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Figure 3 Diagnostic phenylalanine concentrations in PKU infants carrying combinations
of mutations with varying degrees ofPAH enzyme activity based on in vitro expression
analysis. "Null" means zero enzyme activity. The associated activities of the other
mutations are: I65T, 26%' ; Y414C, SO%32 ; R408Q, 55%.33 Thus, individuals
homozygous for I65T would be expected to have about the same residual activity as those
carrying Y414CInull and R408Q/null mutations. Median values for each group are shown
(horizontal bar). Kruskal-Wallis non-parametric statistical analysis showed that there was
no statistically significant difference between those infants carrying two null mutations and
those carrying either I65T/null (13% activity) or those homozygous for I65T (26%
activity). It is important to mention, however, that three of the children with I65TII65T
were siblings. The difference between the null group and those carrying Y414C/null (25%
activity) and those with R408QInull (- 26% activity) were statistically significant.34

Genotypelphenotype correlations
In vitro expression analysis shows that each
mutation has a particular quantitative effect on
enzyme activity.30 Some mutations are found to
be associated with a complete loss of enzyme
activity, whereas others are associated with
residual activity, ranging from 5% to 70%.7 3
It can be anticipated that various combinations
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of mutations would result in a full spectrum of
biochemical phenotypes, ranging from classic
PKU (requiring strict dietary management) to
mild non-PKU HPA (in which dietary restric-
tion of phenylalanine is not necessary).
Some mutations (R297P, A322G, T380M,

D425N, as a few examples) appear to be asso-
ciated only with a non-PKU HPA'; when they
occur in combination with a null mutation, the
diagnostic phenylalanine concentrations in
these individuals and phenylalanine concentra-
tions on an unrestricted intake are never above
- 450 ,umol/l. At the other end ofthe spectrum,
it is probably safe to say that the highest diag-
nostic phenylalanine concentrations are usually
found in infants, whether breast or formula fed,
who have the lowest associated PAH activity.35
However, diagnostic concentrations in infants
carrying two null mutations can range from
- 1000 to > 3000 jmol/l and there is a large
overlap with those carrying at least one
mutation which is believed to be associated
with residual enzyme activity35 (fig 3).

This also applies to the severity of the disor-
der as determined by the degree of dietary
phenylalanine intake, the relative ease of
dietary management or, ultimately, the clinical
outcome. Generally, those children with a
complete lack of PAH activity tend to have the
greatest dietary phenylalanine restriction at all
stages of development but, once again, there
are large overlaps between those with two null
mutations and individuals carrying a less
deleterious one (unpublished results). Thus,
for any individual phenylketonuric infant, a
lower diagnostic phenylalanine concentration
in the neonatal period will not necessarily
imply residual enzyme activity and, therefore,
predict a less severe biochemical phenotype.
The fact that additonal genetic, constitu-

tional, and envionmental factors contribute to
the overall phenotype is also manifest by the
large variation in the intellectual outcome of
untreated subjects with the same genotype,
both within and between families.'$38 The pre-
cise biological mechanisms by which pheno-
typic variation occurs are not known, but it is
certain that the contributing factors are multi-
ple and varied. Treacey et al,39 for example,
have shown that although there is an identical
hydroxylation of phenylalanine to tyrosine in
affected siblings with the same genotype, there
can be variation in phenylalanine use through
additional pathways involved in phenylalanine
homeostasis.

Therefore, it is clear that although in vitro
expression systems are extremely important
and useful laboratory tools for establishing the
more proximate effects of a particular mutation
such as the effects on mRNA synthesis, protein
synthesis, or enzyme activity, they allow only a
relative order of severity of various mutations
to be established. The more ultimate effects in
affected subjects (ease of dietary biochemical
control or clinical outcome in treated or
untreated patients) must take into account
additional complementary influences that are
involved both in phenylalanine metabolism in
particular and neurophysiological development
in general. Ultimately, a simple correlation may

not always be apparent between genotype at
the PAH gene and clinical phenotype.

Results of the PAH gene analysis presented here were part of a
multicentre study in the British Isles. We are deeply indebted to
many clinicians throughout England, Scotland, and Wales who
sent us samples from their PKU patients and to the patients
themselves and their families who participated so willingly in the
project. We gratefully acknowledge the generosity of Professor
Charles Scriver and Susan Byck who gave us primers for dena-
turing gradient gel electrophoresis analysis. Mrs Anne Stephen-
son carried out the genetic analyses in the laboratory at South-
mead Hospital and she was supported by a grant from the
Wellcome Trust.
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