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Classical genetics led to the concept of the gene as the funda-
mental biological unit of heredity, and postulated that it must
possess three basic properties. It had to have a specific function
in the cell and hence in the organism as a whole. It had to
be capable of exact self-replication so that its functional
specificity was preserved from one cell generation to the next.
And, though usually extremely stable, it had to be susceptible
to occasional sudden change or mutation, which could result
in the appearance of a new unit differing functionally from
the original one but self-replicating in its new form.
During the last two decades a series of major advances has

made it possible to envisage the nature of these essential
attributes in molecular terms. First came the discovery that
the particular chemical substance which endows the gene with
these characteristic properties is deoxyribonucleic acid, or
D.N.A. Then came the elucidation of the molecular structure
of this substance, and the recognition of its primary role in
determining the structures, and hence the diverse properties,
of the vast array of enzymes and proteins which provide the
foundation for all the metabolic and morphological character-
istics of the organism. Finally, the last few years have seen
the working out of the details of the genetic code. That is,
the precise relationships between the structure of nucleic acids
and the structure of proteins.
The main features of the molecular architecture of D.N.A.

and their genetical implications are now well known (Watson
and Crick, 1953). The molecule is made up of two long poly-
nucleotide chains coiled round a common axis to form a double
helix. The backbone of each chain consists of a regular alter-
nation of phosphate and sugar (deoxyribose) groups, and to
each sugar is attached a nitrogenous base which may be one of
four types: adenine, thymine, guanine, or cytosine. The two
chains are held together by hydrogen bonding between pairs of
bases, and since adenine pairs only with thymine, and guanine
only with cytosine, the sequence of bases in one chain fixes
the sequence in the other. A typical gene probably contains a
length of D.NA. with a sequence of several hundred bases.
Many different arrangements of the four bases are possible, and
each gene can be considered to have its own unique sequence
which carries in coded form the specific genetical information.
Genz mutations may be envisaged as causing alterations in this
sequence of bases. In most cases they probably amount to no
more than the substitution of one base for another at some point
in the sequence. But in some cases they may represent a more
drastic alteration in structure-for example, the deletion of a
series of bases or their rearrangement or duplication.

Proteins are composed of one or more polypeptide chains
which are made up of long strings of amino-acids linked
together in a specific linear order. Twenty different sorts of
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amino-acids occur, and a typical polypeptide chain may have
a sequence perhaps 200 amino-acids long. As with D.N.A. the
number of possible permutations is enormous. The three-
dimensional structure and the characteristic properties and
functional activity of any given protein ultimately depend on
the precise sequence of amino-acids in its constituent poly-
peptide chains.
The fundamental idea relating D.N.A. structure to protein

structure is that the sequence of bases in a given gene deter-
mines the sequence of amino-acids in a corresponding poly-
peptide chain. So the structure and hence the properties of
all the enzymes and proteins an individual can make are defined
by the base sequences of his genes. The general theory can be
expressed in the simple formula: one gene-one polypeptide
chain.
The main details of the genetic code-that is, the relationship

of base sequence to amino-acid sequence-have now been
largely worked out (for review see Crick, 1967). Each amino-
acid is specified by a sequence of three bases, and in polypeptide
synthesis amino-acids are added to the growing chain in the
same order as the base triplets occur in the D.N.A. of the
corresponding gene. Thus the two sequences are colinear and
the alteration of a single base at a particular point in the
D.N.A. sequence as a result of a mutation can lead to the
substitution of one amino-acid by another at the corresponding
position in the polypeptide sequence. It is probably in just this
way that many and perhaps most of the mutations which give
rise to inherited disease produce their effects.

However, it should be pointed out that genes not only deter-
mine the structure of proteins. They also appear to play an
important part in regulating their synthesis. The exact
molecular relationships involved are still very obscure, parti-
cularly in higher organisms. But it is likely that at least some
mutations may produce their effects by altering the rate of
synthesis of a specific protein without necessarily altering its
structure.

Molecular Pathology of Inherited Disease
A recent catalogue of inherited abnormalities (McKusick,

1966) listed more than 1,000 distinct clinical syndromes which
could be plausibly attributed to the effects of single abnormal
genes. The true number that in fact occurs is probably con-
siderably in excess of this.

If our theories are correct then it should be possible in each
of these syndromes to trace the particular constellation of
clinical abnormalities that are observed back to the effects of
some specific enzyme or protein defect resulting from a single
gene mutation. Indeed, a full account of the molecular basis
of such a disease should in principle start with the details of
the alteration in base sequence in the D.N.A.; show in what
way this has caused a specific change in the synthesis of the
enzyme or protein; proceed to elucidate the secondary bio,
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chemical consequences that ensue; and finally show how these
give rise to the clinical signs and symptoms that are observed.
Of course for the great majority of inherited disease such an

exposition is at present little more than a pipe dream. But in
a few conditions a beginning has been made and at least some

of the steps in the molecular pathology are understood.
The now classical example is sickle-cell anaemia. This is

determined by a mutant form of the gene which defines the
sequence of amino-acids in the /-polypeptide chain of adult
haemoglobin. There are 146 amino-acid residues in this poly-
peptide, so we can say that the D.N.A. in the corresponding
gene must in order to specify these contain a sequence of 438
bases-that is, 146 x 3. Now sickle-cell haemoglobin differs
from normal haemoglobin in respect of only one amino-acid.
The sixth position in the [B-polypeptide chain which in normal
haemoglobin is occupied by glutamic acid is replaced in sickle-
cell haemoglobin by valine (Ingram, 1959). This must mean

that the abnormality in the D.N.A. of the gene is confined to
the region of the 16th, 17th, and 18th bases-that is, the sixth
triplet in the sequence. Furthermore there is compelling though
indirect evidence to suggest that only one base in the triplet
is changed-namely, the 17th (adenine for thymine on one of
the two complementary strands).
The substitution of a glutamic acid by a valine residue in

this position, though apparently a very slight alteration in the
overall structure of the protein, happens to produce a very
dramatic change in one of its properties. It causes a profound
reduction of solubility when the haemoglobin is deoxygenated
(Perutz and Mitchison, 1950). Consequently the red cells tend
to become deformed and assume the characteristic sickle-cell-
like shape when the partial presence of oxygen is low, as

occurs on the venous side of the circulation. The change in
shape of the red cells, by leading to increased blood viscosity
and red cell fragility and by impeding circulation in the smaller
veins and venous capillaries, is probably the main immediate
cause of the chronic haemolytic anaemia, the multiple scattered
infarcts, and the other characteristic features of the disease.

Thus although many of the details are still obscure it is
possible to envisage in molecular terms how in this case a very
slight alteration in the base sequence of a gene can lead to a

complex clinical disorder.
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In fact more than 30 variant forms of haemoglobin, each
characterized by a single amino-acid substitution at one position
or another in the /3-polypeptide chain, are now known (Table
I). Their effects on the properties of the protein are very

diverse, and depend on the particular amino-acid which is

substituted and the precise position in the polypeptide chain
where the substitution occurs. Some cause a marked func-
tional abnormality of the protein which may, for example, be
expressed in chronic methaemoglobinaemia. Others presum-

ably by distorting the three-dimensional conformation of the
molecule render it excessively unstable and so more rapidly
destroyed in vivo, thus leading to a distinctive form of chronic
anaemia. Still others induce only minimal clinical abnormality
or none at all. As a group they illustrate very clearly the
multiplicity of mutations that may occur in a single gene and
the wide range of pathological consequences that may ensue.

Inborn Errors of Metabolism

It has long been recognized that certain inherited metabolic
diseases, the so-called " inborn errors of metabolism," are due
to genetically determined deficiencies of specific enzymes. More
than 40 such conditions, in each of which a marked reduction
or apparently complete absence of the particular enzyme has
been demonstrated by in vitro assay, have now been identified
(Table II). And judging by the rate at which new examples
are being described at the present time there seems little doubt
that many more remain to be uncovered.
The enzymes involved in these different disorders are very

diverse and are concerned with many aspects of metabolism.
The metabolic disturbances and clinical abnormalities which
result also vary widely. They range from conditions which
may be effectively lethal in early life (for example, maple syrup
urine disease) through those that produce a permanent dis-
ability such as mental retardation (for example, phenylketon-
uria) or chronic haemolytic disease (for example, pyruvate
kinase deficiency) to those which are comparatively benign
(for example, alkaptonuria) or apparently harmless (for
example, fructokinase deficiency). In general these various
abnormalities can be attributed to the effects of single abnormal
genes which in some way cause a gross deficiency in the level

TABLE I.-Amino-acid Substitutions in 31 al-chain Variants of Human Haemoglobin. The Position Numbers in the Sequence
and the Amino-acid Normally Present at Each Position are Given in the Top Two Lines

1 6 7 16 22 26 28 42 43 46 61 63 67 77 79 87 90 92 95 98 113 121 126 132 136 146
Val...Glu... Glu... Gly...Glu...Glu...Leu.... Phe...Glu...Gly... Lys... His... Val... His...Asp... Thr...Glu...His...Lys... Val... Val...Glu... Val...Lys...Gly..-His

'S
'C

'G. San Jose
4 Siriraj
5 J. Baltimore
b D Bushman
E Saskatoon
8G Saskatoon
9E

'O Genoa
Hammersmith

12 G Galverston
13 K Ibadan
14 Hikari

15 M Saskatoon
16 Zurich
15 M Milwaukee
17 Sidney
18J Iran

19 G Accra
?O D Ibadan
21 Agenogi
22 M Hyde Park
23 N Baltimore
24 Koin
25 New York
26 D Punjab
27 0 Arab
28 Hofu
12 K Woolwich
29 Hope

- [D91-
- Lys -

- Gly
- Lys

Asp
Arg

Lys
Ala

=

=
LYS

=

=
=
=
=

Prot
Sert -

- Ala
Glu

Asn
Tyr* - -

Argt -

Glue -

Alat -
- - Asp

Asn -

Lys
Lys

Metf -
Glu

Tyr -

- Glu

Gin
Lys

Glu
Gin

Asp

Sickle-cell haemoglobin. * Methaemoglobinaemias. t Unstable haemoglobins.

I Ingram (1959). 2 Hunt and Ingram (1958). 3 Hill and Schwartz (1959). 4 Tuchinda et al. (1965). 6 Baglioni and Weatherall (1963). Wade et al. (l967. 7 Vella
el al. (1967b). 8 Vella et al. (1967a). 9 Hunt and Ingram (1959). 30 Sansone et al. (1967). 11 Dacie et al. (1967). 12 Bowman at al. (1964). Is Allan et al. (1965). I Shibata

et al. (1964). '5 Gerald and Efron (1961). "I Muller and Kingsma (1961). 17 Carrell et al. (1967). 18 Rahbar et al. (1967). 29 Lehmann at al. (1964). 20 Watson-Williams
ct al. (1965). 21 Shibata et al. (1966). 22 Shibata et al. (1967). 23 Dobbs et al. (1966). 24 Carrell et al. (1966). 25 Ranney et al. (1967). 26 Baglioni (1962). 27 Baglioni
and Lehmann (1962). 28 Miyaji et al. (1968). 29 Minnich et al. (1965).
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of activity of a particular enzyme. The metabolic and clinical
disturbances which occur result from the secondary biochemical
changes which follow from the primary enzyme deficiency.

But the level of activity of an enzyme in a particular tissue
is a complex factor. It depends on the specific catalytic pro-
perties of the enzyme protein which are determined by the
molecular structure. It also depends on the actual quantity
of enzyme protein present at any given time, and this is the
resultant of two different and opposite processes-the rate of
synthesis and the rate of breakdown or decay. Furthermore,
extraneous factors such as the presence of specific repressors,
inhibitors, activators, cofactors, metal ions, and so on may
influence the activity.
Thus an abnormal gene could cause a deficit in specific

enzyme activity in a number of different ways.

(1) It might lead to the synthesis of a structurally altered protein
with defective catalytic properties. A single amino-acid substitution,
for example, if it affected the active centre of the enzyme might
well result in a marked modification in kinetic properties or indeed
a complete loss of activity. The actual quantity of enzyme protein
could be unaffected though the enzymic activity is reduced or
absent.

(2) It might lead to a structurally altered protein whose catalytic
activity is not significantly affected but whose inherent stability is
much less than that of its normal counterpart. The enzyme protein
would be more rapidly denatured, and its half-life reduced. The
increased rate of breakdown would mean that the actual quantity
present at any one time, and hence the level of activity, would be
correspondingly reduced. It might indeed be so low as to be
undetectable.

(3) It might cause a true failure in synthesis. The enzyme pro-
tein would simply not be formed, or would be formed at such a

reduced rate that only very small amounts would be present at any
one time.

(4) It might affect the particular enzyme only indirectly, by alter-
ing a repressor or inhibitor for example, or in some other way.

These different possibilities as well as a variety of technical
problems make the elucidation of the nature of such enzyme
deficiencies peculiarly difficult. The technical problems largely
arise because enzyme proteins, unlike a protein such as haemo-
globin, occur only in trace amounts, and in many cases only
in relatively inaccessible tissues such as liver or brain. They
are therefore very difficult to isolate and characterize from
single individuals with rare diseases. Furthermore, enzymes
are generally readily detectable only by virtue of their catalytic
activity. So an attempt to study the molecular abnormality of
an enzyme protein in a situation where its catalytic activity is
grossly deficient may be rather like searching for a black object

BRsriss
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in a dark room, with the added uncertainty that it might not
be there anyway. Thus it is not surprising that as yet we
know little about the molecular basis of the enzyme defects in
most of the inborn errors of metabolism. However, in a few
conditions valuable results have been obtained, and, quite apart
from their intrinsic interest, they are likely to provide a valuable
guide in future studies.

Citrullinaemia

One example is provided by some recent work on the dis-
order known as citrullinaemia. In this condition there is a
gross deficiency of the enzyme argininosuccinic acid synthetase,
which catalyses the conversion of citrulline to argininosuccinic
acid, one of the steps in the Krebs-Henseleit cycle leading to
urea formation. There is a severe though not quite complete
block in this metabolic pathway, and it results in gross accumu-
lation of citrulline with very high blood levels and urinary
excretion of this amino-acid (McMurray et al., 1963).
Though urea is mainly formed in liver, certain of the

enzymes involved also occur in small amounts in other tissues.
In particular it was found (Tedesco and Mellman, 1967) that
argininosuccinic acid synthetase occurs along with the next
enzyme in the cycle in the fibroblast-like cells which can be
grown in tissue culture from small skin biopsies. Further-
more, it was possible to show that the tissue-cultured fibroblasts
derived from a citrullinaemic patient had essentially the same
defect in the conversion of citrulline to argininosuccinate as
occurred in the liver. Comparison of the kinetic properties of
the argininosuccinic acid synthetase in extracts of these
" citrullinaemic " cells with appropriate normal controls showed
a striking difference (Tedesco and Mellman, 1967). The
Michaelis constant-that is, the concentration of citrulline
required to produce half the maximal reaction velocity-was
estimated to be between 25 and 250 times greater for the
" citrullinaemic " enzyme than for its normal counter-
part. This abnormality in kinetic properties suggests that the
enzyme has a reduced affinity for the substrate and implies an
alteration in molecular structure of the enzyme protein. It
appears to be sufficient to account for the observed metabolic
disturbance.

Other Examples

Another well-established example of an altered enzyme pro-

tein with defective catalytic properties is the so-called atypical

TABLE II.-Enzymes in which Specific Deficiencies have been Identified in Various "Inborn Errors of Metabolism." In Each
Case the Enzyme Deficiency has been Denmonstrated by In Vitro Assay

Disorders of amino-acid metabolism
I Phenylalanine hydroxylase (phenylketonuria)
2 p-Hydroxyphenylpyruvic acid oxidase (tyrosinaemia)
3 Homogentisic acid oxidase (alkaptonuria)
4 Cystathionine synthetase (homocystinuria)
6 Cystathioninase (cystathioninuria)
6 Histidase (histidinaemia)
7 Argininosuccinase (argininosuccinicaciduria)
8 Argininosuccinic acid synthetase (citrullinaemia)
9 Ornithine transcarbamylase (hyperammonaemia)
Ketoacid (branched chain) decarboxylase (maple syrup urine disease)
Ilodotyrosine deiodinase (goitrous cretinism)

Disorders of carbohydrate metabolism
12 Hexokinase (congenital haemolytic disease)
13 Triosephosphate isomerase (congenital haernolytic disease)
4 Phosphohexose isomerase (congenital haemolytic disease)

15 Pyruvate kinase (congenital haemolytic disease)
16 2-3-Diphosphoglycerate mutase (congenital haemolytic disease)
17 Glutathione reductase (congenital haemolytic disease)
Glucose-6-phosphate dehydrogenase (favism; primaquine sensitivity; congenital

haemolytic anaemia)
'e Glucose-6-phosphate (glycogen disease, type I)
20 Amylo (1,4) glucosidase (glycogen disease, type II)
21 Amylo (1,6) glucosidase (glycogen disease, type III)
22 Amylo (1,4-÷1,6) transglucosidase (glycogen disease, type IV)

Disorders of carbohydrate metabolism (continued)
23 Muscle phosphorylase (glycogen disease, type V)
24 Liver phosphorylase (glycogen disease, type VI)
25 Phosphorylase kinase (glycogen disease)
26 Glycogen synthetase (glycogen disease)
27 Phosphofructokinase (glycogen disease)
28 Galactokinase (juvenile cataracts)
29 Galactose-l-phosphate uridyl transferase (" galactosaemia ")

30 Fructokinase (benign fructosuria)
31 Liver aldolase (fructose intolerance)

Miscellaneous disorders
32 Xanthine oxidase (xanthinuria)
33 Orotidylic pyrophosphorylase and orotidylic decarboxylase (oroticaciduria)
34 Hypoxanthine-guanine phosphoriboxyl transferase (Lesch-Nyham disease; gout)
35 Serum cholinesterase (suxamethonium apnoea)
36 Methaemoglobin reductase (methaemoglobinaemia)
37 Catalase (acatalasia)
38 Trypsinogen (Townes's disease)
39 " Alkaline phosphatase " (hypophosphatasia)
40 Sulphite oxidase (neurological damage and lens dislocation)
41 Ceramide trihexosidase (Fabry's disease)
42 Glucocerebrosidase (Gaucher's disease)
43 Sphingomyelin cleavage enzyme (Niemann-Pick disease)
44 Pancreatic lipase (Sheldon's disease)

1 Jervis (1953). 2 La Du (1967). 3 La Du et al. (1958). 4 Mudd et al. (1964). Frimpter (1965). 8 La Du et al. (1962). 7 Miller and McLean (1967). # McMurray
et al. (1964). 9 Russell et al. (1962). 10 Dancis et al. (1963). 11 Querido et al. (1956). 12 Valentine et al. (1967). 13 Schneider et al. (1965). 14 Baughan et al. (1968.)
I Tanaka et al. (1962). 16 SchrOter (1965). 17 L~hr and Waller (1962). 18 Carson et al. (1956), also see Table III. 19 Cori and Cori (1952). 2 Hers (1962). 21 Iiiingworth
et al. (1956). 2 Brown and Brown (1966). 23 Schmid et al. (1959). 24 Hers (1959). 25 Hug et al. (1966). 26 Lewis et al. (1962). 27 Tarui et al. (1965). 28 Gi an
(1967). 29 Isselbacher et al. (1956). 50 Schapira et al. (1961). 31 Hers and Joassin (1961). 32 Watts et al. (1964). 83 Smith et al. (1961). 34 Seegmiller et al. (1967).Kelley et al. (1967). 35 Kalow and Genest (1957), Lehmann and Ryan (1956). 86 Gibson (1948). Scott and Griffith (1959). 37 Kaziro et al. (1952). 3 Townes (1965).
99 Sobel et al. (1953). 40 Mudd et al. (1967). 41 Brady et al. (1967). 42 Brady a a!. (1965). Patrick (1965. 4 Brady a a!. (1966). 4Sheldon (1964).
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138 20 April 1968 Molecular Basis of Hereditary Disease-Harris

form of serum cholinesterase (Kalow, 1959 ; Davies et al.,
1960) which occurs in individuals excessively sensitive to the
muscle-relaxant drug suxamethonium. Here again the reduced
level of activity of the enzyme can be accounted for by changes

in its kinetic characteristics.
It is of interest to contrast these conditions with another

inherited enzyme deficiency, acatalasia (Takahara, 1952). In
this condition catalase activity both in red cells and in other
tissues can be detected only in trace amounts, usually much
less than 1 % of the normal. But it appears that here this is
due to a true deficiency of the enzyme protein rather than an

alteration in its catalytic properties (Aebi et al., 1964). Further-
more, recent work (Aebi, 1967) indicates that the enzyme pro-

tein deficiency -is caused by an excessive rate of breakdown
rather than a reduced rate of synthesis. It appears likely that
a structurally altered enzyme protein is being formed which,
though essentially normal in its activity, is excessively un-

stable, and is broken down almost as soon as it is produced.
Another example of this sort of phenomenon is provided by

the well-known type of glucose-6-phosphate dehydrogenase
deficiency which is not uncommon in Negroes. The defect is
due to a gene located on the X chromosome, and in affected
males the average level of glucose-6-phosphate dehydrogenase
activity in red cells is only on average about 15 % of the normal.
Such individuals are usually quite healthy, but they are liable
to develop acute haemolytic anaemia if they receive particular
drugs such as the antimalarial primaquine and certain sulphon-
amides.

Chromatographic and other studies on the enzyme from
deficient subjects show that there must be some alteration in its
molecular structure (Luzzatto and Allan, 1965 ; Yoshida et al.,
1967). But no abnormalities in its kinetics have been found
which can account for the reduced level of enzyme activity in
the red cells (Kirkman et al., 1960 ; Marks et al., 1961), and it
turns out that this is due to an increase in rate of denaturation
of the enzyme protein in vivo (Yoshida et al., 1967 ; Piomelli
et al., 1968). This was shown by determining the level of
activity of the enzymes in red cells fractionated into different
" age groups " by differential centrifugation. It was found
that very " young " red cells containing the abnormal enzyme

had almost the same level of activity as normal " young " cells.
But the rate of decline of activity with red cell age was very

much more rapid in the abnormal cells than in the controls,
so that in older cells the difference in activity becomes increas-
ingly marked. Piomelli et al. (1968) have estimated that the
h.-l1-lifc of the normal enzyme in red cells is about 62 days,
whereas the half-life of the variant enzyme is only about 13
days. Thus the deficiency is evidently due to a structurally
altered enzyme protein which decays much more rapidly than
normal in the ordinary intracellular conditions associated with
ageing of red cells.

These examples illustrate how a specific enzyme deficiency
mnay arise because of either a change in the catalytic properties
or an increased rate of breakdown of a structurally abnormal
enzyme protein. Enzyme deficiencies may also presumably
occur because of a marked reduction in the rate of synthesis
of an enzyme protein, analogous perhaps to the markedly
reduced rates of synthesis of haemoglobin observed in the
series of conditions known as the thalassaemias. It would
obviously be of great interest to know the relative importance
and incidence of these different sorts of phenomena as causes

of the many specific enzyme deficiencies found among the
various inborn errors of metabolism.

Heterogeneity of Inherited Disease

Glucose-6-phosphate dehydrogenase has for various reasons

been studied more extensively than almost any other enzyme
protein in man. At least 17 further variant forms have been
identified besides the common Negro variant discussed above.

They have been shown to differ from each other and from the

normal enzyme in such characteristics as electrophoretic

mobility, Michaelis constants, utilization of substrate analogues,

thermostability, and pH activity curves (Table III). They
appear to be determined by a series of allelic genes each of

which produces a distinctive change in the structure and pro-

perties of the enzyme protein. It seems likely by analogy with

the haemoglobin variants that they differ from one another by
single amino-acid substitutions at different positions in the

polypeptide chain (or chains) that make up the enzyme mole-

cule, but this has still to be demonstrated directly.

TABS E III.-Variants of Glucose-6-phosphate Dehydrogenase

Variant

Normal (B +)..
Madison

2 A + ..
3 Baltimore-

Austin
3 Ibadan-Austin
4 Barbieri
6Kerala
6 Tel-Hashomer

7 Athens

8 Seattle
9Loyola
2A -

10 Canton

West Bengal

"Mediterranean

12 *Oklahoma
13 *Chicago
14 Eyssen

* *Ohio

Electro-
RBC phoretic

Activity: Mobility
% of Relative

Normal to
Normal

100 Normal
100 Slow
88 Fast

75 Slow
7,172

40-60
500

25-40

25

8-21
15

8-20
4-24

9

0--7

4-10

9-26
0

2 16

'Utilization
of

Km Substrate
G6P and Analogue
NADP 2dG6P

Relative
to G6P

Fast Increased
Slow Reduced Increased

Reduced Increased Slight
redu

,, ? ? ?
Fast _ _ _

Reduced Increased Slight
redu

Slow Reduced
(G6P)

increased
(NADP)l

Normal Reduced Much Low
increased

Increased -

Very
Slow ? ? .
Fast Slight

increase

Heat pH

Stability Activity

- Tr L t C

?1

etly
aced

Ptiphasic
Slightly
biphasic

,,I

tly Biphasic

ucedi'

Biphasic

Narrow

Iowl
-.I

peak

- Within normal range. * Variant associated with congenital non-spherocytic
haemolytic disease.

1 Nance and Uchida (1964). 2 Boyer et al. (1962), Kirkman and Hendrickson
(1963). 3 Long et al. (1965, Porter er al. (1964). 4 Marks et al. (1962). 5 Azevedo
et al. (1968). 6 Ramot and Brok (1964). 7 Stamatoyannopoulos et al. (1967)-
8 Kirkman et al. (1965a). 9 Shows et al. (1964). 10 McCurdy et al. (1966). 11 Kirk.
man et al. (1965b). 12 Kirkman and Riley (1961). 13 Kirkman et al. (1964a).
14 Boyer et al. (1962). "I Pinto et al. (1966).
Modified from WId Hlth Org. techn. Rep. Ser., 1967, No. 365.

The average level of glucose-6-phosphate dehydrogenase
activity observed in red cells containing these different variants
varies considerably from one to another. In some only traces
of activity are detected. In others a less severe but quite
definite reduction in enzyme level is found. And there are still
others in which the level appears to be within what is usually
considered the normal range. There is also considerable
variation in clinical manifestation. The common negro variant
(Gd A-) results in clinical abnormality only if certain drugs
are administered. Another variant (Gd BMediterranean), common
in Mediterranean populations and the Middle East, is associated
with a more profound reduction in enzyme level. It pre-
disposes to the haemolytic disease known as favism, which
occurs in certain individuals when they eat fava beans, a com-
mon feature of the diet in that part of the world. But, apart
from this, individuals with the abnormality seem to remain
quite well. However, at least four other variants of the enzyme
(see Table III) have been identified whose altered properties
appear to result in chronic haemolytic anaemia even in the
absence of any obvious precipitating factors.
Thus as with the haemoglobin variants different alterations

of a single enzyme protein can give rise to a series of distinct
though perhaps related clinical syndromes. Variability in
manifestation and in clinical severity is a well-recognized
feature of many inherited diseases. It seems likely that as it
becomes possible to investigate such conditions with increasing
refinement at the enzyme level much of the variability will turn
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Molecular Basis of Hereditary Disease-Haris
out to be due to true genetical heterogeneity. What are at
present considered single disease entities may well be found
to be due to a series of distinct and different abnormalities
of a single enzyme protein. Also such studies could
reveal unexpected interrelationships between conditions with
very different clinical manifestations.
An instructive example is provided by some recent work by

Seegmiller et al. (1967) on the enzyme hypoxanthine-guanine
phosphoribosyl transferase, which is concerned in the regulation
of uric acid formation. Lesch and Nyhan (1964) described a

complex neurological syndrome characterized by mental
retardation, spastic cerebral palsy, choreoathetosis, and a curious
behavioural disorder manifested by self-destructive biting, and
this was found to be associated with hyperuricaemia due to

overproduction of uric acid. The syndrome is determined by
an abnormal gene on the X chromosome (Nyhan et al., 1967).
In this condition what appeared to be an apparently complete
and quite specific deficiency of the enzyme hypoxanthine-
guanine phosphoribosyl transferase was discovered (Seegmiller
et al., 1967).

Subsequently the same enzyme was studied in a number of
adult patients with a hyperuricaemia due to uric acid over-

production and with typical histories of acute gouty arthritis
or uric acid nephrolithiasis (Kelley et al., 1967). In some cases
it appeared to be quite normal. But among the other cases two
distinct types of deficiency of the enzyme occurring in different
families were found. In one family the affected individuals
showed levels of activity as measured in red cells of only about
1 % of the normal when either hypoxanthine or guanine was

used as substrate. Furthermore, the enzyme was found to be
significantly more thermolabile than the normal enzyme. In
the other family the affected individuals also showed much
reduced enzyme activity, but the reduction was considerably
more marked with guanine as substrate than with hypoxanthine,
a finding which indicates an altered pattern of substrate
specificity. Furthermore, this enzyme appeared to be less
thermolabile than the normal one.

The results imply that two distinct abnormal genes are

segregating in these families, each producing structurally
altered enzyme proteins with abnormal properties. Both cause
a severe enzyme deficiency which apparently gives rise to an

overproduction of uric acid with hyperuricaemia and gout.
The clinical consequences are similar in the two types, but they
contrast very strikingly with those in the other syndrome where
an apparently complete deficiency of the enzyme (at most less
than 0.05% of normal) occurs. There can clearly be a world
of difference between having only a small percentage of the
normal level of activity of an enzyme and having effectively
none at all.

.Range of Enzyme Variation

So far as we know mutational events occur more or less at
random. Even if we consider only those which result in single
amino-acid substitutions in a polypeptide chain of a single
enzyme it is apparent that an enormous number of different
variant enzyme proteins can occur. A typical polypeptide
chain contains a sequence of perhaps 200 amino-acid residues,
and any one of these may be replaced as a result of a single
mutation by one of several others. Some of these amino-acid
substitutions will no doubt cause a drastic change in the
properties of the enzyme and thus lead to some clearly defined
inherited abnormality. But many of the possible changes are

likely to be of only moderate or minor functional significance
and others may have no obvious consequences at all. It all
probably depends on the position of the affected site in the
three-dimensional conformation of the molecule, and on the

chemical properties and size of the specific amino-acids
involved.
These theoretical considerations raise the question of whether

such structural variants which do not have obvious pathological
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consequences can be demonstrated in human populations, and

if so how commonly they occur.

During the past few years much research has been devoted
to this question. The main approach has been to screen large
numbers of apparently normal and healthy people for variant
forms of particular enzymes. Putting together the work from
our own laboratory and that reported from elsewhere it seems

that perhaps 25 or so different enzymes have now been
examined by relatively sensitive methods in moderately sized
and in some cases quite large population samples. In a high
proportion of cases (about 75% of all the enzymes studied) at
least one and sometimes as many as 10 or more different
genctically determined variants have been identified. There is
indeed now little doubt that the occurrence of such variants is
widespread and general.
Of particular interest is the fact that although most of these

variants are comparatively rare and may turn up in only one

in a few hundred or thousand individuals, some occur quite
frequently and may be found in a significant proportion of the
population. In consequence it is often possible to classify
individuals according to the characteristics of a particular
enzyme into two or more distinct types each of which is rela-
tively common.

Red Cell Acid Phosphatase
One may take as an example the enzyme, red cell acid

phosphatase (Hopkinson et al., 1963, 1964). This is a phospho-
hydrolase and phosphotransferase with low pH optimum,
which so far as is known occurs only in the red blood cell.
Electrophoretic studies on the enzyme in different people
showed that two or more separate protein components of the
enzyme (so-called isozymes) are regularly present, and that
individuals can be readily classified into at least six distinct
types according to the electrophoretic mobilities, the relative
activities, and the combination of isozymes that occur.

Five ofthees types (Fig. 1), which are referred to as types

A, BA, B, CA, and GB, are each relatively common and in the
English population are found in about 13%, 43%, 36%,
3%, and 5% of people respectively. The other type (C) is less
frequent and occurs in only about1 in 600 people. Extensive
family studies demonstrated that the types are genetically deter-
mined, and the data show quite convincingly that three
common allelic genes are involved. If we call these genes

pa pb, andpc then types A, B, and C represent the homozygous
genotypes papal pbpb and PCPC, and types BA, CA, and CB
the heterozygous genotypes papb,papc, and pbpc. The three

genes evidently determine structurally distinct forms of the
enzymes, and their differences are reflected not only in their
electrophoretic properties but also in activity. In particular
there are quantitative differences in the total levels of activity
of the enzyme in red cells of the different types. Type B cells
have levels of activity which though variable are on average

about 50% greater than those of type A red cells, and type BA
cells have intermediate values. Similar differences are observed

I

Phenotype
Genotype
Frequency

*--*m
A~ ~~~4BA 4

- *4 m o

P mPmPi
B CA CB C~~~~~~~~~~~~~~~~~~~~~

0.13 0-43

CA CB C

pbpb IU Ffp p ~ pc

O*36 0-03 0-05 0001l6
FIG. 1.-Diagram of red cell acid phosphatase isozymes, separated

by electrophoresis from six different types of individual. The fre-

quencies of the different types in the English population are

indicated.
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wvith the other types. An interesting consequence follows (Fig.
2).

If one determines the level of red cell acid phosphatase
activity in a randomly selected series of individuals one obtains
a continuous and unimodal distribution, which is not dissimilar
in form from the distribution obtained when many other
enzymes are studied quantitatively in normal people. In this
case, however, it is apparent that the overall distribution repre-
sents a summation of the several separate but overlapping
distributions corresponding to each of the qualitatively different
enzyme types.

U ~ ~~~~,BA

I ~~~~B

>~~~~~~~~~~~~~~~

4..

/A

100 140 180 220 260
Red cell acid phosphatase activity

FIG. 2.-Diagram showing distributions of red cell acid phosphatase
activity in the general population (broken line) and in the separate types.

Derived from the data of Spencer et al. (1964a).

Despite these differences in activity individuals of the various
acid phosphatase types all appear to be equally healthy. This
as well as the comparatively high incidence of several of the
types leaves one no valid reason to regard one type as normal
and another as abnormal. They must each be considered as
representing different versions of so-called " normality." It is,
however, quite possible that the red cells of individuals of the
various types may react somewhat differently if exposed to
particular kinds of metabolic stress.
The occurrence of such common enzyme variations, so-

called polymorphisms, among otherwise normal and healthy

TABLE IV.-Enzyme Polymorphism in the English Population

No. of Feunc Probabilityr of
Alleles Frequeocy Two Randomly
with Of Selected

Enzyme Frequency Commonest Individuals Reference
Greater Enzyme Being of Same
than 0-01 Type Enzyme Type

Red cell acid
phosphatase .. 3 043 0 34 Hopkinson et a/.

(1963)
Phosphoglucomu-

tase
Locus PGMs 2 0 58 0 47 Spencer et al.

(1964a, 1964b)
PGM3 2 0*54 0.45 Hopkinson and

Harris (1968)
Placental alkaline Boyer (1961).

phosphatase 3 0-41 0 31 Robson and
Harris (1965)

Acetyl transferase 2 050 0 50 Price Evans and
White (1964)

Adenylate kinase 2 0 90 0-82 Fildes and Harris
Harris (1965)

Serum cholin-
esterase

Locus EL .. 2 0-96 0-92 Kalow and
Staron (1957

E2 .. 2 0 90 0-82 Harris et al.
(1963)
Robson and

! ~~~~~~~~Harris(1966)
6-Phosphoglucon-

ate dehydro- Fildes and Parr
genase .. 2 0-96 0-92 (1963)

Adenosine Spencer et al.
deaminase . . 2 0 90 0-82 (1968)

Combined .. 0-018 0 005

people implies a considerable degree of individual diversity.
Some idea of the extent of this can be obtained from Table
IV, which summarizes data on the common variant types of
eight different enzymes in the English population. Since the
variation of each enzyme appears to occur independently of all
the others, it follows that a very large number of combinations
of such enzyme types must occur in different individuals. By
combining the frequencies given in column three of Table IV
one finds that the most frequent combination of types will occur
in less than 2% of people. Furthermore, from column four one
can show that the chance that two randomly selected indi-
viduals would have exactly the same combination of types is
only about 1 in 200. Thus quite a high degree of individual
differentiation is demonstrable even from this relatively limited
series of samples. Since there are good reasons (Harris, 1966,
1967) to believe that very many more such polymorphisms
occur, this degree of diversity must surely represent only the
tip of the iceberg. Indeed, in the last analysis one may expect
that every individual will be found to have his own unique
enzymic make-up. Furthermore, it can be argued that such
genetic individuality in enzyme constitution provides the
biochemical basis for the great variety of inherited differences
that we observe between people in their normal physical,
physiological, and mental characteristics as well as in their
relative susceptibilities to different diseases.

Conclusion
In conclusion, then, we can say that there is an increasing

body of evidence pointing to the wide distribution of many
different enzyme and protein variants, both rare and common,
in human populations. The great majority of these are appar-
ently not associated with obvious and direct pathological con-
sequences, though many of them no doubt result in minor
functional differences. The few that do lead to overt disease
probably differ from the others only in that the alteration in
their structure produced by the specific mutation happens to
modify the kinetics or stability or some other property of the
molecule in such a way as to cause a marked change in func-
tional activity and so give rise to a particular clinical syndrome.
Viewed in this context the defective enzymes and proteins found
in specific inherited diseases must be regarded simply as
extreme examples of a kind of variation which is widespread
throughout the species, and indeed one of its fundamental
characteristics.
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