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ABSTRACT The occurrence of polymorphism in a series of
87 different loci coding for enzyme structure in human popu-
lations has been related to the size and the number of subunits
in the corresponding enzymes. Polymorphic and nonpolymor-
phic enzymes did not differ on average in subunit size. How-
ever, mulumeric enzymes showed a significantly lower inci-
dence of polymorphism than did monomeric enzymes. A par-
ticularly low incidence of polym hism was noted among
multineric enzymes in which intocus molecular hybrids
occur. The findings are discussed in terms of the "neutralist"
and "selectionist" hypotheses of polymorphism.

The widespread occurrence of enzyme polymorphism in nat-
tral populations is now well established, but the biological
causes of the phenomenon remain a matter of considerable
controversy. There are two extreme and contrasting views. One
view attributes the occurrence of most polymorphisms to
neutral or near-neutral mutations and random genetic drift;
the other attributes it to balancing selection. Much data, much
mathematics, and much argument have been deployed on both
sides of the controversy, but the basic issues can hardly be said
to have been resolved (for example see refs. 1-3).
One aspect of the matter which does not so far appear to have

been considered in any detail is the possible relationship of
enzyme polymorphism to the structural characteristics of en-
zymes. In this paper we focus on two features of enzyme
structure: the number of polypeptide subunits present in the
enzyme, and the sizes of the subunit molecules. We will first
outline certain predictions that appear to follow naturally from
the neutral mutation-random drift hypothesis but do not nec-
essarily seem to follow from the selectionist hypothesis. We then
examine these predictions in a series of 87 loci coding for en-
zyme structure in man, about which information on polymor-
phism, subunit number, and subunit size is available.

The selectionist and neutralist hypotheses
In principle a large number of point mutations may occur
within the confines of the coding region of any given gene, each
resulting in a specific alteration in the amino acid sequence of
the corresponding enzyme protein. According to the selectionist
hypothesis of polymorphism, the great majority of these possible
mutational changes are in some degree deleterious to the
function of the enzyme and hence to the biological fitness of
the organism, so that most mutant alleles are eliminated or kept
at a low frequency by the pressure of natural selection. Occa-
sionally, however, mutants will occur which confer some se-
lective advantage on the organism in the prevailing environ-
mental circumstances and consequently tend to spread, and
according to this hypothesis it is such mutants that give rise to
the polymorphisms. The origin and maintenance of enzyme
polymorphisms is held to derive from differential fitness of the
various enzyme phenotypes consequent on differences in en-
zyme function in particular environments.

The neutralist hypothesis of polymorphism accepts the idea
that, of the different possible mutants, many are deleterious and
are therefore eliminated or kept at a low frequency by natural
selection. However, it is argued that there are also many mu-
tants which, because they make little or no difference to the
function of the enzyme protein, are effectively neutral or
near-neutral from the standpoint of natural selection, so that
their incidence in a population depends entirely on random
genetic drift. Some by chance are eliminated, 6thers persist at
low frequencies, and occasional ones spread fortuitously and
achieve relatively high frequencies in the population an4. thus
give rise to polymorphism. The occurrence of genuinely ad-
vantageous mutants is not excluded in this view, but such mu-
tants are regarded as extremely uncommon compared with the
so-called neutral mutants, which consequently, it is argued,
account for the great majority of polymorphisms (4).

Theoretical analysis of the hypothesis of neutral "mutations
and random drift shows that the levels of heterozygosity
achieved, and hence the occurrence of polymorphism, depends
on Ne, the effective population size, and u, the mutation rate
to neutral or near-neutral alleles (5, 6). This mutation rate to
neutral alleles depends on the number of amino acid sites in the
enzyme at which amino acid substitutions may occur without
significantly altering enzyme function. In general the number
of such sites present in the molecule will vary from enzyme to
enzyme and hence the mutation rates to neutral allese will vary
from locus to locus. This provides a basis for variations in the
level of heterozygosity and in the occurrence of polymorphism
from locus to locus in any given population because the greater
the mutation rate, the higher the level of heterozygoAty.
The expected relationship between the degree of heterozy-

gosity (and hence polymorphism) from locus to locus and the
subunit number in the enzyme products of the different loci
arises from the neutralist hypothesis because the amino acid sites
at which neutral substitutions may be expected to occur are in
general likely to be located on the outer surface of anenzyme
molecule rather than in its inner regions. In multiric enzymes
a significant fraction of the amino acid sites-located on the
surface of each of the subunits will be concerned with the in-
tersubunit contacts and will be involved in maintaining mo-
lecular stability and enzyme function They are therefore much
less likely to be susceptible to neutral substitutions then are those
sites located on the outer surface of the subunit, which also lie
on the outer surface of the enzyme molecule as a whole. Con-
sequently, one would expect that on average the mutation rates
to neutral alleles would be greater in monomeric enzymes, in
which such subunit interactions do not occur, than in multi-
meric enzymes. Hence, the neutralist hypothesis of polymor-
phism would appear to predict increased average heterozy-
gosty per locus and a higher incidence of polymopism at loci
coding for monomeric enzymes than at loci coding for mul-
timeric enzymes.
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Table 1. Incidence of polymorphism at 87 loci coding for
monomeric, dimeric, trimeric, and tetrameric enzymes:

No. of loci Percent
Subunit polymorphic
structure Total Polymorphic loci

Monomeric 27 15 56
Dimeric 37 13 35
Trimeric 4 1 25
Tetrameric 19 4 21

A relationship between variation in heterozygosity from locus
to locus and variation in subunit size of the enzyme products
of the various loci is suggested by the following considerations.
The size of a polypeptide subunit of a particular enzyme is
determined-by the number of amino acids it contains, and this
in turn is determined by the number of bases in the coding re-

gion of the corresponding gene. Furthermore, one can argue
that the-rate at which spontaneous mutations occur in a gene
is likely to be roughly proportional to the number of bases it
contains. So the variation in subunit sizes of enzymes gives an
indication of the expected variation from locus to locus in the
rates of occurrence of mutations that produce structural changes
in the enzymes. Consequently, from the neutral mutation-
random drift hypothesis one would expect that on the average
the subunit sizes of enzymes coded by polymorphic loci should
be appreciably larger than those coded by nonpolymorphic
loci.

According to the selectionist hypothesis, variation in level of
heterozygosity'(and in the occurrence of polymorphism be-
tween loci) will in general depend on the differential effects
of selective factors on the enzyme phenotypes. Although they
would be expected to differ from locus to locus, these effects
would not necessarily be directly related to the subunit struc-
tures of the enzymes coded at the different loci. However, be-
cause selection must depend on functional differences between
the enzyme phenotypes, it is possible that such differences may
be more likely to occur with some types of enzyme structures
than with others.
Enzyme polymorphism in man
In what follows, the term "polymorphic locus" will be reserved
for those loci at which, in a specific human population, the
frequency of the commonest allele is no greater than 0.99. This
implies that the fraction of the population heterozygous for
alleles atthat locus must be at least 2%. In addition, consider-
ation is limited to enzyme polymorphisms that have been
demonstrated electrophoretically. We have previously reported
on the occurrence of electrophoretic polymorphism and the
levels of heterozygosity at 71 different loci coding for enzymes
in White populations of European origin (7). The aim was to
estimate the incidence of polymorphism and the average het-
erozygosity per locus over a wide range of structural loci. Since
then, more information has accumulated and we now consider
that acceptable data are available on at least 104 loci. This new
material has been combined with the material used in the
earlier study, some of which now requires reassessment in the
light of further investigations of specific enzymes. In addition,
data are available on many, though by no means all, of these
loci in other human populations, and we have recently reex-

amined this material and tabulated the enzyme loci that have
been found to be polymorphic in one or another of the major
human ethnic groups: Whites of European origin, Blacks,
Asiatic Indians, and Orientals. Details of the data on the indi-
vidual enzymes are given in ref 8.

Table 2. Average heterozygosity at 87 loci coding for
monomeric, dimeric, trimeric, and tetrameric enzymes in

Whites of European origin

Subunit Number of Average heterozygosity
structure loci per locus

Monomeric 27 0.096
Dimeric 37 0.071
Trimeric 4 0.045
Tetrameric 19 0.050

In all, 38 of the 104 loci appeared to exhibit electrophoretic
polymorphism in at least one of the major ethnic groups, but
there are differences between the groups. For example, only
24 of the loci showed polymorphism in Europeans, and among
these at least two were not apparently polymorphic in Blacks.
And there were several nonpolymorphic loci in Europeans that
were polymorphic in Blacks. The data on the other ethnic
groups are much less extensive than those on Europeans because
many of the loci so far examined in Europeans have not yet
been studied in the other populations. Also, the sample of loci
actually studied in these non-European populations appear to
be somewhat biased against loci not found to be polymorphic
in Europeans. Consequently, acceptable estimates of average
heterozygosity per locus in these non-European populations
cannot at present be derived. In Europeans, our present estimate
is 0.063 (8).
Subunit number
Subunit number may be derived from a number of different
lines of investigation. A discussion of the methods involved and
their limitations in' deriving subunit numbers is given in ref. 9
with details of the findings in an extensive series of human
enzymes.
Among the enzymes coded by the 104 loci on which we had

information about the occurrence of polymorphism, there were
87 to which it was possible to assign a subunit number. In all
there appeared to be 27 monomers, 37 dimers, 4 trimers, and
19 tetramers. But the distribution differs between the loci that
had been found to be polymorphic in at least one major ethnic
group and the apparently nonpolymorphic loci (Table 1.) There
appears to be a significantly higher incidence of polymorphism
among loci coding for monomeric enzymes than among loci
coding for multimeric enzymes (X2 = 5.16; df = 1; P < 0.05).
Furthermore, among the multimeric enzymes the incidence
of polymorphism appears to decline with increasing.subunit
number. The same general tendency is illustrated in Table 2
in which average heterozygosity per locus in the White Euro-
pean population group has been estimated for each of the
subunit number classes.
Subunit size
We were also able to obtain estimates of the molecular sizes of
the polypeptides coded by this series of 87 loci. These estiMates
with detailed references are given in ref. 9. The distribution of
subunit sizes of the enzyme products of these 87 loci was found
to be continuous and unimodal. The average subunit size over
the whole series was close to 46,000 daltons, which corresponds
to about 425 amino acids. The range in subunit size was from
about 13,000 to about 116,000 daltons, and this gives a range
for the coding regions of the corresponding genes from about
360 bases to about 3200 bases. The.subunit sizes showed no
correlation with the corresponding subunit numbers (9).
When the average subunit size of the enzymes coded by loci
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Table 3. Average subunit sizes of enzymes determined by
33 polymorphic and 54 nonpolymorphic loci

Mean size
No. (daltons) SEM

Polymorphic loci 33 45,333 3573
Nonpolymorphic loci 54 45,889 3048

Total 87 45,678 2314

classified as polymorphic was compared with that for loci
classified as nonpolymorphic, no significant difference was
observed (Table 3). Nor were significant differences found
when loci coding for monomeric and multimeric enzymes were
considered separately.
Data and the hypotheses
In many respects the data so far assembled are incomplete. For
example, information about the occurrence of polymorphism
at quite a number of the'loci considered is in many instances
limited to only one or two of the major ethnic groups, and it is
possible that some of the loci classified as nonpolymorphic in
one population may turn out to be polymorphic in one of the
other populations when these are studied. Also, there are a
number of enzymes for which information about the occur-
rence of polymorphism is available but for which there is at
present no satisfactory information about subunit number or
subunit size. 'Because as a rule these represent loci that are
considered to be nonpolymorphic, the polymorphic loci tend
to be somewhat overrepresented in the subunit number and
subunit size tabulations. In addition, many of the subunit
number assignments and subunit size estimates require con-
firmation before they can be accepted without reservation.
Clearly, much further work aimed at validating the data so far
available and extending it to include other enzymes is re-
quired.

Nevertheless, despite these inadequacies, two noteworthy
conclusions appear to be emerging from the data, and it is of
interest to consider their possible implications. The first is that
the occurrence of polymorphism over a range of different loci
appears to be inversely related to the number of polypeptide
subunits in the corresponding enzyme products. The second
is that the occurrence of polymorphism is not apparently cor-
related with the size of the polypeptide subunits. Taken at their
face value, these conclusions confront us with something of a
dilemma. The subunit size data seem to contradict the neutralist
hypothesis, while the subunit number data seem to support
it.

In considering the subunit size data in terms of the neutralist
hypothesis, several further points need to be considered.

1. When one argues that the mutation rate at a structural
locus is likely to be proportional to the number of bases in the
DNA and hence to the size of the corresponding polypeptide,
one is talking about all possible mutations in the coding region
of the gene. But the neutralist hypothesis predicts a correlation
between heterozygosity and the mutation rate to so-called
neutral alleles and this must be smaller than the mutation rate
to all alleles. In general one would expect that the actual number
of sites in a polypeptide subunit at which amino acid substitu-
tions may occur without significantly altering enzyme function
will be greater in larger polypeptides. So one would expect that
the mutation rate to neutral alleles would be correlated with
the total mutation rates. However, this correlation would pre-
sumably be less than 1.0, and the difference between average
polypeptide size for polymorphic loci and average polypeptide

Table 4. Incidence of polymorphic loci tabulated
according to class of loci among loci coding for monomeric
enzymes, multimeric enzymes not forming interlocus hybrid

molecules, and multimeric enzymes forming interlocus
hybrid molecules

No. of loci
Percent

Poly- polymorphic
Enzyme-coding loci Total morphic loci

Monomeric 27 15 56
Multimeric, not
forming interlocus
hybrid molecules 38 16 42

Multimeric, forming
interlocus hybrid
molecules 22 2 9

size for nonpolymorphic loci, as predicted by the neutralist
hypothesis, would depend on the magnitude of this correlation.
It will therefore be necessary to estimate the expected average
difference in subunit size between the products of polymorphic
and nonpolymorphic loci with different values assumed for this
correlation. Comparing such expected differences with the data
obtained from direct observation should then enable one to
determine the degree to which the data impose restrictions on
the neutralist hypothesis. However, for the neutralist hypothesis
to be consistent with the absence of any difference between the
average subunit sizes of the polymorphic and nonpolymorphic
loci, it would seem necessary to postulate that there is no cor-
relation at all between neutral and total mutation rates, and this
seems implausible.

2. Recently it has been shown, in studies on the xanthine
dehydrogenase (xanthine:NAD+ oxidoreductase, EC 1.2.1.37)
locus in Drosophila pseudooscura, that a considerable increase
in the'number of detectable alleles and in observed heterozy-
gosity is obtained by studying the enzyme under a much wider
range of electrophoretic and other conditions than had pre-
viously been used in routine population studies (10).-It is not yet
clear whether the dramatic increase in allelic diversity observed
in this study is peculiar to the xanthine dehydrogenase locus and
perhaps a few other loci or whether it will be found to occur at
most other loci coding for enzymes. If it does turn out to be a
general phenomenon and if it also turns out that there is a poor
correlation between the amount of heterozygosity at different
loci as detected by conventional electrophoretic methods and
by newer methods that give enhanced resolution of allelic
variants, then it is possible that the relationship between poly-
morphism and subunit size expected from the neutralist hy-
pothesis might have been obscured in the present data. This is
because, under these circumstances, the presently available
electrophoretic data would provide only a weak reflection of
interlocus variation in heterozygosity. However, it should be
noted that, if this is indeed the case, it would be difficult to see
why the same electrophoretic data when related to the subunit
number data show such an apparently good fit with those
predicted by the neutralist hypothesis.

3. Recently, Koehn and Eanes (personal communication),
in an analysis of published data on the level of heterozygosity
as determined electrophoretically at 11 polymorphic loci coding
for enzymes in various Drosophila species and on estimated
subunit sizes of these enzymes, found a significant positive
correlation between heterozygosity and subunit size. The reason
for this apparent difference between the human and the Dro-
sophila data is not clear at present.
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Selectionist hypothesis
The inverse relationship between the occurrence of polymor-
phism and subunit number found in the human data has also
been found in data from a number of other species, both animal
and plant (11). As has been pointed out, such a relationship is
consistent with what is expected from the neutralist hypothesis.
It is not, however, an obvious prediction from the selectionist
hypothesis. If, then, the relationship turns out to be real, it will
be necessary to find some general biological explanation other
than neutral mutations and random-drift to account for it if the
selectionist position is to be maintained.

In considering this problem, one may note that a critical
difference between loci coding for multimeric enzymes and
loci coding for monomeric enzymes is that hybrid molecules
containing the products of two different genes may occur with
multimeric enzymes, whereas with monomeric enzymes this
is not possible. Furthermore, there are two distinct situations
in which such hybrid enzyme molecules are generated. The first
is in heterozygotes in which the hybrid molecules contain
polypeptide chains coded by two different alleles at the same
locus. This is a general situation that appears to apply to virtu-
ally all autosomal loci coding for multimeric enzymes. The
second type of situation is more restricted and occurs only in
certain multimeric enzymes. In these cases, hybrid molecules
containing polypeptides coded by genes at at least two different
loci are formed. A critical difference between the two situations
is that hybrid enzyme molecules containing polypeptides coded
by two alleles only occur in heterozygous individuals, who
necessarily represent only a part of the total population, whereas
hybrid molecules containing polypeptides derived from genes
at different loci will occur in virtually all members of the
population.
With these general considerations in mind, we retabulated

the data, dividing the loci into three classes as follows: loci
coding for monomeric enzymes; loci coding for multimeric
enzymes that do not appear to form interlocus hybrid mole-
cules; and loci coding for multimeric enzymes that do form
interlocus hybrid molecules (Table 4). The results were unex-
pected. It now appeared that the incidence of polymorphism
in the loci coding for multimeric enzymes that do not form
interlocus hybrids is only a little less than that in the loci coding
for monomeric enzymes, whereas the group of loci coding for
multimeric enzymes that do form interlocus hybrid molecules
have a markedly reduced incidence of polymorphism com-

pared with the two other groups of loci. On testing for hetero-
geneity for the whole table, x2 = 11.62, P < 0.01; for the mo-
nomeric loci versus the multimeric loci not forming interlocus
hybrids, x2 = 1.14, P < 0.3 > 0.2; and for multimeric loci not
forming interlocus hybrids versus multimeric loci forming in-
terlocus hybrids, x2 = 7.23, P < 0.01.

If this result is real, and it will certainly need confirmation
with more extensive data, it certainly alters the complexion of
the matter. In the first place it suggests that the difference in
the incidence of polymorphism between loci coding for mo-
nomeric and for multimeric enzymes is derived mainly from
the subclass of multimeric enzymes that form interlocus mo-
lecular hybrids. In the second place it suggests that, in terms of
the selectionist hypothesis, one should focus on the question of
why polymorphism may be appreciably less frequent among
loci coding for enzymes that form interlocus molecular hy-
brids.

At present one can only speculate about this question in very
general terms, but the following type of argument is perhaps
worth considering. The occurrence of two or more loci, which

may be presumed to have originated by gene duplication and
which code for structurally different polypeptides that form
molecular hybrids, presumably endows the organism with a
greater degree of metabolic flexibility in the face of environ-
mental variations than that achieved by other loci. Heterozy-
gosity in polymorphisms can be considered, from the selectionist
point of view, as another way of achieving metabolic flexibility.
But heterozygosity can only occur in some of the individuals
in a species and its effects are likely to be less profound because
the alleles involved will generally have been differentiated by
only one, or, at most, a small number of mutational changes
compared with genes at different loci which will usually have
a much longer evolutionary history. So it might be argued that
the selective pressures to achieve heterozygosity in a significant
fraction of the population might in general be weaker for loci
whose polypeptide products form interlocus hybrids than for
other loci. It is of interest that one hypothesis that has been put
forward to account for the selection and subsequent fixation
of gene duplications in evolution is that the original duplication
in each case occurred in a heterozygous individual, and the
evolutionary process can be regarded as selection directed at
fixing in all members of the species the advantage previously
accruing to only those who were heterozygous for the particular
alleles (12).

However, whatever theoretical interpretations are placed
on these results, they are of -interest because they suggest a re-
lationship between two quite different types of biological
phenomenon-namely, the occurrence of enzyme polymor-
phism in natural populations and the subunit structure of en-
zymes. Such a relationship, if established as a valid generali-
zation, would need to be taken into account in virtually all other
lines of work bearing on the biological significance of poly-
morphism. For example, it has been variously proposed that
the occurrence of polymorphisms in some, rather than in other,
enzymes may be related to their functional roles such as their
involvement in energy-generating processes (13, 14) or in
metabolic regulation (15). It would now seem necessary to
reexamine these other proposed relationships in terms of the
subunit structures of the enzymes involved, since there would
appear to be a danger of confounding different effects.
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