair replacement, most of which are caused by one step of mutation.
The authors mentioned, on the other hand, included also those base replace-
ments which were infered from ‘evolutionary trees’ constructed in one of
the usual ways (for ref. see Zuckerkandl et al. 1971). In our opinion, this
involves uncertainties which are avoided in our procedure. For practical
purposes, this difference in the methods used cannot be too important, as
both methods have given similar results.

The main difference concerns the interpretation, and here the third
step of our analysis which, to the best of our knowledge, has not been carried
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Fig. 5b. The data show that, contrary to expectation, C—T and T —C transitions

are much more frequent than the corresponding G —A and A -G transitions. This

may have two reasons: 1. The pyrimidine bases (C and T) in the transscribed strand

prefer transitions; or 2. The purine bases in the complementary strand prefer transi-

tions. In both cases, the result will be the same: The mutation appears as T —C
(or C—»T) transition

out before, namely comparison of the expected and observed amino acid
substitutions, has given evidence in favour ot the hypothesis that the
mutation process itself is involved.

This does not mean, however, that the data do not contain additional
evidence for selective processes. On the contrary, this evidence was most
clearly established in some cases, the most obvious ones being the preferential
preservation of ala-<ser and phe<tyr substitutions. It would require a
special study along the lines given above whether the tendency towards
substitution of common amino acids by rarer ones as shown by Zucker-
kandl et al. (1971) can be confirmed in this way.

Having confirmed the higher probability of C and T bases to undergo
transitions with more comprehensive material on the level of the bases
concerned, and by separate analysis of each of the amino acid substitutions,
we now proceed to the discussion from the point of view of the mutation
mechanism. '

One would assume without much hesitation that the two properties of
the genetic material, mutation and coding, are completely independent
from each other. This, however, is not the case (Fig. 5). Replacement of
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one base pair (e.g. T=A) by another e.g. C =G) can be initiated either by
the replacement of T by C, of A by G. During replication, T will pair with A,
whereas C will pair with G. If the primary site of the mutation, which
initiates the base pair replacement, were independent from the alternative
whether the strand involved is the transscribed or the complementary
(non-transscribed) strand, primary mutation events would be quite as
frequent in the two types of strands, and a special liability of a base, say C,
for a base replacement would lead to an equal increase of C—T and G —~A
replacements in the transscribed strand, i.e. the cistron under analysis.

This is obviously not so: C is more frequently involved than G, and T
is more frequently involved than A.

Whatever we know about the biochemical basis of replication, mutation
or repair: There is no hint for an explanation. In this connection, it may
be stressed that a hypothesis which would link transcription and mutation di-
rectly would not help, as mutation, for example to a hemoglobin variant, oc-
curs in the germ cell, whereas gene activity, in our case hemoglobin synthesis,
is confined to a somatic cell many cell generations apart. In order to find an
explanation, one would have tolook forasymmetries between the transscribed
and the complementary strands in the permanent structure of chromosomes
or in itsreplication (different protection by histones ?). The question remains
open.

4. The last problem to be examined is the question, whether mutations
for hemoglobin variants are distributed at random, or whether they show
any evidence for clustering in single or neighbouring codons. The extensive
data now available favour the assumption that the mutations show,
indeed, a random distribution. Hence, we could confirm the result of Vogel
(1969) with more comprehensive material. For the other proteins examined,
analysis of the same problem did not appear feasible, as these mutations are
of very ancient origin, and are strongly selected according to the functional
requirements of the proteins concerned.
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