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SELECTIONS FROM THE FIELD OF BIOCHEMICAL
ABNORMALITIES

0. G. Williams, M.D., M.R.C.P. (Pathologist, Swansea)

In discussing biochemical abnormalities, I shall first postulate that
the production of each protein, whether structural or enzymatic,
is controlled by one gene. Furthermore, normal protein synthesis
is the result of the synergistic action of a pair of genes (allelomorphs),
one from each parent, sited on a pair of homologous chromosomes
(homozygous state). As we shall see, alteration of one gene can
result in the productioxn of a normal protein (albeit-in a smaller
amount than usual), together with an abnormal protein from the
action of the abnormal (mutant) gene (heterozygous state).

It is accepted that proteins are built up on a template system from
alpha, or 1, amino acids. The simplest alpha amino acid is

glycine CH 2 COOH and the next homologue is alanine CH3 CH
NH2 NH2

COOH, the general series formula being R CH COOHNH2
In neutral solution the amino acid molecule undergoes rearrange-

ment so that the hydrogen atom of the carboxyl group moves on
to the amino group-giving the molecule a bipolar charge-the
zwitterion effect, thus:

CH2 COOH -> NH3+ CH2 COO-NH2
In acid solution the amino acid acquires an excess positive charge,

thus:
NH3+ CH2 COO- + H+ > NH3+ CH2 COOH
and in alkaline solution the opposite charge accrues, thus:
NH3+ CH2 COOW + OH- - * NH2 CH2 COO- + H20
As indicated, protein is synthesized under genetic control from

amino acid by the ribosomes on a template system by the condensa-
tion of adjoining carboxyl and amino groups, in a peptide linkage,
with the loss of a molecule of water, viz.:

R R /
NH3+ C- CO-NH C -COO-

(H20) Dipeptide
Proteins are made up of one or more polypeptide chains. From

x-ray diffraction studies, these polypeptide chains are known to be
coiled, with protruding side shoots formed by the R moiety of each
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individual amino acid. Furthermore, apart from the amino and
carboxyl groups sited at the respective ends of each chain, there
are amino acids with extra amino, or carboxyl groups attached to
carbons other than the first, i.e., in the R off shoots:

COOH NH2
CH2 Glutamic (CH2)4 Lysine
CH2 acid NH2 C COOH
NH2 C COOH

These additional groups will behave electrostatically in solutions
of different pH in the same way as their alpha carbon counterparts.
It is upon this variable electric charge, firstly on the amino acid and
thereafter on the peptides, that electrophoretic separation of protein,
and protein fractions largely depends-the sum total, and nature
of the charges depending on the amino acid composition and the
pH of their environment.
Haemolytic anaemia

Sickle-cell anaemia, restricted primarily to the African Negro,
is characterized, as its name implies, by the sickling of the red cells,
particularly in conditions of low oxygen tension. Accompanying
the usual findings of haemolysis, there is sludging of the circulatory
blood inducing thrombosis, embolism with infarction, as well as
cor pulmonale.

In 1949 Pauling showed that the basic defect in this condition lay
not so much in red cell structure as in the haemoglobin contained
therein. He prepared solutions of haemoglobin from normal adults
and from those with sickle cell anaenlia respectively, applying these
solutions to filter paper immersed in a buffer solution (pH 8.6), he
found that with a suitable potential difference between the ends of
the paper the haemoglobin of normal adults moved further towards
the positive pole than did that prepared from the sickle cells. He
concluded that the difference in mobility was due to differences in
electric charges and therefore in chemical composition. Since this
break-through by Pauling, numerous haemoglobins have been
characterized from various haemolytic states (grouped as 'the
haemoglobinopathies ')-the common factors in all these conditions
being the presence of an abnormal haemoglobin, whose production
is genetically determined and transmitted. The provision of an
adequate nomenclature for the numerous haemoglobins has pre-
sented difficulties, but the major normal adult type is called 'A',
the normal foetal haemoglobin 'F', that of sickle cell anaemia 'S', a
minor normal adult type 'A2', and the host of others have been
accredited letters in alphabetical sequence, as they were identified,
viz.: C - D .... In order of increasing electrophoretic mobilities,
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one can define: C, F, A2, 0, S, D, L, A, G, Q, F, A, K, J, N, etc.
Occasionally different haemoglobins isolated at the same time in
different parts of the world were given the same letter of identifica-
tion, but differentiation has been achieved by qualifying the letter
with the place of discovery, viz.: G - San Jose and G - Honolulu.

Haemoglobin structure
In conjunction with electrophoretic studies, the application of

other techniques, particularly x-ray crystallography, has exposed
the intimate secrets of protein structure. Haemoglobin is of dual
composition, a protein moiety globin combined with four haem
groups: each haem group, disc-like in configuration, is formed of
protoporphyrin, with a ferrous iron at its centre. Globin is an
aggregation of four polypeptide chains-2 pairs of 2 different
chains. In normal haemoglobin 'A' these chains were labelled
quite empirically alpha and beta, so that each molecule is composed
of 2 alpha and 2 beta polypeptide chains. Haemolgobin 'F' was
found to have 2 alpha chains and 2 other chains, different from the
beta type; these were called gamma types. Thus, haemoglobin 'F'
has 2 alpha and 2 gamma polypeptide chains.

Further, haemoglobin 'A2' was found to have 2 alpha and 2
further distinctive chains-delta chains. Ordinarily, haemoglobin
'A2' forms 10-15 per cent of the normal total adult circulatory
haemoglobin, whilst haemoglobin 'F' forms 60-70 per cent of the
haemoglobin of the newborn, disappearing rapidly in the neonatal
period. If, however, a haemolytic state is already established in
the newborn, haemoglobin 'F' production may continue indefinitely,
but once haemoglobin 'F' disappears from the circulation, its
production can never be resumed.

In 1957, Ingram took a half molecule of haemoglobin 'A', consist-
ing of 1 alpha and 1 beta polypeptide chain, and partially denatured
it. Structurally, denaturation involves the straightening of the
coiled peptide chain; at the same time the chain becomes susceptible
to splitting by various enzymes. Trypsin, used by Ingram, splits
the peptide linkages in which the carboxylic group is contributed by
an amino acid having a positively charged side chain; in practice this
means either lysine or arginine.

NH2
C :NH
NH Arginine
(CH2)3
NH2 C COOH

H
After splitting, the resultant fractions were separated two-dimen-
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sionally on paper, first by electrophoresis in 1 plane, and then at
right angles by chromotography. By this means he was able to
identify 26 distinct peptide groups.
Ingram submitted the half molecule of haemoglobin 'S' to the

same procedure. He found the identical fractions, but the peptide
which he labelled No. 4 in his haemoglobin 'A' analysis had now
moved nearer the negative pole of the electrophoretic field.
He concluded that in the haemoglobin 'S' pattern, a less negatively

charged amino acid had been substituted in the fourth peptide
group of haemoglobin 'A'. Further workers showed that Ingram's
peptide 4 was an octapeptide, and that glutamic acid in haemoglobin
'A' had been replaced by valine in haemoglobin 'S'.

Ingram's 'finger-printing' analysis and subsequent identification
of the amino acid sequence of his peptide fractions has now been
extended, and has shown that the varying mobilities of the abnormal
haemoglobins are due to single amino acid substitution, either in the
alpha or beta polypeptide chains of haemoglobin 'A'. (Ingram's
peptide 4 occupies one end of the beta polypeptide chain.) The
abnormal haemoglobins of the haemoglobinopathies can be grouped
into either alpha or beta chain defects respectively, e.g., haemo-
globin 'S' is the result of substitution of the sixth link in the 146
amino acid chain of the beta polypeptide. Substitution of the sixth
amino acid (lysine) in the 141 sequence of the alpha polypeptide
by aspartic acid characterizes haemoglobin 'I'.

Genetically speaking, it is apparent from this work that the
elaboration of each polypeptide is controlled by a singe gene (one
from each parent).

A O3AHaemoglobin 'A' can be represented as: A dA

Haemoglobin 'F' as: aA -yF
aA yF

Haemoglobin 'A2' as: aA 6A2
aA J3S

Haemoglobin 'S' as: aA 3As

for the heterozygous state and aA aS for the homozygous counter-
part. aA aS

Phenylketonuria or Phenylpyruvic Amentia
In 1934, ten cases of mental deficiency associated with the presence

of phenylpyruvic acid C6H5CH2 CO COOH in the urine were
described by Folling.
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In 1939, Jervis showed that the condition was genetically condi-

tioned and in 1953 that the essential defect was the lack of an hepatic
enzyme, phenylalanine hydroxylase, which converted the amino
acid phenylalanine to the para hydroxylased amino acid tyrosine.

H
K II D CH2 C COOH

NH2
H

HO CH2 C COOH
NH2

This reaction is unidirectional and not reversible.
In the ordinary way 4 to 6 per cent of ingested protein is directly

broken down in the body to provide these amino acids. Further,
the production of the hydroxylase normally commences during the
first two to three weeks of postpartum life. It is absent in the foetus.

Again, in the normal state a large part ofphenylalanine is converted
to tyrosine but with the enzymatic failure two minor but normal
catabolic pathways are elaborated, to give as end products ortho-
hydroxy-phenylacetic acid OH

KIID CH2 COOH

and phenyl pyruvic acid CH2 C COOH

Both these metabolites are found in excess in this condition, and
the presence of the latter in the urine provides an easy means of
identification.
The accumulation of phenylalanine in the body has important

secondary effects. Normally, tyrosine is converted to dopa or
dihydroxyphenylalanine, OH

CHC >CH CH COOHK IDHH2NH2

(the reaction catalysed by tyrosinase), and thereafter through a
quinone stage, and finally by polymerization to melanin.
The lack of hair, skin and eye pigmentation due to failure of

melanin formation, distinguished clinically, is believed to be the
result of the inhibition of tyrosinase by the high level of body pheny-
lalanine. Withdrawal of dietary phenylalanine corrects the de-
pigmentary state.
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Again, in healthy subjects tryptophane

(>7 CH2 CNH COOH

K> N
is mainly converted to l) COOH nicotinic acid, and

OH N

0< u CH2 NH2 serotin, and the latter excreted in the

M~~~H urine as-

CH2 COOH 5 hydroxy-indoleacetic acid2COOH ~(5 HIAA)

In this condition it is found that the two pathways are neglected,
and the normally minor conversion of tryptophane, to indole-
pyruvic acid

>77 CH2 C COOH

N

thereafter to indoleacetic acid:
CH2 COOH

N
elaborated in quantity. Both these two metabolites are found in
excess in the urine in this disease, together with a decrease of
5 HIAA.

It is emphasized that there are no abnormal metabolites produced
in this disease, only normal substances in abnormal amounts.
Genetically, the overt clinical state phenylketonuria is associated
with the homozygous state, i.e. both parents must be heterozygotes,
and transmit their abnormal gene to the subject. Though the
heterozygote state is unaccompanied by any clinical signs or
symptoms (the abnormal gene behaves as a " recessive") it can be
recognized by finding high blood phenylalanine levels in such subjects
after oral doses of the amino acid (tolerance test).

Akcaptonuria
Garrod in 1908 described alcaptonuria-the first of his " Inborn
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Errors of Metabolism ". In this state the urine darkens on standing,
especially if alkali is added: pigment is deposited in the cartilages
(ochronosis), and arthritis develops. Garrod found that the urinary
change is due to excessive excretion of homogentisic acid:

OH OH

CH2 COOH

He anticipated the 1958 finding that the homogentisic acid is a
normal metabolite derived from tyrosine, and its high concentration
in the body is the fesult of a lack of enzyme-homogentisic acid
oxidase, which catalyses its breakdown.

Summary and conclusion
I have taken from the large field of primary (or genetically deter-

mined) biochemical abnormalities the above examples, in order to
illustrate that the syntheses of structural and enzym.ic proteins can
be influenced in one of three ways. Firstly, there may be a complete
failure of synthesis; this is illustrated by the absence of the hydro-
xylase and oxidase in phenylpyruvic amentia and alcaptonuria
respectively. Secondly, there may be abnormal protein production;
this is instanced by the haemoglobins of the so-called haemo-
globinopathies. Thirdly, there may be a conditioned failure to
suppress protein (polypeptide) production, as seen in the persistence
of haemoglobin 'F' in congenital haemolytic states.
Can these three different phenomena be explained by a single

coherent picture? It is believed that the synthesis of proteins on
the ribosomes is under the direct control of a gene. In the light of
the above analysis, one can supplant the 1 protein-I gene hypo-
thesis of my introductory remarks by propounding a 1 gene-
1 polypeptide concept. In close association with the gene directly
controlling protein synthesis (the structural gene), one can postulate
the existence of two complementary genes-the operator and re-
pressor genes respectively. The operator gene is believed to control
the activity of the structural gene, and it in its turn can be inhibited
by the repressor gene acting via a specific repressor substance. The
production of abnormal proteins can be equated with a change in
the structural gene (mutant gene), the failure of protein production
by a defect in the structural or operative genes, or by overactivity
of the repressor gene.

Finally, failure of repressor gene or specific repressor substance
can account for the persistence of haemoglobin 'F' in post-foetal
life.
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DISCUSSION

Question: Why are genes with harmful effects not gradually
removed from the population despite their association with reduced
fertility?
Dr Clarke: The geneticist's answer is that the heterozygote is at

an advantage. For instance, a person who is heterozygous for the
sickle-cell trait is at an advantage over the normal because he does
not get malaria, and is obviously at an advantage over the homo-
zygous person with double 'S' because he does not die of sickle-cell
anaemia. That is one of the explanations. It is also probably true
that being heterozygous for an abnormal gene may make a person
more fertile; if that is so, equilibrium will result and unpleasant
genes will not be removed from the circulation.
Dr Watson: When I started being interested in viruses I was

intrigued with their characteristic capacity to alter cell function
and I came to look on them as parasitic genes. I wonder whether
we are not constantly forgetting this side of biology, and I wonder
whether trisomy from rubella viruses is not one reason why some
people get rubella defects and others do not. Could Dr Clarke say
whether that is complete nonsense or not? These viruses have many
points of contact with gene biochemistry and biophysics; perhaps
we are really looking at two sides of a coin, and the infective seasonal
variation has to be explained eventually through a genetic mechanism.

Question: Has any investigation been carried out into the
pregnancies of women suffering from congenital syphilis, in view of
the high miscarriage, stillbirth and congenital anomaly rates in this
group, particularly in untreated cases?
Chairman: I do not recall a pregnancy in a case of congenital

syphilis with any abnormality at all; this also raises the question of


