quent pregnancies in families where
there is already one offspring with XP.
To minimize any familial idiosyncracies
in nucleoside metabolism, amniocen-
tetic cells should be compared to fibro-
blasts from parents and prior offspring.
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Oak Ridge National Laboratory,
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Amino Acid Composition of Proteins as a Product

of Molecular Evolution

Abstract. The average amino acid composition of proteins is determined by
the genetic code and by random base changes in evolution. Small but significant
deviations from expected composition can be explained by selective constraint on
amino acid substitutions. In particular, the deficiency of arginine in proteins has
been caused by constraint, during evolution, on fixation of mutations substituting

arginine for other amino acids.

The average amino acid composition
of proteins can be predicted from the
genetic code, if there is random ar-
rangement of nucleotide bases within
the genes (cistrons) (I/-3). The pre-
dicted amino acid frequencies are ac-
curate except for that of arginine,
whose observed frequency is only half
as large as that expected from random
arrangement of bases (2, 3). For other
amino acids, the difference between ob-
served and expected frequency is much
smaller, and sometimes is negligible.
According to King (4), the same amino
acids occur more frequently than ex-
pected, and others less frequently than
expected, whether proteins from mam-
mals or from bacteria are sampled.

Amino acid composition is a prod-
uct of molecular evolution. The over-
all agreement between observed and
expected amino acid compositions
suggests that amino acid substitutions
in evolution were produced by random
fixation of selectively neutral or nearly
neutral mutations (2, 5, 6). Deviations
from the expected frequency, such as
the deficiency of arginine, must have
been caused either by nonrandom mu-
tations or, more likely, by selective con-
straints. In fact, many mutations ap-
pear to be deleterious, and are elimi-
nated from the population by selection,
although neutral mutations predomi-
nate among those mutants that con-
tribute to molecular evolution and
enzyme polymorphism (7). Some evi-
dence suggests that functionally simi-
lar amino acids are substituted more
frequently than less similar ones (8-
10). We now report our efforts at clari-
fying the nature of the nonrandomness
in the evolution of the amino acid com-
position in proteins.

Probably the simplest way of treat-
ing the process of evolutionary change
in amino acid composition is to use
the method of Markov chains. We use
a 20 by 20 matrix giving transition
probabilities for any one of the 20
amino acids to any other during a unit
of time. Starting from a given amino
acid composition, we can then compute
the expected composition after n units

of time by taking the nth power of the
matrix. From an estimation of the an-
cestral sequences and with the use of
comparative data on amino acid se-
quences in homologous proteins, a
transition probability matrix could be
constructed. However, for such a ma-
trix, a large body of data would have
to be compiled. To avoid these diffi-
culties, we have tentatively used the
“mutation probability matrix” of Day-
hoff et al. (9). These workers counted
814 “accepted point mutations” among
closely related sequences from cyto-
chrome c, globins, virus coat proteins,
chymotrypsinogen,  glyceraldehyde-3-
phosphate dehydrogenase, clupeine, in-
sulin, and ferredoxin. From these mu-
tations, they constructed an “accumu-
lated matrix of accepted point muta-
tions” (9, figure 9-3).

They multiplied this matrix by the
overall “mutability” of individual
amino acids per unit time to obtain the
mutation probability matrix, This
matrix (M) is reproduced as Fig. 1.

In contrast, if we assume that mu-
tant base substitutions are completely
random, we can construct a corre-
sponding transition probability matrix
from the genetic code (assuming only
one-step mutations). This matrix (R)
is shown in Fig. 2.

There are several differences be-
tween M and R. Particularly note-
worthy is the fact that the transition to
Arg (11) from a number of amino
acids, such as Cys, Gly, Ile, Leu, Pro,
Ser, Thr, and Trp, is much lower in
M than in R. This indicates that these
single-step mutations were seldom ac-
cepted by natural selection. The re-
verse transitions are also somewhat re-
stricted, but not so severely. These
transition rates can account for the
significantly lower frequency of Arg
than is expected from random base
arrangement. The biochemical explana-
tion for such selective constraint is not
known, but it is conceivable that, be-
cause Arg is unusually large and con-
tains three amine groups, its insertion
might disturb normal configuration of
proteins.
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Original amino acid (j)

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

Ala 9730 0 31 24 5 34 37 42 5 3 5 18 19 5 54 99 45 0 0 32
Arg 0 9381 5 0 0o 13 0 0o 17 0 0 23 18 2 0 1 0 0 0 0
Asn 14 7 9701 36 0o 20 7 10 24 4 2 19 0 lo 51 17 0 0 4
Asp 13 0 45 9757 0 27 96 8 6 0 2 8 (4] 1l 26 2 0 0 4
Cys 1 0 0 0 9928 O 0 1 0 2 0 ¢ 1L 0 12 3 0 0 6
= Gln 12 14 15 16 0 9736 24 4 14 4 2 9 11 0 11 13 10 0 0 5
S Glu | 20 0 9 95 0 40 9726 13 4 4 4 13 1 o0 17 15 12 o o 7
g Gly 40 0 22 13 3 11 22 9870 1 0 2 5 0 0 17 42 8 0 0 7
£ His 2 19 20 4 0 15 3 0 9865 4 3 6 0 3 0 1o 5 11 4 1
4% Ile 1 0 3 3 4 3 0 4 9703 22 4 22 14 2 3 14 0 0 70
"E Leu 4 0 3 3 0 4 7 2 6 52 9899 6 99 19 0 5 7 0 0 24
g Lys 17 65 37 13 0 23 21 5 14 9 6 9845 11 0 6 22 14 0 4 13
8 Met 2 7 0 0 5 4 0 0 0 7 14 2 9672 5 0 5 2 o 0 12
%_ Phe 2 3 o 0 0 0 0 0 4 18 10 0 18 9879 O 5 2 30 74 2
g’: Pro 23 0 9 1 0o 13 13 7 0 3 0 3 0 0 9850 11 5 0 0 4
Ser 59 2 67 28 27 22 16 26 17 4 3 14 23 6 15 9598 69 0 0 7
Thr 30 0 25 3 8 20 14 6 8 24 5 1o 11 3 8 76 9759 0 0o 20
Trp 0 0 0 0 0 0 0 0 4 0 0 0 0 8 0 0 0 9941 7 0
Tyr 0 0 0 0 0 0 0 4 0 0 2 0 51 0 0 0 17 9909 O
val 27 0 7 5 18 12 10 6 3 156 22 12 82 3 3 9 25 0 0 9733

Fig. 1. Transition probability matrix M with each element multiplied by 10,000. Quoted from figure 9-7 of Dayhoff et al. (9).

Original amino acid (j)
Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

Ala |9s25s 0 O 20 o0 0 29 29 ©0 0 ©0 0 0 ©0 29 19 29 0 0 29
Arg 0 9g35 0 0 29 29 O 44 29 10 19 29 29 0 29 29 15 58 0 0
Asn O 0 9767 29 0 o0 O ©0 29 19 0 58 0 0 0 10 15 0 29 0
<= Asp 15 0 29 9767 O 0 58 15 29 0 0 0 0 0 ] 0 0 0 29 15
% Cys 0 10 0 0 9796 O 0 15 o0 o0 O0 0 0 29 0 13 0 58 29 0
©  Gln 0 10 0 0 0 9796 29 O 58 0 10 29 ©0 0 15 0 0 0 0 o0
2 ow 15 0 0 5 0 29 9796 15 0 0 0 29 0 ©0 0 0 0O 0 0 215
é Gly 29 29 0 29 29 0 29 gg32 O 0 0 (] 0 10 ] 29' 0 29
f, His 0 10 29" 29 o0 5 0 0 9767 O 1 o o0 O 15 0 O 0 29 0
S 1l 0 5 29 0 o 0 o0 ©0 0 9796 19 15 87 29 0 10 22 o0 0 22
QE, Leu © 1 0 0 0 29 0 o0 29 39 ogg0 O 58 87 29 10 0 29 0 44
S s 0 10 58 0 0 29 29 o0 0 10 ©0 9825 29 0 O 0 15 0
E‘ Het 6 5 o 0 o0 0 0 o o0 29 0 15 9738 O o ©0 7 ©0 O 7
& phe 0 o o0 29 0 0 0 0 19 20 o 0 9767 O 10 ©0 o0 29 15
Pro 29 1 o0 ©0 ©0 29 0 0 29 0 13 0 0 0 9825 19 29 0 0 0O
Ser 29 29 29 0 58 0 0 15 0 19 10 0 0 29 25 9820 44 29 29 0
Thr 29 10 29 0 0 o0 ©0 0 ©0 29 0 29 29 0 29 29 9825 O O O
Trp 0o 10 o o0 29 © o0 7 0 O0 5 0 O ©o 0 5 0 9796 O O
Tyx 0 o0 29 29 29 o0 ©0 0 29 0 o0 o0 o0 29 0 10 0 0 9825 O
val 29 0 0 29 0 0 29 29 0 29 29 0 29 2 o0 0 0o 0 0 9825

Fig. 2. Transition probability matrix R constructed using the genetic code table by assuming .completely random single-step mutations.
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Other notable differences between M
and R are the transitions from Ile to
Val and from Ser to Ala. This may be
‘due to the inclusion of two-step amino
acid substitutions in M. Smaller dif-
ferences between M and R may not be
significant. Although M is based on 814
observations, the data are still insuffi-

cient to obtain reliable values for all

elements in such a large transition
matrix.

Several investigators have pointed
out that substitutions of similar :amino
acids have a higher chance of being ac-

cepted by natural selection (8-10). In

contrast, substitutions of dissimilar
amino acids are likely to be rejected.
Clarke, using the data compiled by
Dayhoff et al. (9), obtained significant
correlation between amino acid simi-
larity and relative occurrence of sub-
stitutions (Z0). The differences in the
two matrices reflect this fact.

Let us denote the relative frequen-
cies of 20 amino acids by a column vec-
tor v. If we multiply the initial vector
v, by transition matrix My, the resulting
vector vy represents the average amino
acid composition after N units of time.

vy = Myv

The eigen vector v which satisfies the
equation, v = My, gives the equilibrium
amino. acid composition.

According to Dayhoff et al. (9), v
reflects the average amino acid com-
position of proteins used for the con-
struction of the matrix M (9, figure
9-6). We now examine the hypothesis
that this model of protein evolution
can be generalized. Let us compare v
with the average amino acid composi-
tion of many protein families. We have
used the average values obtained from
Smith (12), who compiled amino acid
compositions of 80 proteins from ver-
tebrates, bacteria, and viruses. Figure 3
illustrates the relation between ob-
served and equilibrium (v) ‘composi-
tions. As may be seen from Fig. 3,
the agreement between the two is sat-
isfactory,  indicating the generality of
the model. In discussing the evolu-
tionary implications of the present re-
sult, we must first emphasize that the
observed nonrandomness in the amino
acid composition is not incompatible
with the neutral mutation-random drift
theory of molecular evolution first put
forward by Kimura (5). As shown
above, the observed amino acid com-
position represents a state of quasi-
equilibrium of ‘“‘accepted point muta-
tions.” From the standpoint of the neu-
tral mutation~random drift theory, most
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Fig. 3. Correlation between the observed
and expected equilibrium amino acid fre-
quencies. The straight line represents
equality between the two.

of these accepted point mutations are
mutant substitutions due to random
frequency drift of selectively neutral
or nearly neutral mutations (2, 6). The
strongest evidence for the theory is the
remarkable constancy, among diverse
species, of the substitution rate in
evolution of each cistron. The neutral
mutation-random drift theory is so far
the most plausible hypothesis to ex-
plain this fact (/3). In terms of this
theory, amino acid compositions of
contemporary . organisms represent
quasi-equilibrium states of substitutions
among selectively neutral or nearly
neutral mutations.

That the asymmetry of substitution
frequency, particularly between Arg
and some other amino acids, is due to
selection rather than mutation becomes
obvious when we note that, in 147 hu-
man hemoglobin variants, there are
four cases where Gly is replaced by
Arg (14, table 8-1). In contrast, there
is no transition (that is, evolutionary
substitution) from Gly to Arg in the
matrix M (Fig. 1). Hemoglobin vari-
ants containing the changes Leu — Arg
and Pro — Arg are similar examples.
All these variants must eventually be
eliminated from the population in the
course of evolution. The nonrandom-
ness in the DNA base arrangement
(15), in particular the relative rarity of
the doublet C-G (I1), might also be
explained by the same - mechanism.
King and Jukes (2) suggested that, since
C and G are the first and the second
letters of the Arg codon, the lower
frequency of C-G may be related to
the lower Arg composition. A similar
discrepancy is observed for T-A, whose
observed and expected frequencies are
5.3 and 8.1 percent, respectively. Since

T and A are the first and the second
DNA letters of the two terminating
codons (UAA and UAG in the RNA
code), evolutionary pressure selects
against T-A within a cistron.

The higher frequency of T compared
to that of A, reported by Ohta and Ki-
mura (3) for the informational DNA
strand of cistrons, may also be due to
selective constraint. The nonrandom-
ness of the base arrangement merely
reflects the nonrandomness of the
amino acid composition.

Fitch (16) reported an exceptionally
high mutation rate for C— T in his
analyses of human hemoglobin vari-
ants and amino acid substitutions in
cytochrome c. The same tendency was
reported by Vogel (I7) for human
hemoglobin variants. They attributed
this phenomenon to different mutation
rates for the four bases. We believe
that a more likely cause is the differ-
ential survival of randomly occurring
mutations. The high C— T mutation
rate is mainly due to three types of
substitutions: Asp-> Asn, Glu—> Lys,
and Gly — Asp (17, tables 2 to 5). The
variants produced by changes in the re-
verse direction are very few indeed.
From the random matrix R and from
the actual amino acid composition of
hemoglobins, we should expect vari-
ants with the following changes to
occur with high frequency.

His — Asn, Leu, and Pro
Lys — Asn, GIn, and Thr

Yet only a few of these changes are
actually found. The amino acids Lys
and His are functionally important in
the hemoglobin molecule; they occupy,
respectively, 16 and 8 invariant sites
within the « and 8 chains (/8). There-
fore, mutations at those sites might
immediately be eliminated. Although
human hemoglobin variants have not
been “accepted” by natural selection,
they have not been eliminated, and may
be products of differential survival
among mutants.

Another interesting fact is that the
variance of G + C content from differ-
ent cistrons is larger than expected
from random arrangement of bases
(3, 19). The larger variance may be
caused, in part, by natural selection
acting through functional requirements
of individual cistrons. Although the
average amino acid or base composi-
tion represents a quasi-equilibrium
state of neutral or nearly neutral mu-
tations, small DNA segments must re-
tain their characteristic compositions.

We have endeavored to establish the
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view that the amino acid composition
is determined largely by the existing
genetic code and the random nature of
base changes in evolution. Small but
significant deviations from such ex-
pectation might be accounted for satis-
factorily by assuming selective con-
straint of amino acid substitutions.
Tomoko OHTA
Motoo KIMURA
Department of Population Genetics,
National Institute of Genetics,
Mishima, Shizuoka-ken 411, Japan
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Iron- and Riboflavin-Dependent Metabolism of a

Monoamine in the Rat in vivo

Abstract. n-Pentylamine enters into intermediary metabolism by the action of
monoamine oxidase. [1-1/ClPentylamine injected into rats is rapidly converted
to 11CO,. The rate of catabolism decreases progressively in the course of nutri-
tional iron deficiency, reaching about 60 percent of control values in 3 weeks.
Feeding with iron yields control levels within 6 days. The catabolism of amyl
alcohol, which shares a common pathway with n-pentylamine by way of valeric
aldehyde, is not significantly affected by the deficiency. The results demonstrate
that the maintenance of normal monoamine oxidase activity in vivo depends upon

an adequate supply of dietary iron.

Information about possible cofactors
of mitochondrial monoamine oxidase
(MAO) is necessary for an understand-
ing of the mechanism of action of this
widely distributed enzyme. Thus far,
no functional metal component has
been detected in it, although it is
known that MAO activity of rat liver,
as measured in vitro, declines signifi-
cantly during long-term nutritional de-
ficiency of iron, as monitored by body
weight changes, hemoglobin levels, and
hepatic concentrations of iron (I).
However, the decreases observed (I)
with three different substrates were
only moderately large and perhaps
were insufficient to affect the disposition
of monoamines in the intact animal.
Hence, it was considered important to
assess also the function of MAO in
vivo. It has now been observed that
the rate of oxidation of a standard
substrate for this enzyme is subnormal
in the iron-deficient rat.

We used the following compounds
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labeled in the carbon-1 (Mallinckrodt)
position: pentylamine (n-amylamine)
hydrochloride (specific activity, 1.0
mc/mmole) and n-amyl alcohol (speci-
fic activity, 1.76 mc/mmole); and un-
labeled amylamine (Eastman) which we
distilled before use, unlabeled n-amyl
alcohol (Analyzed Reagent, Baker).
Each compound was injected intra-
peritoneally into male Sprague-Dawley
rats (2) in a dose of 100 mg per kilo-
gram of body weight; the injected ma-
terial consisted of 5 uc of the respec-
tive labeled substances per kilogram,
suitably diluted with the correspond-
ing unlabeled compound. The animals
were immediately placed in individual
glass metabolism cages, and the 14CO,
in the expired gases was collected in

“a 1:2 mixture of ethanolamine and

ethylene glycol monomethyl ether, as
described (3). About 30 to 40 percent
of the administered radioactivity was
recovered in the first hour after the
labeled amine was injected into normal

A, adenosine; C,.

adult rats (170 g) fed on Purina Chow.
A further 30 to 35 percent of the in-
jected 14C was collected over the next
2 hours.

The oxidation of pentylamine is ini-
tiated by MAO (4), as was demon-
strated by our method with rats given
the amine 16 hours after an intrapari-
toneal injection of a MAO inhibitor.
With tranylcypromine (5 mg/kg, Smith
Kline & French); the oxidation of
pentylamine was inhibited by 55 per-
cent during the first hour. With ipro-
niazid phosphate (100 mg/kg; Hoff-
mann-LaRoche), the amount of in-
jected radioactivity recovered as 14CO,
during the first 3 hours was only 3 to
7 percent of that administered.

Control groups of rats, that were
fed a semisynthetic diet prepared in
this laboratory and containing 312 mg
of added ferric citrate hexahydrate per
kilogram of feed (Fe-supplemented
diet) (I), metabolized the injected ra-
dioactive pentylamine as readily as those
consuming the mixed natural diet (Pu-
rina). Other rats that were fed the semi-
synthetic diet for varying periods of
time (Table 1), except for omission of
the iron salt (Fe-deficient diet), oxidized
the amine at a very much lower rate.
Iron deficiency thus caused a reduced
rate of metabolism of pentylamine, as
judged from the rate of recovery of ad-
ministered radioactivity, during the first
hour. This reduction is apparent as early
as 9 days (Table 1) and seems to be
fully developed by 3 weeks, at approxi-
mately three-fifths of the control rate.

The iron dependency of this phe-
nomenon was demonstrated by the fol-
lowing parallel experiments. Groups of
rats were allowed to consume the iron-
deficient diet for 28 days; then they
were changed over to the control diet
—one supplemented with ferric citrate.
In tests carried out during the refeed-
ing phase, these animals showed an
increased rate of oxidation of pentyl-
amine within 3 days and attained the
same rate of metabolism as the con-
trol animals by day 6. There appeared
to be a parallel, but slower restoration
of the hemoglobin.

The immediate oxidation product of
pentylamine is valeric aldehyde (6).
n-Amyl alcohol, which is readily oxi-
dized by the rat in vivo (7), also enters
metabolism after enzymic conversion
to valeric -aldehyde. When the alcohol
was administered to iron-deficient and
iron-supplemented rats there was no
significant difference in the respective
rates of oxidation, even at 10 weeks
(Table 1).
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