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SUMMARY Six families with at least one infant each with confirmed ornithine transcarbamylase
deficiency were investigated by DNA analysis. All the affected sons had died, and no DNA had
been stored. Using the restriction endonucleases MspI and Bam HI three restriction fragment
length polymorphisms were detected which led to eight distinct haplotypes. Using these results
and those of protein loading tests that diagnosed heterozygote (carrier) status in some family
members, some carriers were detected, and prenatal diagnosis was offered to two families. In two
further families no polymorphisms were found and no prenatal diagnosis was possible. In the
remaining two families prenatal diagnosis was impossible because of the lack of DNA from an
affected or unaffected son, or in one case from the father, of an obligate carrier.
These studies emphasise the importance of preserving tissue for DNA extraction from infants

dying of inborn errors of metabolism, and also show the way in which information from
conventional biochemical studies can complement diagnostic tests using DNA.

Deficiency of ornithine transcarbamylase (Enzyme
Commission No 2.1.3.3), an enzyme in the urea
cycle, is a severe X-linked disorder which results in
hyperammonaemia and early death in affected
hemizygote male infants. 1-3 Due to random in-
activation of X chromosomes female carriers have
variable amounts of enzyme activity and a less
severe form of the deficiency. This may show itself
in protein intolerance, cyclical vomiting, and mental
retardation, although many carriers are asymptoma-
tic.

Ornithine transcarbamylase is a mitochondrial
enzyme expressed only in liver and small intestinal
mucosa,l so prenatal diagnosis by chorionic villus
sampling or amniocentesis is not possible. Detection
of carriers has been attempted by giving an orotic
acid free protein load and measuring urinary excre-
tion of orotic acid and blood ammonia concentra-
tions. Though a positive result can successfully
indicate a carrier a negative result does not neces-
sarily indicate normality because of the variability of
enzyme activity that may approach normal in some
carriers.' For example, an asymptomatic woman
whose daughter and two infant sons died from
ornithine transcarbamylase deficiency had normal
protein loading tests.4

Isolation of the gene for ornithine transcarbamy-

lase has permitted an alternative approach to the
diagnosis of the disorder by DNA analysis.5
Although the mutations responsible for the de-
ficiency are unknown, in most circumstances the
disorder can be detected by establishing linkage
between the mutant gene and a restriction fragment
length polymorphism within or near the gene
locus.68 Once a restriction fragment length poly-
morphism has been closely linked to a particular
gene, it may be possible to track that gene by its
restriction fragment length polymorphism, which
will be transmitted along Mendelian lines within a
family. In this study we describe our experience
using DNA linkage analysis for the detection of
carriers and in prenatal diagnosis of six kindred at
risk of ornithine transcarbamylase deficiency.

Patients and methods

Members of six kindred with ornithine transcar-
bamylase deficiency were studied. Figs la-f show
the pedigrees of tiese families.

KINDRED A (fig la)
Ornithine transcarbamylase deficiency was di-
agnosed after the propositus (III 5) presented when
2 days old with hyperammonaemic coma and died
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Fig la-f Pedigrees of kindreds A-F. Roman numerals indicate generations, Arabic numerals indicale haplotypes.

on day 4. Analysis of liver obtained by needle biopsy
before death showed barely detectable ornithine
transcarbamylase activity; other enzymes of the urea

cycle were within the normal ranges. His mother (II
2) and two sisters (III 1 and III 2) had unequivocally
positive results when given a formal protein loading
test.9

KINDRED B (fig lb)
The propositus (III 3) died when 4 days old, having
become hyperammonaemic on day 2. Ornithine
transcarbamylase deficiency was suspected when
analysis of the urine showed high concentrations of
orotic acid, and plasma citrulline concentration was
undetectable. The diagnosis was confirmed when
ornithine transcarbamylase activity was found to be
less than 10% of normal in liver obtained before
death by needle biopsy. An earlier male sibling had
died in identical circumstances, and the mother (II
1) was therefore diagnosed as an obligate heterozy-
gote for ornithine transcarbamylase deficiency. Her
protein loading tests were positive but those of her
sister (II 2) and their mother (I 1) were negative.

KINDRED C (fig Ic)
The propositus (III 1) died in the neonatal period
and a diagnosis of ornithine transcarbamylase de-

ficiency was suggested by analysis of blood and
urine; this was confirmed by assay of liver enzyme
activity. A second son (III 2) was treated for
ornithine transcarbamylase deficiency from birth.
This had been diagnosed by a low plasma citrulline
concentration together with increased excretion of
orotic acid in the urine. He was never hyperammo-
naemic and had remained well on treatment for
eight months, when he died suddenly during an
intercurrent infection. The mother (II 2) was thus an
obligate heterozygote. Her mother (I 2) had a
normal protein loading test.

KINDRED D (fig ld)
The propositus (II 2), a girl of 3 years old, was found
to be a carrier for ornithine transcarbamylase
deficiency after she presented with protein intoler-
ance and cyclical vomiting. The diagnosis was
suspected when raised concentrations of blood
ammonia together with increased excretion of orotic
acid in the urine were found. A liver biopsy
specimen showed ornithine transcarbamylase con-
centrations of about 30% of normal. Neither her
mother (I 1) nor her sister (II 1) showed any
evidence of ornithine transcarbamylase deficiency
and in both the protein loading tests were negative.
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KINDRED E (fig le)
In this family the propositus was a girl aged 18
months who presented with recurrent vomiting. She
had increased excretion of orotic acid in the urine, a

raised blood ammonia concentration, and raised
plasma glutamine concentration; no other plasma
amino acids were appreciably raised. She died of an

ependymoblastoma at the age of 21/2 years.'() Her
mother (II 2) had had two sons both of whom died in
the first week of life. Protein loading tests on the
mother, her two sisters and their mother gave

unequivocally positive results.

KINDRED F (fig If)
The mother (II 1) was diagnosed as a heterozygote
for ornithine transcarbamylase deficiency on her
family history and the positive results of a protein
loading test. The propositus, her son, died when 3
days old following the onset of vomiting and coma

on day 2. Excretion of orotic acid in the urine was

raised and the plasma citrulline concentration was

undetectable. A sample of liver obtained by needle
biopsy showed complete absence of cross reacting
ornithine transcarbamylase protein. The mother's
brother (II 4) had died aged 5 days of unknown
cause.

DNA ANALYSIS
DNA was prepared by standard methods from the
buffy coat fraction obtained from 10 ml of blood.11
DNA (10 ,ug) was digested with restriction endonuc-
leases MspI, Bam HI, or Taq I (Pharmacia) under
conditions recommended by the supplier. The re-

sulting restriction fragments were separated by
agarose gel electrophoresis (0-8% agarose, 16-18
hours at 1-8 V/cm) in Tris-acetate-EDTA
buffer.'2 DNA transfer to nitrocellulose mem-

branes, prehybridisation, and hybridisation were

carried out by the methods described by Maniatis et
al, 12 with hybridisation in the presence of 50%
formamide for 18 hours at 420. The radioactive
hybridisation probe was prepared by labelling a

recombinant plasmid containing a full length of
complementary DNA for human ornithine trans-
carbamylase2 to give a specific radioactivity of at
least 108 dpm/lg. After hybridisation the filters were
washed for one hour at room temperature in 2x
SSC(SSC=0-15M sodium chloride, 0*015M sodium
citrate. pH=7-0), and then three times for 30
minutes each in 0-1 x SSC at 650. Bands were

detected by auto-radiography at -70° using pre-
flashed Fuji RX x ray film. Fragment sizes were

measured by reference to Hin dIll-digested X phage
DNA.

PROTEIN LOADING TEST
After an overnight fast patients were given a protein
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load of I glkg body weight derived from steamed
chicken breast. Fasting and 0 to six hours after the
load urinary orotic acid concentrations were com-

pared with those from age matched controls.9
Urinary orotic acid was measured by the method of
Harris and Oberholzer.'3

Results

The restriction endonuclease MspI detected two
separate restriction fragment length polymorphisms,
the alleles measuring 6-6 and 6-2 kb pairs in one case
and measuring 5-1 and 4-4 kb pairs in the other;

kb kb

- 17.5
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Fig 2 Partial pedigree and Southern blot analysis offamily
A with MspI digested DNA hybridised with OTC
cDNA. Band sizes are given in kb (kilobase pairs).
Polymorphic sites are illustrated by arrows. The proband
is shown as *, carrierfemales as OJ, normalfemale 0,
normal male 0. Each lane in the Southern blot is labelled
with the pedigree designation ofthefamily member whose
DNA was analysed in that lane.
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Bam HI gave a single restriction fragment length
polymorphism comprising 18 and 5-2 kb bands (figs
2 and 3). As a result any X chromosome may have
one of eight possible haplotypes that is, combina-
tions of the three pairs of alleles. The table shows
haplotypes 1-8.

Haplotype construction was facilitated by analysis
of restriction fragment length polymorphisms of an
appropriate male subject from each family in whom
the presence of a single X chromosome allowed the
haplotype to be specified in all cases. Thus for
females, it was always possible to deduce which
restriction fragment length polymorphisms were
linked to one another on the two separate X
chromosomes.

KINDRED A
DNA analysis in this family was informative. The
mother and her two daughters (III 1 and III 2) who
were the presumed carriers had haplotypes 1,5. The
unaffected son (III 3) had haplotype 1. The
ornithine transcarbamylase mutant gene must there-
fore have been linked to haplotype 5. The maternal
grandmother (I 2) had haplotype 1,3 and as she did
not have the haplotype 5 that was lUni
mutant gene a spontaneous mutation

Fig 3 Southern blot analysis ofBam HI digest
hybridized with OTC cDNA. Band sizes are gi
Kb. Polymorphic sites are illustrated by arrows

Table Assignment ofhaplotypes for restriction fragment
length polymorphisms about the ornithine transcarbamylase
gene

Hap1ntype Restriction enIdonucIleases

M.spI (kb) ¢ Bain HI (kb)

1 6-6 5-1 18
2 6-6 5.1 5-2
3 6-6 4.4 18
4 6.6 4-4 5-2
5 6-2 5-1 18
6 6-2 5.1 5-2
7 6-2 4-4 18
8 6-2 4-4 5-2

*Mspl detected two restriction fragment length polymorphisms.

occurred in either a germ cell from the maternal
grandfather or in an early cleavage, and II 2 thus
carried a new mutation. The maternal grandmother
and her four sisters (not shown) could therefore be
assured that they were not carriers.

Ked to the KINDRED B
must have The propositus's mother (II 1) was the only known

carrier in this kindred. Her haplotype was 2,2 and as
we detected no restriction fragment length poly-
morphism about the ornithine transcarbamylase

:.:kb gene, prenatal diagnosis could not be offered to her.
Her mother (1 1) had haplotype 2,3 and her father (I
2) had haplotype 2. The maternal grandmother of
the propositus (I 1) and maternal aunt (II 2) had
negative protein loading tests so that it was not
certain whether this was a new mutation. If I 1 were
a carrier, the maternal aunt with haplotype 2,2
would also be a carrier. II 2's affected X chromo-
some, however, could also have been derived from a
new mutation in a germ cell from either her mother
or her father, or from a mutation in an early
cleavage.

KINDRED C
The mother of the propositus (II 2) had haplotype
1,4, her mother had haplotype 1,4 and her two
brothers II 3 and II 4 and her husband had
haplotype 1. Her newly born daughter III 3 had
haplotype 1,4. As the propositus's maternal grand-
mother had a negative protein loading test it was
uncertain whether she was a carrier. In this case
prenatal diagnosis could have been offered to II 2 if

_ 5-2 DNA had been available from one of the affected
sons (III 1 or III 2). Should the newborn daughter

ted DNA III 3 be confirmed to be a carrier by a loading test,
en in however, then the defective gene would probably

segregate with haplotype 4, because III 3 obtained
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her haplotype 1 from her (unaffected) father. In this
eventuality diagnosis could have been offered.

KINDRED D

The only known heterozygote for ornithine transcar-
bamylase deficiency in this family, II 2, had haplo-
type 2,5. Her mother and sister also had these
haplotypes and her father and her unaffected
brother had haplotype 5. Protein loading tests in
both the mother and the sister were negative. Thus
it was not certain whether the propositus's carrier
state was the result of a new mutation or whether
her mother and sister were also carriers. Had her
sister inherited haplotype 5 from her mother instead
of haplotype 2, then heterozygosity could confi-
dently have been excluded. The information ob-
tained, however, made it certain that as far as

ornithine transcarbamylase was concerned her geno-
type was the same as her mother's. Either both were

carriers or both were normal, and this affected
genetic counselling about risk rates.

KINDRED E

The propositus's mother (II 2) was a carrier for
ornithine transcarbamylase deficiency as she had
given birth to two sons with presumed ornithine
transcarbamylase deficiency and had a positive
protein loading test. DNA analysis showed that she
and her two sisters had haplotypes 1,5, her mother
had haplotype 5,7, and her father had haplotype 1.
As all three sisters and their mother had had positive
protein loading tests all were presumed to be
carriers. The defective gene in this family was linked
to haplotype 5, because the sisters' father, who was

healthy, had haplotype 1. Thus prenatal diagnosis
could be offered to all three sisters.

KINDRED F

II 1 had haplotype 1,1 and thus it was not possible to
distinguish between her two X chromosomes using
only MspI and Bam HI. No prenatal diagnosis was

possible for her at the time of writing.

A change of a Taq I restriction endonuclease site
in two families with ornithine transcarbamylase
deficiency was recently described, which could
represent a new mutation or another polymorphism.8
Because the restriction fragment length polymor-
phisms for MspI and Bam HI were uninformative in
two kindreds (B and F) we investigated two carriers
(kindred B (II 2) and kindred F (II 2)) for the
presence of these Taq I sites; no changes were

found. Further, no change in the Taq I sites in
carriers from two other families (kindred A (II 2)
and kindred C (II 2)) were found. In addition, a Taq
I polymorphism characterised by a 3-7 and 3-6 kb
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band has been described. 14 We have had no success
in finding this restriction fragment length polymor-
phism in carriers from four kindred with the
deficiency (A, B, C, and F) nor in 20 control female
subjects.

Discussion

In this paper we describe the investigation of six
kindreds of patients with ornithine transcarbamylase
deficiency using a cDNA probe for the orni-
thine transcarbamylase gene, and illustrate the
principles and problems of this type of analysis.

Before the availability of cDNA probes prenatal
diagnosis of ornithine transcarbamylase deficiency
could only be attempted by diagnosing sex and then
terminating pregnancies with a male fetus (50% of
which would probably be unaffected),' or by
examination of a fetal liver biopsy specimen,'5
which is not always possible. Prenatal diagnosis by
direct gene analysis was first achieved by Old et al,
who excluded ornithine transcarbamylase deficiency
in a male fetus from a family in which karyotyping
had established the presence of a deletion.7
Where there are no deletions, the disorder can be

detected by establishing a linkage between the
mutant ornithine transcarbamylase gene and restric-
tion fragment length polymorphisms in or around
the gene. Rozen et al reported that a combination of
restriction fragment length polymorphisms observed
with Bam HI and MspI could be expected to be
informative for 80% of women at risk.6

For linkage studies to be helpful for prenatal
diagnosis of an X-linked disorder such as ornithine
transcarbamylase deficiency, there are certain pre-
requisites. Firstly, the mother must be a known
carrier of an ornithine transcarbamylase mutation
and a heterozygote for a restriction fragment length
polymorphism. Secondly, there must be either DNA
available from at least one son, affected or un-
affected, or the mother's mother must be a known
carrier, and DNA must be available from the
mother's father or a brother. A known carrier of an
ornithine transcarbamylase mutation is defined as
either an obligate carrier on family history or a
subject shown to be a carrier by the results of a
carefully controlled protein loading test. When all
this information is not available it may be possible to
make an exclusion diagnosis in a proportion of
cases, but prenatal diagnosis cannot unequivocally
be offered.

In the kindreds we studied DNA was not available
from any of the affected deceased sons. In kindreds
A and E information from a combination of both the
DNA and protein loading studies made prenatal
diagnosis available for the mothers of affected sons
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as well as for two daughters in kindred A and two
sisters in kindred E. The information from protein
loading tests enabled these family members to be
classified as carriers, and the DNA study showed
that the X chromosome could be successfully
tracked. This was possible in kindred E because
DNA was available from the father of the three
sisters, and their mother was known to be a carrier
from a protein loading study.

In the other four kindreds prenatal diagnosis
could not be offered to the mothers of affected boys,
either because they were not heterozygous for any
detected restriction fragment length polymorphism
(kindreds B and F) or because DNA from affected
or unaffected sons was unavailable, in addition to
the uncertainty about whether these mothers were
carriers as a result of a new mutation. Nevertheless,
diagnosis by exclusion might have been possible in
some of these families if their haplotypes had been
different as illustrated by the results for kindred D,
but in no case was this so.
The current study indicates two important points.

Firstly, DNA diagnostic tests may be successfully
complemented by conventional biochemical tech-
niques. Another example is the use of creatine
kinase measurements in defining carrier states in
Duchenne type and Becker's muscular dystrophy.'6
Secondly, it is vital that tissue or DNA itself should
be collected and stored from any patient with an
inherited disorder who seems likely to die. It is
crucial that paediatric and obstetric units obtain a
protocol from their regional molecular biology
service so that such collections can be made at any
time.

We thank Dr N Hoogenraad, Biochemistry Department, La Trobe
University, for carrying out the ornithine transcarbamylase assays
and Ms Mary Potter, Oliver Latham Laboratories, for performing
the protein loading tests. We also thank Dr Leon Rosenberg
for providing us with the cDNA probe, and Dr KE
Davies for confirming the studies on kindred F. This study was
made possible by a grant from the Clive and Vera Ramaciotti
Foundations.
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