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Summary

Objective: Alkaptonuria (AKU) is a rare inborn error
of metabolism of aromatic amino acids and considered
to be an autosomal recessive trait caused by mutations
in the homogentisate 1,2-dioxygenase (HGD) gene. A
dominant pattern of inheritance has been reported but
was attributed to extended consanguinity in many
cases. However, we have observed a non-consanguin-
eous family segregating AKU in a dominant manner
over three generations.

Results: All affected individuals presented with typical
features of AKU including darkening of the urine,
ochronosis, arthropathy, and elevated urinary excre-
tion of homogentisic acid. Sequence analysis of the
HGD gene from genomic DNA of two affected
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individuals, uncle and niece, revealed a heterozygous
missense mutation (M368V) in the uncle that was not
present in his niece. Microsatellite genotyping demon-
strated that both were heterozygous at the HGD locus
and shared one haplotype. This haplotype did not
contain a detectable HGD mutation. The haplotype
was also found in a healthy son of the niece, making a
dominant HGD mutation unlikely. Moreover, se-
quencing of cDNA from lymphoblastoid cells of the
niece did not reveal an HGD mRNA with a potentially
dominant-negative effect.

Conclusion: Rare causes of the uncommon AKU
inheritance in this family have to be considered,
ranging from the coincidence of undetectable HGD
mutations to a dominant mutation of a second,
hitherto unknown AKU gene.

Abbreviations

AKU alkaptonuria

HGA homogentisic acid

HGD homogentisate 1,2-dioxygenase

Introduction

Alkaptonuria (AKU) was the first human disorder
proposed to be a recessive trait (Garrod 1902). This
paradigmatic inborn error of metabolism is character-
ized by the triad of ochronosis, which refers to the dark
pigmentation of connective tissue, arthropathy, and
homogentisic aciduria. Ochronosis is rarely noticeable
externally before the third decade, when a grey to
bluish-black pigmentation appears at the ear cartilage
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and at the site where the musculus rectus oculi inserts
into the sclera. Ochronotic osteoarthritis may resemble
rheumatoid arthritis clinically and affects nearly all
patients in later years. In the fifth to sixth decades,
AKU patients may develop kidney stones and calcifi-
cation of the cardiac valve and coronary artery (La Du
1995; Phornphutkul et al 2002).

Homogentisic acid (HGA, 2,5-dihydroxyphenylace-
tate) is a catabolite of the aromatic amino acids
phenylalanine and tyrosine. Alkali-induced oxidation
of this ‘alcapton’ causes blackening of the urine, which
represents a pathognomonic sign of AKU (La Du
1995). Accumulation of HGA has been attributed to
complete deficiency of homogentisate 1,2-dioxygenase
(HGD) (La Du et al 1958).

The HGD gene was first identified in the mould
Aspergillus nidulans, in which the metabolic pathway
is completely conserved (Ferndndez-Cafién and
Penalva 1995; Granadino et al 1997). In AKU patients,
missense, frameshift, and intronic mutations of the
HGD gene have been found. However, HGD muta-
tions were not detectable in 9% of the AKU alleles
(Beltran-Valero de Bernabe et al 1998).

Structural analysis of HGD revealed a hexamer of
subunits arranged as a dimer of trimers. Many
missense mutations are located in the region of contact
between the subunits (Titus et al 2000). The aku
mouse model resulted from an hgd frameshift muta-
tion in the C-terminal region that comprises the active
site of the enzyme (Kress et al 1999; Manning et al
1999). Heterozygous mice showed half-normal hepatic
enzyme activity and did not excrete HGA, while ho-
mozygous mice had residual catalytic activity of 5.9%
and excreted large amounts of HGA (Montagutelli
et al 1994). Data on HGD activity in heterozygous
humans have not been reported. Loading tests with
tyrosine or HGA did not indicate a difference in
metabolic activity between relatives of patients and
normal controls. Thus, an oral load of 5 g HGA did
not result in abnormal HGA excretion (reviewed in La
Du 1995).

Apparently dominant inheritance in AKU has been
reported before (Milch 1955). In some AKU families
(Khachadurian and Abu Feisal 1958) this segregation
pattern could be attributed to extended consanguinity
(La Du 1995). Whether there are AKU cases with
truly dominant mode of inheritance is still under
debate. As yet, sufficient evidence has not been
provided (La Du 1995). Here, we report a non-
consanguineous pedigree segregating AKU in domi-
nant pattern.
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Materials and methods
Patients

Two affected individuals of this German family were
available for clinical and genetic examination. The
phenotypes of two deceased affected individuals were
ascertained through review of medical records. All
participating individuals gave their written informed
consent prior to the study. Genomic sequence data in
the index patient (III1) and her uncle (II3) were
confirmed in DNA from independent blood samples.
Lymphoblastoid cell lines were established by trans-
formation with Epstein—Barr virus.

Analysis of homogentisic acid in urine

Urinary excretion of homogentisic acid was carried out
by gas chromatography-mass spectrometry according
to standard protocols.

Sequencing

Genomic DNA and total RNA were extracted from
whole blood and lymphoblastoid cells, respectively,
using standard methods. RT-PCR was carried out
using the gene-specific primer RTas (5-CCACA
GAACACCAGCAAGTTTATTG-3) in the 3’'UTR
(Superscript first-strand synthesis system, Invitrogen,
Karlsruhe, Germany) followed by amplification of the
entire translated cDNA in one fragment (cdnals 5-TT
CCTGAAGTCACCACACATAG-3" and cdnalas 5-
CAATACTACCAGAAAGCATGAGAT-3). In ad-
dition, the entire coding cDNA was amplified in the
three overlapping shorter fragments. Sequencing of the
coding regions of the HGD gene was carried out by
fluorescent dideoxy sequencing of PCR products
generated from genomic DNA or cDNA, respectively,
on an ABI 3130xl genetic analyser (Applied Biosys-
tems, Darmstadt, Germany). For sequencing of all 14
HGD exons and flanking intronic regions, primers
were selected according to the GenBank 6 database
(accession numbers AF000573 and AF045167).

Genotyping

For haplotype analysis, markers within the HGD
locus were chosen from the Ensembl and GDB data-
bases, respectively, based on the human genome
sequence (build 36.2). Alleles were amplified from
genomic DNA using fluorescently labelled primers
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and size-fractionated on an ABI 3130xl. Allele sizes
were determined using the GenScan software (Applied
Biosystems).

Results
Clinical and biochemical findings

The family was of German origin and consanguineous
relationships were denied. Patient 113 was 69 years of
age at the time of examination. Blackening of the
urine was present from early childhood. Biochemical
analysis revealed massive urinary excretion of HGA
(>1 mol/mol creatinine), which normally is not detect-
able. Excretion of other organic acids was normal.
Progressive ochronotic arthropathy manifested in the
third decade, followed by ochronosis of ears and eyes
(Fig. 1). Arthropathy involved both large as well as
small joints including hips, knees, shoulders, inter-
vertebral joints, symphysis, interphalangeal and meta-
carpal joints and reached a severe level in the fifth
decade. Echocardiography revealed apical and anteri-
or hypokinesia. In addition, he was found to have high
blood pressure as well as hypercholesterinaemia.

Patient 112, the brother of 113, had died at the age of
52 years from ochronotic valvular and coronary heart
disease. He also had typical signs of AKU such as
darkening of the urine, ochronosis of the ear lobes, and
severe vertebral arthropathy. The same signs were
found in individual I1, the mother of II12 and II3, who
died at the age of 76 years.

In patient III1, daughter of 112, AKU was suspected
during infancy when blackening of the urine was

Fig. 1 Ochronosis of ear lobe and sclera in patient 113

observed. The diagnosis was confirmed biochemically
on the basis of massive urinary excretion of HGA
(5.2 mol/mol creatinine). Excretion of other organic
acids was normal. At the age of 32 years she had inter-
mittent mild to moderate arthropathy of the interver-
tebral joints but no external signs of ochronosis. Her
two sons (IV1, IV2) were healthy and urinary excretion
of HGA was undetectable.

Molecular findings

Sequencing of the HGD gene from genomic DNA in
patient 113 and his niece III1 revealed a heterozygous,
previously described, missense mutation (M368V;
Beltran-Valero de Bernabe et al 1998) in the uncle
113 but not in the niece III1. In addition, the uncle was
heterozygous for a common non-synonymous poly-
morphism (H80Q, rs2255543), while his niece was
homozygous at this position.

Haplotype analysis of the HGD locus was per-
formed in affected and non-affected family members
by genotyping of highly polymorphic microsatellite
markers (Fig. 2). The constructed haplotypes revealed
that all genotyped individuals were heterozygous at
the HGD locus. Patient ITI1 shared one haplotype with
her non-affected mother II1 and one haplotype with
her affected uncle II3. Both haplotypes of her mother
were different from those of her uncle. Thus, the
microsatellite data did not support the possibility that
identity-by-descent at the HGD locus (as caused by
unrecognized consanguinity, for instance) had resulted
in pseudodominance. Microsatellite data also excluded
a large deletion of the HGD locus. In fact, the uncle
II3 was heterozygous at three intragenic positions
(D3S4497, M368V, 1s2255543). Since the HGD en-
zyme functions as a complex multimer, we considered
the possibility that a heterozygous intronic mutation,
i.e., an aberrant splice product exerting a dominant-
negative effect, could give rise to a defective enzyme
variant. However, sequencing the entire HGD cDNA
from lymphoblastoid cells of both affected individuals
II3 and III1 did not reveal an HGD mRNA with a
potentially dominant-negative effect. Moreover, the
haplotype shared by II3 and III1 was also present in
IV1 who had normal, that is, undetectable HGA
excretion.

M368V is considered to be the most prevalent HGD
mutation in Europe (excluding the Slovak AKU
patients) representing 20% of the AKU chromosomes
(Beltran-Valero de Bernabe et al 1998; Zatkova et al
2000). With an estimated AKU incidence of 1:100 000—
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Fig. 2 Pedigree with haplotypes at the HGD locus. The
genotyped interval extended from 119.6 to 123.7 Mb on
chromosome 3 with the HGD gene positioned at 121.8 to 121.9
Mb, and included two common intragenic markers, D3S4497/
HGO-2 and rs2255543/H80Q, respectively. Patient 113 carried a

1:250 000, this implies an M368V allele frequency of
1:1600-1:2500. We sequenced exon 13 in 100 unrelated
healthy individuals from Germany and detected
M368V in 1 of the 200 chromosomes, suggesting a
higher frequency of this variant in general or as a
regional phenomenon (see Srsen et al (2002) for
regional variance of AKU mutations).

Discussion
Several families have been reported before in which
AKU appeared to be inherited dominantly (Milch

1955; Khachadurian and Abu Feisal 1958; La Du
1995). In some of them the seemingly dominant
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heterozygous mutation M368V on haplotype 9-1-8-7-G-T-8-2-2
which was also found in his healthy daughter 1113 but not in his
affected niece III1. The other haplotype of 113 was present in I1I1
and in her healthy son IV1. Neither this haplotype nor the
maternal haplotype of III1 included a detectable HGD mutation

pattern of inheritance was attributable to extended
consanguinity. However, haplotype data on the family
presented here did not support the possibility that
identity-by-descent at the HGD locus had resulted in
pseudodominant alkaptonuria.

Sequencing the HGD gene in patient II3 (uncle of
II11) revealed a heterozygous mutation (M368V)
which has been implicated in AKU before (Beltran-
Valero de Bernabe et al 1998). However, his also
affected niece III1 did not carry this mutation. This
indicates that M368V was not located on the HGD
allele shared by uncle and niece, who both were
heterozygous at the HGD locus as shown by haplotype
analysis. Furthermore, M368V has not been reported
to be dominant-negative. Thus, the heterozygous
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M368V mutation in the uncle cannot explain the
occurrence of AKU in this family. Moreover, to our
surprise, we found one heterozygous M368V carrier in
100 unrelated healthy controls. This finding may be
accidental, but together with the fact that the recom-
binant M368V variant has 37% of the activity of the
recombinant wild-type enzyme (Rodriguez et al 2000)
it raises the question whether the effect of M368V is
always pathogenic.

Apart from H80Q (rs2255543), a previously
reported non-synonymous neutral variant (Beltran-
Valero de Bernabe et al 1998), we did not find any
further HGD mutation in this pedigree. Therefore, in
order to uphold the hypothesis that the family’s AKU
is caused by recessive HGD mutations, the coinci-
dence of three rare events would have to be assumed,
that is: (i) an undetectable mutation of the HGD allele
that is shared by II3 and III1, (ii)) an undetectable
mutation of the allele that III1 received from her
mother II1, and (iii) an additional HGD mutation in
the non-consanguineous grandmother I1, who also
had AKU.

It may also be possible that co-inheritance of two
heterozygous mutations in different genes involved in
aromatic amino acid metabolism, each causing a
partial defect in the same pathway, could have resulted
in the AKU phenotype. This phenomenon has been
described for inherited enzyme deficiencies of mito-
chondrial fatty acid beta-oxidation and is referred to as
synergistic heterozygosity (Schuler et al 2005). How-
ever, the absence of any detectable HGD mutation
segregating with AKU in the pedigree presented here
renders this possibility also unlikely.

Alternatively, a dominant HGD gene mutation may
be hypothesized. Assume a dominant-negative allele
that results in an HGD monomer that is incorporated
randomly and inhibits all HGD hexamers in which it is
contained. Then, only 1 of 26, that is, 1 of 64 hexamers
would be active, corresponding to an enzyme activity
of 1.6%, which is below the residual activity of 5.9%
seen in aku mice (Montagutelli et al 1994). However,
HGD deficiency is regarded as a strictly recessive
disorder since none of the known HGD mutations has
a dominant-negative effect, including missense muta-
tions such as M368V, even if they are predicted to
impair multimer assembly (Rodriguez et al 2000; Titus
et al 2000). Our molecular data on cDNA from patient
cells also did not produce any evidence of a potentially
dominant-negative HGD gene product. Moreover, all
three haplotypes found at the HGD locus of the two
affected individuals, were present in healthy descend-
ents (Fig. 2). A dominant HGD mutation therefore is
unlikely in the present pedigree.

Thus, AKU in the family reported here may be
caused by a dominant mutation of a different gene. We
can only speculate on the altered function of the
putative gene product. It is possible that the catalytic
activity of HGD requires a hitherto unrecognized
cofactor. Alternatively, this type of AKU may be due
to an altered feedback control of HGA metabolism. In
Pseudomonas putida HGA is a central intermediate of
tyrosine catabolism and induces homogentisate dioxy-
genase (hmgA) (Arias-Barrau et al 2004). However, in
the eukaryote mould Aspergillus nidulans, transcrip-
tion of hmgA is induced by tyrosine and some of its
metabolites but not by HGA itself (Fernandez-Cafion
and Penalva 1995); and in fah~'“hpd ™'~ mice whose
tyrosine metabolism is deficient upstream and down-
stream of HGD, administration of HGA even induces
a twofold downregulation of the enzyme’s RNA
(Tanaka et al 2006). Hence, there may be no simple
HGA-HGD feedback control in eukaryote organisms.
However, constitutional activation of any other nega-
tive control of HGD expression could possibly cause
AKU. Screening of A. nidulans mutants, which led to
the identification of HGD (Fernandez-Caiién and
Pefialva 1995), may also be helpful in identifying genes
that regulate HGD expression.

Most disorders of metabolism have a recessive
mode of inheritance. Kacser and Burns (1981)
explained this mode by the distribution of ‘control’
on all enzymatic steps of a metabolic pathway, so that
the fractional change in flux over the fractional change
in activity is small for each individual enzyme.
Typically, there is a hyperbolic relation between
activity and flux with significant flux reduction occur-
ring only close to zero enzyme activity. This is
consistent with the finding in the aku mouse, in which
a reduction of activity to 46% does not appear to
change the flux while a reduction to 5.9% implies
HGA accumulation (Montagutelli et al 1994). Howev-
er, there are dominant metabolic disorders such as
haploinsufficient disorders of lipoprotein metabolism
and haem synthesis (Badminton and Elder 2005), or
hawkinsinuria which results from a reactive interme-
diate that normally does not accumulate (Wilcken et al
1981). Other possible mechanisms of dominance have
been proposed such as derangement of multimeric
enzymes, disturbance of signalling pathways, and non-
linear effects of haploinsufficient transcription factors
(Veitia 2002; Wilkie 1994). One or other of these
mechanisms might apply to the family reported here.
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