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Mendel's (1865) fundamental work on the in-
heritance of plant characters remained generally
unrecognized for many years until it was
resurrected at the beginning of this century.
Bateson (1902) played a major role in popu-
larizing and interpreting Mendel's theory
and had a great influence on the work of
Sir Archibald Garrod, particularly in relation
to the genetic aspects of the hereditary disease
alkaptonuria (Garrod 1902). Garrod realized
that excretion of homogentisic acid was due
to an abnormality typical of recessive mendelian
heredity. Some of the siblings of the patients were
affected, whereas other relatives were usually
normal. Affected individuals were often derived
from consanguineous unions, and he postulated
that the condition was due to a 'metabolic block'
from a failure to convert homogentisic acid to
other compounds. In his classical Croonian lec-
tures Garrod (1908) added pentosuria, cystin-
uria and albinism as further 'inborn errors of
metabolism,' and in the second edition of his
monograph (1923) also included congenital
erythropoietic porphyria and 'congenital steato-
rrhea.' The latter was presumably mucoviscidosis.

Garrod's views were considerably in advance of
his time. He almost reached the fundamental con-
cept of modern biochemical genetics, the 'one
gene, one enzyme' theory first clearly postulated
by Beadle & Tatum (1941). The importance of
inborn errors of metabolism was in the meantime
largely disregarded by medical scientists, and even
in 1940 Garrod's fundamental piQneer work on
alkaptonuria remained unrecorded in most stan-
dard texts of medical genetics. However, import-
ant advances in the field were being made by
botanists. Variations in flower colours were shown
to be due to modification in the anthocyanin

pigment molecules, usually by methylation or
hydroxylation. These chemical steps were found
to be mediated by single specific enzymes whose
presence and activity was determined by
mendelian principles (Wheldale 1909, Lawrence
& Price 1940).
Beadle & Tatum's classical work (1941) em-

phasized the fundamental importance of inborn
errors of metabolism in the elucidation of prob-
lems in biochemistry, metabolism, genetics, and
molecular biology. Numerous major advances
have been made in the last twenty years, but
knowledge and understanding in this field is still
fragmentary and inconclusive. Many of the views
in this lecture are therefore speculative, and may
well be proved incorrect by future research.

Recessive andSex-linked Hereditary
Metabolic Disorders
The six diseases described by Garrod (1923) are
all inherited as mendelian recessive conditions,
and many other such disorders have since been
described. Probably the single most basic fact in
the elucidation of these conditions is the charac-
terization of the 'missing enzyme' responsible for
the biochemical anomaly. Approximately fifty
separate disorders have now been described where
there is either certain or at least probable absence
of a single enzyme protein whose synthesis is
under genetic control. All of these conditions are
inherited either by recessive or by sex-linked
mendelian principles. The homozygote is easily
recognizable as abnormal, whereas the hetero-
zygote, with only one abnormal gene and usually
capable of synthesizing the affected enzyme in
amounts of about 50% of the normal, is either
apparently identical to healthy controls or shows
clinically unimportant biochemical abnormalities
after administration of large amounts of the
enzyme substrate.
These diseases have proved invaluable in the

elucidation of major and minor biochemical path-
ways in man, e.g. in phenylalanine and tyrosine
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metabolism, and in the steps of the Krebs-
Henseleit cycle (1932) in conversion of ammonia
to urea. In addition, such diseases provide import-
ant evidence relating to the specificity of human
enzymes, where classical biochemical techniques
are often hampered by ethical considerations. In
maple-syrup urine disease (Menkes et al. 1954)
there is accumulation of the three branched chain
amino acids, valine, leucine and isoleucine, as
well as the corresponding keto acids. This im-
plies that the oxidative decarboxylation in the
further metabolism of the keto acids is mediated
by an enzyme common to all three. By contrast,
in hypervalinemia (Wada et al. 1963) there is in-
crease only of plasma valine, indicating that
valine transaminase is an enzyme distinct from
any transaminase involved in leucine and iso-
leucine metabolism. Classical biochemical tech-
niques suggested that proline and hydroxyproline
were metabolized by a common oxidase. The
recognition of the distinct hereditary disorders
prolinaemia (Scriver et al. 1961) and hydroxy-
prolinw,mia (Efron et al. 1965), with absence of
the corresponding oxidase in each, shows that
this supposition is incorrect, and that there are in
fact two specific oxidases for these two related
amino acids.
An important problem related to enzyme

deficiency is still largely unanswered in many in-
herited recessive and sex-linked disorders. Is there
complete failure to synthesize the affected enzyme
protein, or is there a defect at an active part of the
protein molecule which renders the protein im-
potent from an enzymatic point of view? Anal-
buminwemia (Bennhold & Kallee 1959) is a
classical example of a genetic defect involving
complete inability of the body to synthesize a
quantitatively important protein. In many cases
technical difficulties make the solution of this
question very uncertain in most inherited con-
ditions. In the Swiss type of acatalasia (Aebi et al.
1964) it was possible to isolate a small amount of
normal catalase from erythrocytes obtained from
cases of the disease. This shows that the defect is
probably due to abnormalities of a regulator or
operator gene controlling the rate of catalase
synthesis, rather than of a structural gene defining
its chemical structure. Pseudocholinesterase defici-
ency has been shown to be of at least two types.
In one variety the plasma enzyme is altered in
structure but still retains some hydrolytic activity
(Harris et al. 1960). In the second variety
(Hodgkins et al. 1965) the enzyme protein is com-
pletely absent. A further interesting example
occurs in the diseases which are relieved by ad-
ministration of excess pyridoxine although there
is no evidence of total body pyridoxine deficiency
(Scriver 1966). These include the syndrome of
pyridoxine-dependent infantile convulsions, cyst-

athioninuria, some cases of pyridoxine-dependent
sideroblastic anemia, and xanthurenic aciduria.
Scriver suggests that in all these conditions there
is a structural abnormality of various apo-
enzymes in the affected organ or tissue, which
reduces its enzymatic activity u-nless there is ex-
cess concentration of the co-enzyme, pyridoxine.
Normal metabolic processes can only proceed in
presence of an abnormally high content of pyri-
doxine in body fluids.

Recessive hereditary diseases of especial inter-
est are those in which the primary abnormality
seems to be one of transport rather than of
metabolism (Table 1). Most of these conditions
involve disordered transport of essential metabo-
lites in the kidney, the small intestine, or in both
situations, where the epithelial cells are especially
concerned in these specialized functions. There
may be minor similar transport defects elsewhere
in the body, but these are difficult to demonstrate
with present relatively insensitive techniques.
Conclusions derived from the functional defects
in these diseases are as follows:
(a) Amino acids and probably glucose are
transported by similar mechanisms in the renal
tubules and the jejunal epithelium, or at least one
essential step in transport is identical in both sites.
(b) Amino acids can be divided into separate
transport groups (Milne 1964) which are trans-
ported across cells by an identical process for each
member of the group, and there is mutual com-
petition of available members for the transporting
system. Thus the large group of mono-amino
monocarboxylic acids are involved in Hartnup
disease, and the smaller group of di-basic amino
acids in cystinuria.
(c) Minor defects of amino-acid transport can
occur in the gut without necessarily being present
in the kidney.
Some hereditary defects of proximal tubular

transport e.g. Lignac-Fanconi disease, are due to
nonspecific renal damage rather than to isolated
innate functional defects as in cystinuria and
Hartnup disease. In some of these conditions the
toxic agent causing the renal damage is known
either with certainty or strong probability, e.g.
cystine deposits in Lignac-Fanconi disease,
galactose-1-phosphate in hereditarygalactosXmia,
and copper in hepatolenticular degeneration. The
primary metabolic cause of the condition is, how-
ever, known only in the case of galactosmmia. The
nonspecific functional defects of the renal tubules
in these diseases can be closely simulated by the
effects of exogenous poisons or toxins, e.g. by
lead, cadmium, uranium, or maleic acid. By con-
trast, the specific disorder of amino-acid trans-
port in cystinuria and Hartnup disease is a
unique experiment of nature, and cannot be
exactly simulated by any known method.
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Table I
Hereditary metabolic disease principally characterized by defects of transport

Disease
Cystinuria

Hartnup disease

'Blue diaper syndrome'

'Oast-house syndrome'

Lignac-Fanconi disease

Oculo-cerebro-renal
dystrophy

Fanconi syndrome
without cystinosis

Glycinuria with
urolithiasis

Renal glycosuria

Gluco-glycinuria

Hereditary renal
tubular acidosis

Type of
heredity * Compounds involved
A R Cystine, lysine,

arginine, ornithine

A R Many mono-amino-mono-
carboxylic amino acids

AR

AR

AR

Tryptophan. Calcium

Methionine

Most anjino acids. Glucose.
Phosphate. Urate

S R As in Lignac-Fanconi disease

A D As in Lignac-Fanconi disease

A D Glycine

A D Glucose

AD Glyctne, and glucose

A D Hydrogen ion

Known sites of
transport defect
Proximal renal tubule. Jejunum

Proximal renal tubule. Jejunum

Jejunum

Jejunum

Proximal renal tubule

Proximal renal tubule

Proximal renal tubule

Proximal renal tubule

Proximal renal tubule

Proximal renal tubule

Distal renal tubule

Reference
Dent & Rose (1951)
Milne et al. (1961)

Baron et al. (1956)
Milne et al. (1960)

Drummond et al. (1964)

Smith & Strang (1958)
Hooft et al. (1964)

Bickel et al. (1952)

Lowe et al. (1952)

Hunt et al. (1966)

de Vries et al. (1957)

Marble (1932)

Kaser et al. (1962)

Seldin & Wilson (1966)

0 A D, autosomal dominant; A R, autosomal recessive; S R, sex-linked recessive types of heredity

Apparent exceptions to the one gene, one enzyme
theory: Auerbach & DiGeorge (1965) have review-
ed ways in which there is an apparent exception
to the rule of 'one gene, one enzyme' in recessive
metabolic conditions. They classify these into
three groups: (1) Defects in two related enzymes
in the same individual appearing to be due to a
single gene defect. (2) Different but related enzyme
defects in siblings. (3) Distribution anomalies of
the affected enzyme in various tissues and organs.

Several instances have been recorded of chil-
dren suffering from hereditary glycogenosis in
which two separate enzymes are deficient in the
same individual, and similarly families are re-
ported where two of the six known types of glyco-
genosis have been present in siblings. Double
defects have likewise been recognized in inborn
errors of thyroxine and hydrocortisone syn-
thesis (Gandy et al. 1960, DiGeorge 1961,
Bongiovanni 1962). These double defects occur
only in a small minority of affected patients, and
are therefore unlike the situation in hereditary
orotic aciduria where there is always a deficiency
both of orotidylic pyrophosphorylase and orotidy-
lic decarboxylase (Becroft & Phillips 1965, Smith
et al. 1961). Similar double defects have been des-
cribed in lower organisms, e.g. neurospora
(Catcheside 1965), where they are usually ex-
plained on the basis of operator gene mutations
rather than defects in a structural gene.

Distribution anomalies in which there is varia-
tion in content of the defective enzyme in different

tissues can at least partly be explained by the in-
creasing knowledge of iso-enzymes, recently
reviewed by Wilkinson (1965). Examples include
hereditary galactosemia where some individuals
may have absence of the affected enzyme in
erythrocytes, and yet metabolize galactose to CO2
and water at a normal rate because the liver con-
tent of the enzyme is normal (Segal et al. 1965),
and the so-called 'Duarte' variant of the disease
where the homozygote retains about 50% of the
normal enzyme content in erythrocytes (Beutler
et al. 1965). Similarly the already somewhat com-
plicated classification of the glycogenoses into six
fundamentally different types can be made still
more difficult by subdivisions based on variation
of distribution of the affected enzyme within
different organs and tissues (Hers 1963, 1964). In
cystinosis, where the fundamental enzymatic
defect is still unknown, distribution of the cystine
deposits has a profound effect on the clinical
severity of the disease. In the Lignac-Fanconi
disease in childhood, cystine deposits in the renal
parenchyma result in progressive kidney damage
with death from uremia before or during adol-
escence. By contrast, in the adult form of cystin-
osis (Cogan et al. 1957, Cogan etal. 1958, Lietman
et al. 1966) the kidney remains unaffected, and
the patient has only mild disability.
Auerbach & DiGeorge (1965) advance an in-

genious theory based on possible differences in
the transcription ofdeoxyribonucleic acidfrom the
abnormal gene to messenger ribonucleic acid to
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explain these apparent anomalous contradictions
to the classical 'one gene, one enzyme' theory of
modern biochemical genetics. Further investiga-
tion of these seeming exceptions to the general
rule may prove of great future importance in the
elucidation of the mechanisms of hereditary
metabolic disease.

Dominant Hereditary Metabolic Disease
In the case of autosomal or sex-linked recessive
hereditary metabolic disease the available evi-
dence strongly suggests that all cases are due to
lack or alteration of a specific protein which is
usually an enzyme. In autosomal recessive con-
ditions the heterozygote with a half content of the
affected enzyme either shows no demonstrable
abnormality, or the defect is mild and far less dis-
abling than is the disease in the homozygote.
Similarly, in sex-linked recessive conditions the
heterozygote female is either completely normal
or only mildly affected.

In dominant hereditary metabolic disease the
heterozygote shows the full effects of the disorder.
Homozygotes are in general unrecognized, and it
may well be that here the disability is so extreme
that the foetus is nonviable and death occurs in
utero. From the 'one gene, one protein' hypo-
thesis the severely affected heterozygote must
possess about equal amounts of a normal and an
abnormal protein within affected cells. In over
fifty separate recessive or sex-linked diseases the
nature of the absent enzyme or protein has been
characterized with certainty or near certainty. In
no single case has this been achieved in dominant
hereditary metabolic disease. Admittedly, recogni-
tion of a partial deficiency is more difficult than
in cases where it is complete or virtually com-
plete. The great discrepancy between these two
groups of hereditary disorders may possibly be
explained by the argument that at least some of
the dominant conditions are not due to a similar
mechanism as occurs in recessive disease, and that
some other defect than deficiency of a specific
enzyme is the primary cause.

Sickle-cell aniemia is an example of a recessive
hereditary disease in which there is an unusual
degree of disability in the heterozygote, e.g.
sickling of red cells, an undue tendency to vascu-
lar thrombosis, and inability to form a normally
concentrated urine. In this condition, it is known
that the disabilities shown by the heterozygote are
not due to deficiency of the normal protein,
hlemoglobin A, but to the actual presence of the
abnormal protein, hemoglobin S. A similar
mechanism might well apply in dominant con-
ditions, the disability of the heterozygote being
due to the presence of an abnormal protein,
rather than to a partial deficit of the normal one.
This could conceivably result in structural defects

of the affected cells, either of the protoplasmic
contents or of the cell membrane.
Sweeney (1965) has developed these speculat-

ions in relation to the four dominant metabolic
disorders, acute intermittent porphyria, variegate
porphyria, familial periodic paralysis, and here-
ditary spherocytosis. He emphasizes that these
diseases differ from recessive metabolic conditions
in that their onset is always some years after birth,
they may on occasions remain latent throughout
the whole of the patient's life, and each has a
peculiarly periodic character, exacerbations often
being produced by known stimuli. He suggests
that investigations of membrane permeability and
of the structural components of the affected cells
may well be more profitable than research to find
an enzymatic deficiency which may well not in
fact exist. The remainder of this Address extends
these arguments to the known functional and
structural defects of these and other dominant
hereditary diseases.
Dominant hereditary types ofporphyria: Erythro-
poietic protoporphyria (Magnus et al. 1961) is a
dominant hereditary disease characterized by
comparatively mild photosensitivity. The basic
metabolic defect is an increased formation of
protoporphyrin in developing erythrocytes, the
pigment being excreted in excess in the feces. In
intermittent acute porphyria, most common in
Sweden (Waldenstrom 1937) there is excess pro-
duction of 5-aminolevulinic acid (ALA) within
liver cells, leading to increased excretion of this
acid and of porphobilinogen, formed by con-
densation of two molecules of ALA. Nakao et al.
(1966) have recently shown that there is excess of
ALA synthetase in liver cells obtained at biopsy
from a case of the disease. In variegate porphyria,
most common in South Africa (Barnes 1951,
Dean 1953) there is increased fecal output of
coproporphyrin and protoporphyrin, with excess
urinary uroporphyrin and coproporphyrin
and their precursors during clinical exacer-
bations. The excretory pattern is similar to
that produced by injections of large amounts of
ALA (Berlin et al. 1956). All these disorders may
be clinically latent throughout life, or may show
sudden acute exacerbations which may be trig-
gered by known stimuli. Possibly the basic dis-
order is excess production of enzymes of the
porphyrin biosynthetic pathway, and this may
well be due to abnormalities of operator or con-
trol genes, rather than of structural genes prim-
arily concerned with specific protein synthesis.
Hereditary hyperbilirubinmmias: The Crigler-
Najjar (1952) type of hereditary jaundice is a
recessive disease due to absence of the enzyme
glucuronyl transferase in liver cells. By contrast,
the hereditary hyperbilirubinmmias described by
Gilbert et al. (1907), Dubin & Johnson (1954),
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and Rotor et al. (1948) are dominant hereditary
conditions in which no enzymatic defect has been
found. The basic abnormality in the Gilbert type
is a deficiency of transfer of unconjugated bili-
rubin from blood into liver cells, whereas in the
Dubin-Johnson and Rotor types there is a corre-
sponding transport defect between the liver cells
and the bile canaliculi. The abnormalities could
conceivably be due to structural anomalies of the
liver cell membrane.
Periodic paralysis: The various types of hereditary
periodic paralysis are dominant conditions which
usually remain asymptomatic for some years after
birth. The modern classification into the hypo-
kalaemic (Aitken et al. 1937), normokalemic
(Poskanzer & Kerr 1961), and hyperkalkmic
types (McArdle 1962) is due to interest in the
serum potassium concentration during paralytic
attacks. These three conditions are distinct
entities as they breed true in separate affected
families. There are defects of polarization of the
muscle cells consequent to abnormalities of the
rate of potassium flux between plasma and the
affected cells. Structural lesions consisting of
vacuoles within muscle fibres are found in all the
three types during or preceding paralytic attacks.
The primary abnormality may lie in the muscle
cell membrane or sarcoplasm, and could as easily
be due to a structural defect from the presence of
an abnormal protein as to a specific enzyme
deficiency.
Muscular dystrophies: The Duchenne type of
muscular dystrophy is due to a sex-linked gene,
but the facioscapulohumeral type (Landouzy &
Dejerine 1885) and myotonic dystrophy are
dominant conditions. There is in all types a
random progressive atrophy of muscle fibres, in-
cluding cardiac muscle. The basic disorder seems
to be an abnormal leak of intracellular constitu-
ents through the muscle cell membrane, account-
ing for creatinuria, reduction of myohoemo-
globin and organic phosphate esters within the
affected muscle fibres, and the appearance of
many intracellular enzymes in excess in plasma,
e.g. aldolase, lactic dehydrogenase, transaminases,
phosphoglucomutase, glycerophosphate isomer-
ase, and creatine phosphokinase. Again the
primary abnormality may well be an abnormal
permeability of the cell membrane due to a struc-
tural defect. A more extreme and obviously
structural variety of dominant hereditary muscle
disorder occurs in central core disease (Shy &
Magee 1956). Here there is an absence or decrease
of mitochondria and sarcoplasmic reticulum in
the central portions of the muscle cell. Mito-
chondrial enzymes are obviously decreased or
actually absent in the affected areas.
'Pseudo-pseudohypoparathyroidism': Most vari-
ants of this condition are transmitted as a sex-

linked hereditary disease (Mann et al. 1962), but
in some families (Hermans et al. 1964, Goeminne
1963, Minozzi et al. 1963, Arnstein et al. 1966)
there is a dominant type of heredity. Cases of
overt pseudohypoparathyroidism in other mem-
bers of the family have not been recorded in the
dominant type. The primary abnormality may be
a disorder of calcium and phosphate transport in
the affected bones, and in the blood vessels of the
basal ganglia. This could equally well be due to
a structural as to an enzymatic anomaly.
Hereditary amyloidosis: In all varieties of amyloid-
osis there is an abnormal deposition of a fibrous
protein in the extracellular compartment of con-
nective tissue. Of the five clinical variants of
hereditary amyloidosis, the type causing urti-
caria, nerve deafness and nephropathy (Muckle &
Wells 1962), and the two neuropathic types
(Andrade 1952, Rukavina et al. 1956) are all
dominant hereditary disorders. The presence of
an abnormal protein in all these conditions is
obvious, but there is no proof that this is the
primary abnormality directly influenced by a
single defective gene.
Hereditary spherocytosis: Much detailed investi-
gation has been devoted to this important domin-
ant hereditary metabolic disease. No constant
enzymatic deficiency has been reported, despite
the unusual availability of the affected cells. The
present popular view of the disease is that there is
a primary abnormality of the erythrocyte mem-
brane, making the cells abnormally permeable to
sodium. This may be partly compensated by in-
creased activity of the ATP-ase system, with
greater efficiency for extrusion of sodium from
the cell interior. In the unfavourable environment
of the splenic sinusoids, the presumably compen-
satory increase of sodium pump activity is im-
paired, and excess accumulation of sodium and
water within the cell will cause lysis. The primary
cell membrane abnormality may well be one of
structure rather than of an enzymatic defect.
Hereditary dominant defects of renal tubular
transport: Many varieties of renal tubular trans-
port defect are inherited by a mendelian dom-
inant type of transmission (Table 1). These in-
clude the Fanconi syndrome without cystinos.s,
where six affected families have been described
(Hunt et al. 1966), hereditary renal glycosuria,
familial glycinuria with urolithiasis (de Vries et al.
1957), glucoglycinuria (Kaser et al. 1962), and the
hereditary type of renal tubular acidosis, where 14
affected families have been described. All these
conditions except renal tubular acidosis show
transport defects for glucose, amino acids, and
sometimes phosphate and uric acid in the proxi-
mal renal tubular epithelial cells. In renal tubular
acidosis the primary defect is an inability to pro-
duce or maintain a high gradient of hydrogen ion
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between plasma and urine. The disorder may
equally well be due to lack of concentrative
ability for H+ by the distal tubular epithelial cells,
or alternatively to an excess passive back diffusion
of H+ from the lumen of the renal tubule distal to
the site of concentration ofH+. The latter explana-
tion would obviously conform better to the thesis
that dominant hereditary disease may often be
due to a protein structural defect affecting the
basic architecture of the cell or cell membrane.
Many of the examples of dominant hereditary

disease described above show abnormalities
which could be better explained by the presence of
an abnormal protein disturbing the normal struc-
ture of the cell contents or of the cell membrane
rather than to the partial absence of a specific but
unknown enzyme. Many of the basic functional
defects are disturbances of transport of substances
into or out of the affected cells, possibly con-
ditioned by alterations of the permeability of the
cell membrane. Studies of ultra-structure or more
basic research into membrane permeability may
be of greater future promise than the methods of
more conventional biochemistry.

SUMMARY
The 'one gene, one enzyme' theory of hereditary
metabolic disease has proved of inestimable value
in the elucidation of recessive and sex-linked con-
ditions. Many fundamental biochemical dis-
coveries are either directly due to studies of these
disorders, or have been greatly assisted by them.
Apparent exceptions to the theory may assist
future work on the fundamental mechanisms of
cellular inheritance. By contrast, the theory has
proved virtually useless in research on dominant
metabolic hereditary disease, where the primary
defect is in all cases still unknown. Arguments are
advanced that these conditions may be due to
abnormalities of structure of the cell contents or
of the cell membrane due to the presence of an
abnormal protein, rather than secondary to a
partial enzymatic defect.
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