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Abstract Alkaptonuria (AKU) is a rare autosomal reces-
sive disorder with incidence ranging from 1:100,000 to
1:250,000. The disorder is caused by a deficiency of the
enzyme homogentisate 1,2-dioxygenase (HGD), which
results from defects in the HGD gene. This enzyme
converts homogentisic acid to maleylacetoacetate and has
a major role in the catabolism of phenylalanine and
tyrosine. To elucidate the mutation spectrum of the HGD
gene in patients with alkaptonuria from 42 patients
attending the National Alkaptonuria Centre, 14 exons of
the HGD gene and the intron–exon boundaries were
analysed by PCR-based sequencing. A total of 34 sequence
variants was observed, confirming the genetic heterogeneity
of AKU. Of these mutations, 26 were missense substitu-
tions and four splice site mutations. There were two
deletions and one duplication giving rise to frame shifts
and one substitution abolishing the translation termination
codon (no stop). Nine of the mutations were previously
unreported novel variants. Using computational approaches
based on the 3D structure, these novel mutations are

predicted to affect the activity of the protein complex
through destabilisation of the individual protomer structure
or through disruption of protomer–protomer interactions.

Introduction

Alkaptonuria (AKU) [OMIM #203500] was the first inborn
error of metabolism described by Garrod, in 1902 (Garrod
1908). It is a rare autosomal recessive disorder, which results
from mutations in the homogentisate 1,2-dioxygenase
(HGD) gene. These mutations disrupt HGD [E.C.1.13.11.5]
enzyme activity (La Du et al. 1958). The resulting deficiency
of HGD activity leads to accumulation of homogentisic acid
(HGA), a product of the tyrosine degradation pathway. The
incidence of AKU is 1:100,000 to 1:250,000 with higher
incidence in Slovakia and the Dominican Republic
(1:19,000) (Phornphutkul et al. 2002; Srsen et al. 2002).
Oxidation of HGA results in the formation of benzoqui-
nones, which polymerise and bind to cartilage and connec-
tive tissue proteins leading to ochronotic pigmentation
(Helliwell et al. 2008; Keller et al. 2005; Ranganath et al.
2013; Taylor et al. 2012). This deposition leads to degenera-
tive premature arthritis and cardiac valve deterioration,
leading AKU patients to experience considerable pain,
incapacity and disability. The same reaction causes the urine
of patients to darken upon standing, usually the first visible
symptom of the disease (Fernandez-Canon et al. 1996).

The HGD gene has been mapped to chromosome 3q21-
q23 (Pollak et al. 1993) with potential disruptive mutations
identified in AKU patients and their families. The HGD
genes carrying the AKU-associated mutations were then
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expressed and assayed demonstrating the loss of enzyme
activity (Fernandez-Canon et al. 1996). The enzymatic
defect in HGD is autosomal recessive, due to homozygosity
or compound heterozygosity for mutations within the HGD
gene. While AKU is not very common, a wide variety of
causative mutations and polymorphisms have been reported
(http://hgddatabase.cvtisr.sk).

The X-ray crystal structure of the wild-type protein
revealed that the active enzyme consists of six protomers
that form a dimer of trimers. Each protomer contains an N-
terminal domain of 280 residues with a central b-sandwich
and a C-terminal domain of 140 residues that sits aside a
straddle formed by the N-terminal domain. The active site
of the enzyme binds iron that is coordinated by the side
chains of His335, Glu341 and His371 (Titus et al. 2000).
Many non-covalent intra- and intermolecular interactions
are essential to maintain the intricate structures of the
protomer, trimer and hexamer. The complex structure of
HGD, and hence its enzyme activity, can be easily
disrupted by mutations.

In 2012, the NHS National Special Services Commis-
sioning Group established the Robert Gregory National
Alkaptonuria Centre (NAC) at the Royal Liverpool Univer-
sity Hospital in 2012. To date, 42 patients with confirmed
AKU have attended for clinical assessments, with a national
register establishing 75 patients in the UK with AKU, thus
far. These patients have received trial therapy with
nitisinone with subsequent metabolic investigations to
monitor the safety and efficacy of the treatment. This study
details the genetic analysis undertaken on all 42 patients
who have been attending the NAC. Each patient has had
genetic screening for small-scale mutations within the 14
exons of the HGD gene and in the intron–exon boundaries.

Material and Methods

Subjects

The 42 patients with AKU were diagnosed by clinical
evaluation of their symptoms and by measurement primar-
ily of urine homogentisic acid by liquid chromatography
tandem mass spectrometry (Hughes et al. 2014). Classi-
cally, AKU patients excrete HGA in mmol/L quantities
(normal reference range <0.29 mmol/mol creatinine)
(Davison et al. 2014). The patient population included 34
non-related probands, three pairs of affected siblings and a
father and son who were both affected. There were 24
males and 18 females who ranged from 20 to 74 years of
age. The cohort included seven patients of non-Caucasian
origin.

Mutation Analysis of the HGD Gene

Genomic DNA was extracted from whole blood using the
QIAamp DNA blood mini kit (Qiagen Ltd, Crawley, West
Sussex). Sequence variation was studied by amplification
of the HGD coding regions and intron–exon boundaries by
PCR and direct sequencing of the PCR products. Sequence
variation was detected by comparison of the sample
sequences with the genomic reference sequence of the
HGD gene (NG_011957). The position of mutations was
described with reference to the mRNA sequence
(NM_000187.3) with the first base of the Met codon
counted as position +1. The Mutalyzer 2.0b-8 https://
mutalyzer.nl/name-generator name checker was used to
check that the sequence variants were described according
to the Human Genome Variation Society (HGVS) nomen-
clature.

Although the sequencing was performed in order to
identify mutations affecting HGD enzyme function, the
regions sequenced also covered the sites of some polymor-
phic variations. Nine single-nucleotide polymorphisms
were analysed by sequencing: IVS2+35 (c.87+35A/T),
H80Q (c.240T/A), IVS5+25 (c.342+25T/C), IVS6+16
(c.434+16C/T), IVS6+46 (c.434+46C/A), IVS7+24 (c.469
+24C/A), IVS9+31 (c.549+31G/A), IVS9+39 (c.549+39T/
G) and IVS11+18 (c.879+18A/G) (Supplementary Table 1)

The effects of missense mutations identified in the
coding regions were analysed and predicted using the
bioinformatics programs PolyPhen2 http://genetics.bwh.
harvard.edu/pph2/ and SIFT http://sift.jcvi.org/ (Ramensky
et al. 2002; Ng and Henikoff 2003). The PolyPhen server
uses the UniProt entry, which is annotated for function, to
check the site of the substitution and to identify homolo-
gous proteins. The resulting multiple alignment is used to
calculate a profile matrix and a PSIC (position-specific
independent counts) score. High values of this difference
may indicate that the studied substitution is rarely or never
observed in the protein family and could be potentially
deleterious. The missense variations were also submitted to
the SIFT (Sorting Intolerant from Tolerant) program,
PROVEAN (Protein Variation Effect Analyzer) http://
provean.jcvi.org/seq_submit.php (Choi et al. 2012) and
SNAP (screening for non-acceptable polymorphisms)
https://rostlab.org/services/snap/submit (Bromberg and Rost
2007). These are able to predict the consequences of the
changes to the protein structure and function.

We also used mCSM (Pires et al. 2014a) and DUET
(Pires et al. 2014b) in order to predict the effects of the
novel missense mutations on a structural basis. These
approaches are novel machine-learning algorithms that use
the three-dimensional structure in order to predict quantita-
tively the effects of point mutations on protein stability and
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protein–protein and protein–nucleic acid affinities. Two
crystal structures of human HGD have been published and
were used in this analysis (PDB code 1EY2 and 1EYB)
(Titus et al. 2000). The effects of the mutations were
assessed in the context of the molecular interactions of the
wild-type residue and using mCSM (Pires et al. 2014a) and
DUET (Pires et al. 2014b) to predict the effects of the
mutations on protomer and hexamer thermal stability and
mCSM-PPI (Pires et al. 2014a) to predict the effects of the
mutations on the affinity of the protomers to interact with
each other.

Computer programs are also available for the analysis of
more complex splice site, deletion and no-stop mutations
which are all likely to be pathogenic. For splice site
mutations, the Berkley Drosophila Genome Project
(BDGP) fruit fly splice site predictor http://www.fruitfly.
org/seq_tools/splice.html and the Net2Gene splice site
predictor were used http://www.cbs.dtu.dk/services/
NetGene2/ (Reese et al. 1997; Brunak et al. 1991) in order
to predict the location of alternative splice sites. Both
programs use artificial neural networks to predict splice
sites with high levels of confidence. Most splicing
mutations are found to eliminate the GT or AG dinucleo-
tides that define the 50 and 30 ends of introns (Kralovicova
and Vorechovsky 2007).

Splice site mutations cause either exon skipping of the
respective exon or activation of pre-existing splice sites; the
CRYP-SKIP utility found at http://www.dbass.org.uk/cryp-
skip was developed to distinguish between these two
outcomes and uses a multivariate discrimination procedure
to predict which is the most likely (Divina et al. 2009).

The protein effect of either cryptic splice site activation
or exon skipping can be described by the Mutalyzer 2.0 b-8
program which was primarily designed to assist in checking
the nomenclature of variants using the Human Genome
Sequence Variation Society (HGVS) standard human
sequence variant guidelines and using annotated genomic
reference sequences (Wildeman et al. 2008).

Once the position and nature of a sequence change has
been established, the sequence change is analysed by a set
of tools for the prediction of the variant effect on
transcription and RNA processing such as splicing and
translation.

Results and Discussion

A total of 34 mutations were identified in the 42 UK
patients with AKU, including nine novel and 25 previously
reported mutations (Table 1). The mutations from five
patients included in this study have been previously

reported (Zatkova et al. 2011). There were eleven recurrent
mutations that have been identified in the HGD mutation
database (Zatkova et al. 2011). The HGD mutation database
currently lists 620 variants, from which almost eighty
percent are missense substitutions. The remainder are
deletions, duplications, insertions, indels or unknown. In
their report of 72 AKU patients and review of previously
reported mutations, Vilboux et al. (2009) described 91
variants, 62 missense, 10 frameshift, 13 splice site, 5
nonsense and one no-stop mutation. The results from the
UK cohort mirror these findings; 26 of the 34 mutations
identified were missense with the remaining eight muta-
tions falling into the other categories. Fifteen of the subjects
were homozygous for eleven different variants, six of these
were common European variants, two were previously
reported variants and three were novel.

In four of the subjects, only one mutation was identified
in the HGD gene, in these cases there may be mutations in
the unsequenced regulatory regions of the gene, or there
could be large-scale deletions that have gone undetected by
the sequencing method used. There were 26 missense
mutations, 24 of these were predicted as damaging by
PolyPhen2 and 25 were predicted to affect protein function
by SIFT and all 26 were predicted deleterious by
PROVEAN. Twenty of the missense mutations were
predicted as non-neutral and five as neutral by SNAP. The
E13K and D18N mutations were predicted as damaging by
PolyPhen2 and damaging by SIFT and PROVEAN but as
neutral by SNAP. One mutation (F169L) was predicted
“benign” by PolyPhen2 and “tolerated” by SIFT, deleteri-
ous by PROVEAN and neutral by SNAP (Table 2). One
mutation (M172T) was predicted as benign by PolyPhen2,
damaging by SIFT, deleterious by PROVEAN and non-
neutral by SNAP.

The disparities between the predictions made by the
prediction tools used may reflect the variations in perfor-
mance between them. The maximum level of accuracy
achieved is around 83% (SIFT), and the sensitivity and
specificity vary considerably.

The commonly observed European mutation, M368V,
was predicted as possibly damaging by PoyPhen2, deleteri-
ous by SIFT and PROVEAN and non-neutral by SNAP.
The M368 residue is involved in the formation of the
active site of the enzyme, and the effect of the M368V
mutation is to disrupt interaction at the subunit interfaces
(Titus et al. 2000).

The complex structure of the enzyme can be disrupted
by mutations in many different ways. Some will affect the
assembly of the hexamer, others will affect the stability of
the protomer and some will interfere with the active site of
the enzyme. Additionally, the majority of patients carry two
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different mutations, and the combined effects of these on
enzyme structure and function are difficult to predict. The
protomer interfaces are non-isologous, and heterozygous
hexamers appear likely to be as or more disruptive than the

homozygous complex. The novel mutations are spread
throughout the structure of HGD: with four buried within
the protomer structure (D18N, M172T, V245F, G361R) and
four located at the interface between two protomers (E13K,

Table 1 The HGD gene mutations identified in the 42 AKU patients

Patient ID Variant 1 Protein Variant 2 Protein Other remarks

001 sib of 022 c.359G>T C120F c.589A>G R197G Compound heterozygous

002 c.481G>A G161R c.674G>A R225H Compound heterozygous

003 c.342+1G>T L95_S114del c.470-479del25G>T V157fs Compound heterozygous

004 c.343G>C G115R c.1282_1292 del GAGCCACTCAA K431fs Compound heterozygous

005 c.125A>C E42A c.125A>C E42A Homozygous

006 Unknown Unknown c.899T>G V300G Unknown

007 c.688C>T P230S c.688C>T P230S Homozygous

008 c.359G>T C120F c.359G>T E42A Compound heterozygous

009 sib of 013 c.125A>C E42A c.1102A>G M368V Compound heterozygous

010 c.125A>C E42A c.125A>C E42A Homozygous

011 c.481G>A G161R c.481G>A G161R Homozygous

012 c.808G>A G270R c.1120G>C D374H Compound heterozygous

013 sib of 009 c.125A>C E42A c.1102A>G M368V Compound heterozygous

014 Unknown Unknown c.367G>A G123R Unknown

015 c.16-1G>A ivs1-1G>A c.1102A>G M368V Compound heterozygous

016 c.828G>C K276N c.1081G>A G361R Compound heterozygous

017 c.828G>C K276N c.828G>C K276N Homozygous

018 c.469+2T>C ivs7+2T>C c.507T>G F169L Compound heterozygous

019 c.359G>T C120F c.1079G>C G360R Compound heterozygous

020 c.158G>A R53Q c.515T>C M172T Compound heterozygous

021 c.656A>G N219S c.656A>G N219S Homozygous

022 sib of 001 c.359G>T C120F c.589A>G R197G Compound heterozygous

023 c.367G>A G123R c.1075C>T P359L Compound heterozygous

024 c.175delA S59fs c.175delA S59fs Homozygous

025 sib of 034 c.158G>A R53Q c.158G>A R53Q Homozygous

026 c.175delA S59fs c.175delA S59fs Homozygous

027 c.175delA S59fs c.899T>G V300G Compound heterozygous

028 c.688C>T P230S c.899T>G V300G Compound heterozygous

029 father of 036 c.674G>C R225P c.674G>C R225P Homozygous

030 c.52G>A D18N c.175delA S59fs Compound heterozygous

031 c.359G>T C120F c.359G>T C120F Homozygous

032 Unknown Unknown c.664_674dupGCCAATCCTCG D226PfsX7 Unknown

033 c.37G>A E13K c.733G>T V245F Compound heterozygous

034 sib of 025 c.158G>A R53Q c.158G>A R53Q Homozygous

035 c.125A>C E42A c.481G>A G161R Compound heterozygous

036 son of 029 c.674G>C R225P c.674G>C R225P Homozygous

037 c.343G>C G115R c.1102A>G M368V Compound heterozygous

038 Unknown Unknown c.125A>C E42A Unknown

039 c.1009A>G N337D c.1009A>G N337D Homozygous

040 c.125A>C E42A c.899T>G V300G Compound heterozygous

041 c.347T>C L116P c.674G>C R225P Compound heterozygous

042 c.513G>T K171N c.513G>T K171N Homozygous
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R53Q, R225P, N337D). The effects of mutations on the
HGD structure were quantitatively analysed from two
perspectives: changes on affinity between protomer inter-
faces and the effects on protomer stability. To assess the
effects of the mutations on the affinity between subunits,
we used mCSM-PPI (Pires et al. 2014a), a machine-
learning method that uses graph-based signatures to predict
the effects of the mutations on protein–protein affinity. To
evaluate the effects of the mutations on the stability of the
monomeric units, we used DUET (Pires et al. 2014b), an

approach that combines the graph-based signatures of
mCSM (Pires et al. 2014a) with the statistical potential
energy function of SDM (Worth et al. 2011) to estimate the
change in Gibbs free energy of folding caused by the
mutation. The structural analysis of the novel mutations
revealed that they affect either protomer stability and/or
hexamer formation (Fig. 1 and Table 3). The majority of the
variants were predicted by mCSM-PPI to reduce the affinity
of protomers to interact, destabilising the hexameric
structure.

Table 2 The effects of the missense mutations in the NAC patients as predicted by PolyPhen2, SIFT, PROVEAN and SNAP

Protein
effect

Nucleotide change
NM_000187.3

PolyPhen2 prediction SIFT score/prediction PROVEAN score/
prediction

SNAP

E13K c.37G>A 0.842 possibly damaging 0.01 affect protein function �2.959 deleterious Neutral

D18N c.52G>A 1.00 probably damaging 0.01 affect protein function �2.758 deleterious Neutral

E42A c.125 A>C 1.00 probably damaging 0.0 affect protein function �5.639 deleterious Non-neutral

R53Q c.158G>A 1.00 probably damaging 0.0 affect protein function �3.724 deleterious Non-neutral

H80Q c.240T>A 0.01 benign 0.65 tolerated 1.231 neutral Neutral

G115R c.343G>C 0.998 probably damaging 0.0 affect protein function �7.013 deleterious Non-neutral

C120F c.359G>T 0.984 probably damaging 0.0 affect protein function �8.373 deleterious Non-neutral

G123R c.367G>A 1.00 probably damaging 0.0 affect protein function �7.547 deleterious Non-neutral

G161R c.481G>A 1.00 probably damaging 0.0 affect protein function �7.957 deleterious Non-neutral

F169L c.507T>G 0.097 benign 0.80 tolerated �4.260 deleterious Neutral

K171N c.513G>T 0.744 possibly damaging 0.01 affect protein function �3.283 deleterious Neutral

M172T c.515T>C 0.446 benign 0.0 affect protein function �4.492 deleterious Non-neutral

R197G c.589A>G 1.00 probably damaging 0.0 affect protein function �6.496 deleterious Non-neutral

N219S c.656A>G 0.992 probably damaging 0.0 affect protein function �4.973 deleterious Non-neutral

R225H c.674G>A 0.983 probably damaging 0.0 affect protein function �4.573 deleterious Non-neutral

R225P c.674G>C 0.993 probably damaging 0.004 affect protein function �6.229 deleterious Non-neutral

P230S c.688C>T 1.00 probably damaging 0.0 affect protein function �7.957 deleterious Non-neutral

V245F c.733G>T 0.900 possibly damaging 0.004 affect protein function �3.741 deleterious Neutral

G270R c.808G>A 1.00 probably damaging 0.0 affect protein function �7.957 deleterious Non-neutral

K276N c.828G>C 1.00 probably damaging 0.0 affect protein function �4.973 deleterious Non-neutral

V300G c.899T>G 0.999 probably damaging 0.0 affect protein function �6.879 deleterious Non-neutral

N337D C.1009A>G 1.00 probably damaging 0.0 affect protein function �4.891 deleterious Non-neutral

P359L c.1075C>T 0.999 probably damaging 0.0 affect protein function �9.037 deleterious Non-neutral

G360R c.1078G>C 1.00 probably damaging 0.0 affect protein function �7.572 deleterious Non-neutral

G361R c.1081G>A 0.995 probably damaging 0.0 affect protein function �7.338 deleterious Non-neutral

M368V c.1102 A>G 0.596 possibly damaging 0.0 affect protein function �3.652 deleterious Non-neutral

D374H c.1120G>C 0.994 probably damaging 0.0 affect protein function �6.861 deleterious Non-neutral

DNA variant numbering is based on cDNA (NM_000187.3), +1 corresponding to the A of the AGT
Protein effect numbering is based on NP_000178.2. The Uniprot ID Q93099 was used for submission of queries to PolyPhen
PolyPhen PSIC profile scores are based on sequence annotation and then multiple alignment to compute the absolute values of the difference
between profile scores of both allelic variants in the position of the substitution and then map it to the known 3D protein structure. Based on this
data, it predicts one of the four outcomes, PSIC <0.5 benign, >1–1.5 either possibly damaging or probably damaging dependent on the
substitutions structural properties and >2.0 probably damaging. Larger PSIC values indicate that the substitution is rarely or never observed in the
protein family
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Mutations that affect the production of active HGD
enzyme through destabilisation of the protomer structure
typically perturb the local secondary structure through the
introduction of energetically unfavourable mutations, dis-
rupting the wild-type interactions. For example, M172 and
V245 both make strong intramolecular hydrophobic inter-
actions. While M172T results in the loss of these
interactions, V245F disrupts the local secondary structure
by introducing a steric clash. G361 is a buried residue that
adopts a positive phi angle, which would usually be
energetically unfavourable for non-glycine amino acids.
Furthermore, mutation to arginine would introduce a steric
clash, destabilising the protomer.

Mutations that disrupt the network of intermolecular
interactions typically lower the stability of the 3–2
symmetrical homohexameric structure. Disruption of the
intricate hexameric structure of HGD is also expected to

affect enzyme activity. E13 is located along a protomer
interaction interface, making intra- and intermolecular
interactions. Mutation to lysine reverses the local charge
and is predicted to destabilise the hexamer. R53 makes
intra- and intermolecular polar interactions and side-chain
to main-chain hydrogen bonds. Mutation to glutamine
results in the loss of the intermolecular interactions,
consistent with the prediction that it would destabilise the
hexamer. R225 is also located on an interface between
protomers, where it makes polar hydrogen bonds and
nitrogen-pi and carbon-pi intermolecular interactions. In
addition to altering the backbone geometries, mutation to
proline will reduce the affinity of this interaction and is
predicted to destabilise the hexamer.

A few mutations were predicted by mCSM-PPI and
DUET to be highly disruptive to both the protomer
(predicted to reduce the free energy of folding by a factor

Fig. 1 Analysis of wild-type interactions made by the novel AKU
mutations. The novel mutations (yellow) are located throughout the
protomer structure (green), with the other protomers shown as a grey
surface (a). Mutation of M172 (b), V245 (c) and G361 (d) is expected
to decrease the stability of the protomer through disruption of the
intramolecular hydrophobic (grey dashes) and hydrogen bonds (red

dashes). Mutation of E13 (e), R53 (f) or R225 (g) is expected to
disrupt intermolecular interactions and decrease the stability of the
hexamer. Mutation of D18 (h) or N337 (i) is predicted by mCSM to
destabilise the structure of both the protomer and hexamer. The sites
of the novel mutations are shown in green, while partner protomer
chains are shown in dark grey
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greater than 1.2 kcal/mol) and hexamer structures (pre-
dicted to reduce the free energy of association by a factor
greater than 1 kcal/mol), highlighting the essential nature of
the wild-type residues. D18 is a buried residue located near
the interaction interface for a loop from a companion
protomer that fits into a deep groove. D18 makes a network
of strong intramolecular hydrogen bonds. Mutation to
asparagine disrupts these interactions and is predicted to
destabilise the protomer and disrupt hexamer formation.
N337 forms intermolecular polar and carbon-pi interactions
at the interface between two protomers. Mutation to
aspartic acid will introduce a repulsive intramolecular force
which is predicted to destabilise both the protomer and
hexamer.

The splice site mutations can give rise either to exon
skipping or to the activation of alternative splice sites;
frameshift mutations either cause truncation or extension of
the protein (Table 4).

The effects of the splice site and frameshift mutations
were expected to cause large-scale alterations to the protein
structure. It is likely that these changes would either result
in nonsense-mediated decay and in a null allele or introduce
unfavourable steric contacts and disrupt the assembly of the
subunits which is critical to the formation of the active site
of the enzyme.

Conclusion

The HGD gene analysis of the NAC patients found
mutations in 12 of the 14 exons; none were observed in
exon 1 or 4. The mutations were not evenly distributed; the
largest numbers of variants were found in exons 3, 6, 8, 10
and 13 (Supplementary Table 2). Exon 13 carries the
residues that bind HGA in the active site, and there were
ten mutated alleles identified in this exon in the UK cohort.

The mutations most commonly found in this study were
E42A, R53Q, S59fs, C120F, R225P, V300G and M368V.
Five of these can be found in the HGD mutation database;
the notable exceptions were R53Q and R225P which were
both novel mutations. R53Q was found in three patients,
two of these were siblings and they were homozygotes. The
R225P mutation was seen in two patients who were
siblings, and these were also homozygotes.

Nine single-nucleotide polymorphisms in the HGD gene
were identified including the H80Q polymorphism in exon 4.
The identification of the novel mutations and studying the
distribution of AKU mutations in the United Kingdom
demonstrate the genetic heterogeneity of this rare disease.
The analysis of AKU mutations using mCSM and DUET
provides further insight into their effects on the structure and
function of the defective enzyme and provides a useful
source of data for making genotype–phenotype correlations.T
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