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Abstract

Alkaptonuria (AKU) is a rare metabolic disorder caused by a deficient enzyme in the tyrosine degradation pathway,
homogentisate 1,2-dioxygenase (HGD). In 172 AKU patients from 39 countries, we identified 28 novel variants of the HGD
gene, which include three larger genomic deletions within this gene discovered via self-designed multiplex ligation-
dependent probe amplification (MLPA) probes. In addition, using a reporter minigene assay, we provide evidence that three
of eight tested variants potentially affecting splicing cause exon skipping or cryptic splice-site activation. Extensive
bioinformatics analysis of novel missense variants, and of the entire HGD monomer, confirmed mCSM as an effective
computational tool for evaluating possible enzyme inactivation mechanisms. For the first time for AKU, a genotype—
phenotype correlation study was performed for the three most frequent HGD variants identified in the Suitability Of
Nitisinone in Alkaptonuria 2 (SONIA2) study. We found a small but statistically significant difference in urinary
homogentisic acid (HGA) excretion, corrected for dietary protein intake, between variants leading to 1% or >30% residual
HGD activity. There was, interestingly, no difference in serum levels or absolute urinary excretion of HGA, or clinical
symptoms, indicating that protein intake is more important than differences in HGD variants for the amounts of HGA that
accumulate in the body of AKU patients.
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Alkaptonuria (AKU) [OMIM 203500] was the first genetic
disease identified [1], which is characterized by deficiency
of homogentisate 1,2-dioxygenase (HGD) (EC 1.13.11.5),
an enzyme involved in the metabolism of tyrosine [2]. AKU
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is very rare in most ethnic groups (1:1,000,000-250,000),
but in some countries it exhibits increased prevalence [3-6].

The metabolic block in AKU causes accumulation of
homogentisic acid (HGA). Large amounts of HGA are
excreted in the urine, resulting in characteristic darkening
upon standing [7]. Excess HGA that is not renally excreted
accumulates in the body where it polymerizes, forming a
dark brown ochronotic pigment that is deposited in con-
nective tissue, mainly in the skin, sclera, spine, and large-
joint cartilage, as well as in heart valves, where it causes
aortic stenosis. AKU patients suffer from early onset severe
arthropathy, usually starting in their early 30s. Manifesta-
tion of the disease varies between individual patients and
increases with age as a result of ongoing HGA accumula-
tion. No specific cure exists for this disorder; painkillers and
joint replacement surgery in advanced stages are the only
palliative treatments [8].

AKU patients carry homozygous or compound hetero-
zygous variants of the HGD gene [4, 9] (3q13.33) a single-
copy gene composed of 14 exons [10-12]. To date, DNA
sequencing has been performed in ~400 AKU patients,
leading to the identification of 175 different HGD variants,
of which 142 are most likely disease-causing, variants that
affect function [13]. All variants identified in AKU patients
worldwide are summarized in the HGD mutation database
(http://hgddatabase.cvtisr.sk/) [14].

The HGD protein protomer is composed of 445 amino
acids (NP_000178.2) and is expressed in the prostate, small
intestine, colon, kidney, and liver [10], as well as in
osteoarticular compartment cells (chondrocytes, synovio-
cytes, and osteoblasts) [15]. The experimental crystal
structure of the HGD protein has been solved (PDB code
1IEY2 and 1EYB), revealing that the active form of the
enzyme is organized as a highly complex and dynamic
hexamer comprising two disk-like trimers [16]. An intricate
network of noncovalent interactions is required to maintain
the spatial structure of the protomer, the trimer and, finally,
the hexamer. This delicate structure has a low tolerance to
mutation and can be easily disrupted mainly by missense
variants (representing ~68% of all known AKU variants)
[13, 17] compromising enzyme function. Recently, we
showed that the missense variants are predicted to affect the
activity of the enzyme by three molecular mechanisms:
decrease of stability of individual protomers, disruption of
protomer—protomer interactions or modification of residues
in the active site region [13].

The currently ongoing DevelopAKUre project consist of
three studies aimed to test nitisinone for AKU. The first one
was Suitability Of Nitisinone In Alkaptonuria 1 (SONIAT1)
study that confirmed nitisinone decreases urine HGA in a
dose-dependent, as well as a concentration-dependent
manner [18, 19]. The SONIA2 long-term study, which is
due to finish in 2019, aims to assess the efficacy of

nitisinone treatment on clinical outcome, biochemical
markers and safety. The Subclinical Ochronotic Features In
Alkaptonuria (SOFIA) study evaluates at what age ochro-
nosis starts and whether it presents before the onset of
clinical symptoms of AKU, such as joint pain. In addition,
we have established a novel ApreciseKUre database that
facilitates collection and analysis of clinical and biochem-
ical patient data shared among registered researchers [20].

In the present report, we analyzed samples of 172 AKU
patients, including those from the SONIA2 and SOFIA
studies. For the first time in AKU, we performed HGD gene
sequencing, as well as multiplex ligation-dependent probe
amplification (MLPA) analysis in order to uncover possible
larger genomic deletions, and we tested several intronic and
exonic variants for their possible effect on splicing. We
used SONIA2 baseline clinical data to test for possible
genotype—phenotype correlations.

Subjects and methods
AKU patients

DNA samples from 172 AKU patients (105 males, 67
females) were collected in our laboratory and analyzed by
genomic sequencing and MLPA analysis. Informed consent
was obtained from all patients listed in S1 Table with
patient codes P1-172. DNAs of the patients P1-24 were sent
for mutation analysis to our lab directly, patients P25-P33
were enrolled in the SOFIA study in Liverpool, and patient
P34-172 were enrolled in the SONIA2 study in one of three
clinical trial centers: Liverpool (P34-74), Piestany (P75-
139), and Paris (P140-172). AKU diagnosis was established
based on documented elevated HGA in urine and/or the
bluish-black pigmentation in connective tissue (ochronosis).
All procedures followed were in accordance with the ethical
standards of the responsible committee on human experi-
mentation (institutional and national) and with the Helsinki
Declaration of 1975, as revised in 2000.

HGD variants and MLPA analysis

All 14 exons of the HGD gene were screened for variants by
DNA sequencing per patient as described previously [14].
Ten patients, in whom no variant was identified using
sequencing, were analyzed by MLPA analysis (MRC Hol-
land) using our self-designed, HGD-gene, synthetic probes
(Zatkova et al., Unpublished data). Novel variants were
reported according to the Human Genome Variation Society
(HGVS) nomenclature additions [21] and their description is
based on coding DNA Reference Sequence NM_000187.3
(genomic reference sequence NG_011957.1). Exons were
numbered as by Granadino and colleagues [12]. Variant
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nomenclature was verified using MUTALYSER Name
Checker (https://mutalyzer.nl/). All novel variants as well as
all individual patients were deposited in the HGD gene
mutation database [14] (http://hgddatabase.cvtisr.sk/), using
a specific DB_ID for each variant (Table 1) and unique
family/allele code for each patient (S1 Table). In order to
facilitate variant recognition, the tables also include the short
names used by the AKU scientific community.

Evaluation of the effect of missense variants on
HGD protein function

The possible effect of the novel missense variants on HGD
protein function was tested as described previously [13].
Details can be found in Supplementary Methods.

In silico predictions of variant-induced alterations in
exonic and intronic splicing regulatory sequences

Potential impact of HGD variants on RNA splicing was
based on the density calculation of auxiliary splicing motifs,
using tools described in Supplementary Methods.

Plasmid constructs for a splicing reporter minigene
assay

We used the U2AF1 splicing reporter, which has been pre-
viously described [22]. The pU2AF1-HGD E6, pU2AF1-
HGD E9, and pU2AF1-HGD E10 three-exon minigene
constructs (Fig. 1a) contained genomic segments comprising
HGD exon 6, exon 9, and exon 10, respectively, and part of
the 5" and 3’ flanking intronic sequences. The pU2AFI1-
HGD El14 (Fig. 1b) is a two-exon minigene that contains
303nt of the last exon 14 and part of the 5’ flanking intronic
sequence. Details can be found in Supplementary Methods.

Cell cultures and transfections

HEK293 (human embryonic kidney) and HepG2 (liver
hepatocellular carcinoma) cells were grown under standard
conditions, transfected with individual minigene construct
and harvested 24 h later. Total RNA was extracted, reverse-
transcribed and complementary DNA samples were ampli-
fied using PL3 and PL4 [23], or PL5 (CAG GTG CTC TCG
GTT GCA) and PL4 primers. Spliced products were gel
separated and sequenced to determine their identity. Details
can be found in Supplementary Methods.

Analysis of general HGD protein structure and its
conservation

The Homo sapiens HGD (HGDyg) protein sequence (code
Q93099) was used to search for homologous proteins, with
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which subsequently multiple alignments were performed
and for each position, Shannon Entropy values were com-
puted by Bio3D [24] in order to assess conservation across
evolution. For the sake of clarity, the complementary
Shannon entropy values were reported as H.10 and nor-
malized to 1 (i.e., a value of 0 corresponds to maximum
conservation and 1 to maximum variability). We also con-
sidered population-based variability using the missense
tolerance ratio (MTR) scoring system [25]. Finally, the
secondary structure was assigned to HGD amino acids
using define secondary structure of protein (DSSP) [26].

Structural reconstruction of HGD monomer

The structures of holo-HGDy, (PDB ID: 1EY2) and its
homologous Pseudomonas putida HGD (HGDp,) (PDB ID:
4AQ2) were retrieved from the Protein Data Bank (PDB)
[27]. The missing segments (loop) in the human protein
structure (residues 348-355) were reconstructed by
homology modeling using the HGDp, structure. Details can
be found in Supplementary Methods. The completed
reconstructed monomer structure served as a starting point
for the reconstruction of the entire HGDy oligomeric pro-
tein, as well as for all predictions.

Molecular dynamics of the HGD hexamer and the
analysis of inter-trimeric and intra-trimeric
interactions

A molecular dynamics simulation of the hexameric struc-
ture of HGD was performed using GROMACS 5.0.2 [28].
In PyMOL v1.7.2.1 [29] we selected and further investi-
gated for inter-protomer H-bonding by the gmx H-bond all
the residues within 5A of chain A. Other noncovalent
interactions at the protomer—protomer interface, including
van der Waals and pi stacking, were evaluated as a whole
by use of contact map, averaged along the simulation tra-
jectory and with a cut-off of 1.5 nm to include interactions
up to the ionic pairing. In order to investigate structural
effects of the three most frequent variants, M368V, G161R,
and A122V, molecular dynamics simulations were carried
out on three-dimensional structures of native and mutated
HGD. Details can be found in Supplementary Methods.

Functional analysis of variants G161R, M368V, and
A122V

Recombinant human HGD, with an N-terminal deca-His tag
followed by a TEV protease cleavage site, was cloned into a
pET21a vector and transformed into E. coli BL21(DE3)
pLysS. Cells were grown, and after the cell lysis and
recombinant protein extraction and purification the HGD
enzyme activity was measured according to previously
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Fig. 1 Analysis of HGD variants with splicing reporter minigene
assays in HepG2 cells. Schematic representation of (a) pU2AF1-HGD
E6, pU2AF1-HGD E9, and pU2AF1-HGD E10 minigenes and (b)
pU2AFI1-HGD El14 minigene. Xhol/Xbal segments of HGD, con-
taining exon 6, 9, or exon 10 (black box) and Xhol/Apal segment of
exonl4 (textured box), were cloned between U2AF1 exons 2 and 4
(white boxes) or between U2AFI exons 2 and MCS of pcDNA3.1-
vector, respectively. RT-PCR primers to amplify reporter transcripts
are denoted by arrows. (¢) Splicing pattern of wild-type and mutated
HGD minigenes from panels a and b. Variants are at the top of panel;

published protocols [30]. SEC-MALS analysis was per-
formed to determine the experimental molecular weight of
the recombinant HGD complexes as previously described
[31-34]. Details can be found in Supplementary Methods.

Genotype-phenotype correlation studies

Genotype—phenotype correlation studies were carried out in
33 of the 139 patients participating in the SONIA2 study.
Serum and urine samples were obtained from each patient at
the baseline visit in the three clinical trial centers and serum
and urine HGA (s-HGA, u-HGA) quantitation analyses were
performed as previously described [18, 35, 36]. The urinary
excretion of HGA during 24 h (u-HGA,,) was determined

pU2AF1 HGD-E14

RNA products are shown schematically to the right. EI exon
inclusion. ¢.650-17G>A shows almost a complete exon skipping,
while ¢.650-13T>G leads to a mixture of skipped and correctly spliced
products and activation of a cryptic 3’ ss-176 (CR3’ss-176). In case
of ¢.650-56G>A variant EI is decreased to 73% and use of a cryptic
3" $s-176 (CR3’ss-176) is more evident. ¢.649+39T>G creates de
novo donor splice site at position 41 relative to 5’ss consensus
sequence that is stronger than the authentic counterparts and causes
inclusion of part of the intron 9 into the transcript

and was also corrected for urinary excretion of urea, an
approximate measure of protein intake, in order to com-
pensate for differences in protein (tyrosine) dietary intake (u-
HGA/u-urea ratio). We compared s-HGA, u-HGA,,, and u-
HGA/u-urea for patients who are homozygous for either the
G161R variant (Group A, 16 patients, a variant with low
residual HGD activity: 1% of wild type) or the A122V or
M368V variants (Group B, 17 patients, variants with rela-
tively high residual enzyme activity: >30% of wild type). In
addition, we checked for possible differences between
Groups A and B in eye pigmentation, bone density of the
hip, Cobbs angle for scoliosis, and peak aortic velocity
(severity of aortic stenosis), all measured at baseline in the
SONIA2 study. Details can be found in Supplementary
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methods. Comparisons between Groups A and B were made
using a two-tailed, two-sample, and equal variance #-test.

Results and discussion
28 novel variants identified

We identified 73 different variants across the 172 AKU
patients, 28 variants were novel (Table 1). Thus, the total
number of HGD gene variants identified in AKU to date,
and listed in the HGD mutation database, is 203. Fifteen of
the 28 novel variants led to an amino acid substitution and
were predicted as likely to affect function by PolyPhen-2
and/or SNAP (Table 1). The most prevalent was the G161R
missense variant in exon 8, found in 68 AKU chromo-
somes, mainly in patients from Slovakia, followed by a
missense variant A122V in exon 6 (27 AKU chromosomes,
mainly from Jordan), and M368V in exon 13 (24 AKU
chromosomes), the most frequent European variant. Fifty-
three of the identified variants were present in only one or
two AKU chromosomes, confirming a high genetic het-
erogeneity of AKU. In one SONIA?2 patient from Romania
(P62), three variants were present, two copies of c.16-1G>A
(ivs1-1G>A), and one copy of D153fs (S1 Table).

Despite lacking any typical exonic variant, one patient
from Mali (P171) was homozygous for two novel intronic
variants: ¢.343-11 G>A (ivs5-11G>A) and c.650-13 T>G
(ivs9-13T>G) (S1 Table). Elsewhere, four additional
intronic variants have been reported previously, in which an
effect on splicing was proposed as the likely mutation
mechanism: ¢.650-85 A>G (AKU_DB_183) [13], c.650-17
G>A (AKU_DB_10) [37], c.650-56G>A (AKU_DB_10,
AKU_DB_11, P21) [37], and c.649+39T>G (AKU_
DB_131, AKU_DB_219) [38]. The intronic variants c.343-
11G>A, ¢.650-13T>G, and ¢.650-17G>A are located in the
Y-rich polypyrimidine tract regulatory sequence upstream
of the 3’ splice site (3’ ss), and were predicted to reduce the
strength of the 3’ ss (data not shown). The ¢.650-17G>A
substitution creates a potential 3’ AG site, located 11
nucleotides from the predicted branch point (ivs9-27 (c.650-
27), SVM BP score 0.65), thus this AG-creating variant is
located within the critical distance from the predicted
branch point required for efficient recognition of 3’ ss and
may be sufficient to suppress utilization of wild-type 3" ss
[39]. For the variant c.650-85A>G, the HSF predicted
activation of a cryptic splice site, which would lead to
insertion of 28 amino acids into the HGD protein sequence
at the homohexamer interface, disrupting formation of the
complex [13]. In addition, we identified silent variants
¢.372C>T (exon 6) and c.1191A>C (exon 14), both sus-
pected by HSF analysis to abolish or reduce the strength of
the predicted ESEs (data not shown).
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Since patient tissue expressing HGD protein was not
available (e.g., cartilage, liver, kidney), we used minigene
constructs to test the possible effect of all eight variants on
mRNA splicing. Minigene experiments revealed that ¢.650-
13T>G and ¢.650-17G>A led to a splicing defect in both
HepG2 and HEK293 cells (Fig. 1a, c¢), supporting classifi-
cation as variants that affect HGD function. Although the
close proximity of these variants, ¢.650-17G>A produced
almost complete exon 10 skipping, while c.650-13T>G lead
to a mixture of skipped and correctly spliced products and
activation of a cryptic 3’ ss-176. Variant ¢.650-56G>A
reduced exon skipping but activated cryptic 3’ ss-176 to
greater extent (Fig. 1c). Despite the formation of a 3" AG by
¢.650-17G>A substitution, this AG was not used. Single
base change ¢.6494-39T>G-induced aberrant splicing by
using de novo donor splice site created by this variant at
position +1 relative to 5’ss consensus sequence that was
stronger than the authentic counterparts (MAXENT: 8.24
vs. 4.94). This effect was evident in HepG2 cells (Fig. 1c).

Variants ¢.343-11G>A, located in intron 5, and more
distant intronic substitution ¢.650-85A>G within intron 9
outside of the canonical splicing signals, as well as the
synonymous substitutions ¢.372C>T (D124D) and
c.1191A>C (A397A) did not produce aberrant splicing in
minigene context (Fig. 1b, c¢). These variants are listed also
in The Genome Aggregation Database (gnomAD) with a
rather high allele frequency (AF): ¢.343-11G>A
(rs143223637) AF =0.001; c.650-85A>G (rs2075504) AF
=0.020; ¢.372C>T (rs140977117) AF=0.023; and
c.1191A>C (rs137923025) AF = 0.023 (http://gnomad.broa
dinstitute.org/). We reanalyzed DNA of the patient
AKU_DB_183, who carries variant ¢.650-85>G, and we
found already known homozygous AKU causing variants
S59fs (c.175delA) in exon 3, further confirming that c.650-
85A>G does not affect function.

Thus, of the eight variants with unknown significance
identified in AKU-affected individuals, we demonstrated an
association with exon skipping and/or cryptic/de novo
splice site activation in four, c.650-13T>G, ¢.650-17G>A,
€.650-56G>A and ¢.649+-39T>G. This study confirms the
need for combination genetic studies and in silico predic-
tions with assays based on mRNA before concluding
functional consequences of sequence alteration [40, 41].

Novel genomic deletions identified by MLPA
analysis

In 10 patients, up to one HGD variant was identified by
DNA sequencing. MLPA analyses of the HGD gene
revealed a novel deletion of exons 5 and 6 in a patient from
the Netherlands (P48), a larger deletion of exons 1, 2, 3, and
4 in a case from Germany/Peru (P25), and a deletion of
exon 13 in three patients from Italy (P44, P04, P09) (S1
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Table). All deletions were heterozygous and hence not seen
by DNA sequencing. Deletion breakpoints will be defined.
Using MLPA analysis, we were able to identify a pre-
viously reported deletion of exon 2 [42] in four patients
from our cohort (P08, P16, P129, P130), as well as a novel
deletion of almost the entire intron 2, originally identified
by sequencing in the SONIA2 patient from Jordan (P121)
(S1 Table). We plan to prepare a new MLPA probe for the
in13ex14 deletion found in the patient from Iran (P15).

No copy number variation was observed in one
remaining case, who showed only a single-copy HGD
variant (P35, ¢.550-2A>C, S1 Table). This patient carried
also an intronic variant ivs4+31A>G (c.282+31A>G),
previously described as a benign polymorphism (HGD gene
mutation database; gnomAD rs1800722 with AF 0.020) and
by HSF predicted to have probably no impact on splicing
(data not shown).

Predicted effect of missense variants on protein
function

Localization of the 15 novel missense variants within the
HGD hexamer can be seen in Figure S1. In accordance with
our previous study [13], mCSM and DUET provided a
structural understanding behind the inactivation of HGD
activity; variants were classified based on the predicted
effects into three classes: (i) those that may alter the active
site, reducing activity (Active site disruption); (ii) those that
destabilize the protomer, reducing activity (Protomer
destabilization); and (iii) those that prevent formation of the
homohexamer, disrupting activity (Hexamer disruption)
(Table 1, S2 Table).

The first class of variants are predicted to affect HGD
activity through direct alteration of the active site. The
novel variants R330S, P332R, R347P, and Y350C were
assigned to this variant effect class, based on their proximity
to active site residues, their effect on binding of the sub-
strate as determined by mCSM-Lig and upon visual
inspection of the residue environment on the structure.
Figure 2a, b depict the noncovalent interactions on the wild-
type HGD structure established by the residues Y350 and
P332, respectively, calculated using Arpeggio [43]. Y350
forms a m—m interaction with H349 as well as a main-chain
hydrogen bond. Change to cysteine results in the loss of this
interaction, affecting the nearby catalytic region (as shown
by the catalytic iron ion and coordinating residues in
Fig. 2a). Change from P332 to arginine would also affect
the neighboring catalytic site (interaction network of wild-
type residue depicted in Fig. 2b) given its proximity and
residue environment composition (a proline-rich region).
Substitution to arginine would also potentially create
steric clashes, inducing conformational changes for its
accommodation.

The second group of variants affects the production of
active HGD enzyme through destabilization of the protomer
structure. These variants typically perturb the local structure
by the introduction of energetically unfavorable changes,
disrupting the interactions made by the wild-type residues.
Novel variants on this variant effect class, as predicted by
mCSM-Stability and DUET and validated via visual
inspection, include W97C, G205V, A267V, and 1346T. The
noncovalent interaction network on the wild-type structure
for residues W97 and G205 are depicted in Fig. 2¢ and d
[43]. W97 is inserted in a predominantly hydrophobic
environment and performs a series of carbon—n and amide—
7 interactions with neighboring residues (Fig. 2c), which
would be disrupted by change to cysteine, as predicted by
DUET (AAG = —1.22 kcal/mol), destabilizing the proto-
mer. G205 is surrounded by polar/charged residues and
forms a main-chain to main-chain hydrogen bond. Sub-
stitution to valine with its hydrophobic side chain would be
unfavorable. Additionally, G205 is adopting a positive phi
(¢p) conformation, which would also be inaccessible for
larger residues.

The variants in the third group are located at the inter-
faces between protomers and are likely to affect the enzyme
activity by lowering stability or preventing formation of the
symmetrical homohexameric structure. Novel variants that
fall into this class include S150L, D18Y, G152R, G170A/S,
G185R, and R336T. Substitution of R336 to threonine was
predicted by mCSM-PPI to highly destabilize protein—pro-
tein affinity (AAG = —1.59 kcal/mol). As depicted in
Fig. 2e, R336 established several interchain interactions,
including a hydrogen bond to G185 of a different chain, and
a series of ionic interactions with two aspartic acids (E168
and E42). Change to threonine would result in the loss of
these interactions, greatly impacting protein—protein affinity
and, therefore, hexamer formation. G185 is also sitting on
the protein—protein interface. Change to arginine is pre-
dicted to be highly detrimental to hexamer formation by
mCSM-PPI (AAG = —2.20 kcal/mol), as the residue is on a
loop and adopting a positive phi (¢) conformation, most
likely inaccessible to an arginine on that environment.
Substitution to a larger residue would lead to steric clashes.

In addition, we analyzed the effect of a novel insertion
A218_N219insKI on the HGD structure. This insertion is
located on a loop at the interface between the two stacked
trimers, interacting with two protomers from the other tri-
meric unit. The insertion would disrupt these interactions
and prevent formation of the hexameric complex.

A similar analysis was performed for all 111 variants
described in the HGD gene so far (found at 93 distinct
amino acid residue positions within the structure, including
the known polymorphism H80Q), and their localization was
analyzed within a general structure of the HGD hexamer,
employing static and dynamic methods (S2 Table).
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Fig. 2 Noncovalent interaction network of residues involved in var-
iants that disrupt HGD function by different mechanisms: (a, b)
directly affecting active site (Y350 and P332); (¢, d) affecting proto-
mer stability (W97 and G205); and (e, f) affecting protein—protein

Conservation of 93 mutated residues currently
described in HGD

The Shannon entropy value (H) reflects the variability of
every residue between compared sequences, and conse-
quently, its conservation. Using Bio3D [24] analysis of
1000 aligned HGDyg homologous proteins, we obtained
evaluation of the evolutionary conservation for all 445
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affinity and hemaxer formation (R336 and G185). Hydrogen bonds are
depicted as red dashes, ionic interaction as yellow dashes, n interac-
tions as gray disks, and other polar interactions as gray dashes.
Interface residues (from a different chain) are colored in dark gray

HGDy; amino acid residues. Complementary Shannon
entropy H.10 values for the 93 residue positions affected by
the 111 known missense changes are shown in S2 Table,
and for new variants also in Table 1. As shown in Fig. 3a,
the 93 mutated residues in AKU tend to be the most highly
conserved, missense, mutation-intolerant residues. In addi-
tion, as Fig. 3b illustrates, missense variants that affect
function were generally associated with highly conserved,
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Fig. 3 Position of missense variants within HGD monomer and their
conservation. (a) Position of 111 missense variants within HGD
protomer shows that the 93 residues which are mutated in AKU
(shown as spheres) tend to be the most highly conserved, missense
variant intolerant residues (blue conserved/intolerant—red variable/
tolerant). (b) The incidence of missense variants (y-axis) at the
positions with different Shannon entropy rates (x-axis) divided into
intervals of 0.1. Solid line (“All”’) represents values calculated on the
total number of positions; dotted line (“mut”) are values calculated on
the 93 positions that carry one or more variants. The graph can be
divided into three regions: (i) H.10 between 0 and 0.2: positions with
high probability of pathogenic variants affecting function; it includes
highly conserved residues, which are hit by the large part of missense

low entropy values (207 amino acid positions within HGD,
which have H.10 of 0.0-0.2).

Higher Shannon entropy values, coinciding with highly
variable residues, were less likely to be associated with
variants affecting function. An increase in the missense
variant incidence (dotted line) for values of H.10 between
0.8 and 1.0 (region of high variability, thus predictive of
mutation-free positions) is caused by missense variants
R347P (one of the novel variants) and E143D. After ana-
lyzing position 143 by Bio3D [24], we could see a similar
incidence of glutamic acid and aspartic acid residues at this

variants; (i1) H.10 between 0.2 and 0.8: positions with high probability
to be affected by variants compromising function and need to be
analyzed in each individual case; (iii) H.10 between 0.8 and 1: pre-
dicted variants-free positions. (¢) MTR (missense tolerance ratio) plot
for HGD. MTR is a new scoring system describing population-based
observations as opposed to homolog-based alignments. Regions in red
achieved a study-wide FDR <0.05. MTR = 1, depicted by the blue
dashed line. Multiple gene-specific estimates are also depicted,
including a gene’s median MTR (black dashed line), 25th percentile
MTR (dark green dashed line), and Sth percentile lowest MTR esti-
mates (orange dashed line). The majority of pathogenic genetic disease
variants normally fall below the 25th percentile

position in the course of evolution (S3 Table). This led us to
hypothesize that E143D is likely to be a polymorphism
rather than a pathologic variant. R347P, however, affects a
position near the active site, and proline occurred very
infrequently at this position across the 1000 identified
homologs (S3 Table), which suggests that the novel R347P
variant affects HGD function.

Bio3D analysis was also extended to the variants with
H.10 entropy values between 0.2 and 0.8 (positions with
high probability to be affected by variants with effect on
function, but requiring individual analysis) (S4 Table). The
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only discordance was noticed for F169L and H80Q, which
is a known HGD polymorphism in exon 4. Leucine at
position 169 has a substitution frequency of 0.35. In order
to explain the effect of this change on the protein function, a
combined analysis of the folding landscape and sequence
coevolution has been performed (data not shown). This
confirms the F169L variant as deleterious in spite of con-
flicting results from prediction tools [38]. Moreover, it
suggests its destabilizing role to be exerted through hexamer
assembly disruption rather than protomer folding
destabilization.

In addition to assessing conservation across evolution,
we also considered population-based variability using the
MTR scoring system [25]. The majority of HGD variants
affecting function had an MTR score in the bottom 25th
percentile, reflecting their intolerance to incorporating var-
iation at that site (Fig. 3c).

HGD variants within the general HGD structure

The HGD protein can be divided into four general structural
sections: core, active site, surface, and homohexamer
interfaces. Further examination of the hydrophobic inter-
actions revealed that the core could be divided into two
regions (Figure S2A), showing that each protomer is formed
by two structural domains, one of which fully contains the
active site. In the HGD hexameric structure, the surface
residues were mainly hydrophilic, as expected of globular
proteins (Figure S2C). In addition, we confirmed the pre-
sence of a pore within the protomer structure [44], with a
channel, in which the side chains of a large number of
residues are exposed (Figure S2B). Most likely, these
residues could be directly or indirectly involved in the
complex HGD catalytic function and could represent critical
points in which a missense variant would lead to an
alteration of the active site functionality. Therefore, we refer
to a common category Active site/Pore in the S2 Table,
which indicates for each known HGD missense variant the
involved structural region, as well. However, as can be seen
in Fig. 4, only the surface category shows a variant inci-
dence lower than the overall, which might indicate that
within a complex structure of the HGD hexamer the mis-
sense variants are better tolerated if surface residues are
affected.

The amino acid composition analysis of each group
(Fig. 4) shows how Interface and Surface groups have a
similar trend as overall, while core and active site/pore
display some specific features: the core structural group has
only two amino acid categories, hydrophobic (typical amino
acid residues found in the core of protein structures), and
Proline; while in the active site/pore we can observe the
absence of polar amino acids and glycines and a high per-
centage of charged positive amino acid residues.
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Fig. 4 Frequency of the variants affecting different structural regions
within HGD protein: the number of the mutated positions within the
specific region was divided by the number of all residues that represent
given region. The overall variant incidence was calculated by dividing
the total number of positions mutated (93) by total number of HGD
residues (445 AA). Each structural regions is characterized by ami-
noacidic properties

S5 Table shows the AKU variants propensity of different
categories of each region to change into others. For the
interface region, negatively charged residues showed a 60%
propensity to mutate to positively charged residues; while
within the surface region, 75% of polar and 60% of glycine
residues mutate to positively charged and hydrophobic
residues, respectively. Interestingly, in the core region,
hydrophobic residues mutate to another hydrophobic ones
in most cases (75%). At the active site/pore, the most pre-
valent, charged positive residues mutate to some other
charged positive residue or into polar ones (40% each).
However, the number of residues involved in most of
categories is too small to allow making general conclusions.

Molecular dynamics analysis of inter- trimeric and
intra-trimeric interactions

Protomer—protomer interactions in the hexameric structure
are strictly noncovalent. The averaged contact map (see
Figure S3) computed over the MD simulation trajectory
with suitable cut-off accounts for all types of interaction
from van der Waals up to long-range electrostatics and
gives both a detailed list of residue pairing, as well as an
overview on subunit interaction. Specifically, taking subunit
A as a reference, interactions were found with: (a) residues
within the trimer (intra-trimer), the N-terminus domain of
the chain A binds the C-terminus domain of chain B, and
the C-terminus domain of chain A binds N-terminus domain
of the subunit C; (b) residues of the other trimers (inter-
trimer): the N-terminus of the subunit A interacts with the
N-terminus of chain D, and the C-terminus domain with the
C-terminus of subunit F. The only noninteracting pair is
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chain A/chain E. Hydrogen-bond stability was also eval-
uated by computing their occupancy along the MD simu-
lation. The existence of a stable H-bond and/or other
noncovalent bonding between subunits was taken as a cri-
terion to assign the involved amino acid residues to the
“interface residues” group; see Figure S2D for a graphical
overview and the corresponding column of S2 Table for
correlation with missense variants. The same table shows
good agreement between interface identity and hexamer
disruption predicted by mCSM.

Molecular dynamics simulation of recurrent variants
M368V, G161R, and A122V

An attempt to evaluate the effects of three common variants,
M368V, G161R, and A122V, on structural stability by MD
simulation was also carried out. Analyses of the MD tra-
jectories of the mutated HGDy; structures by rmsd, rmsf,
radius of gyration, h-bonds, contact map, and total surface
access area were performed, and results compared to those
of the wild type. Little difference was observed between the
wild-type and the mutants. The possibility that the variants
exert a destabilizing effect on an earlier structural inter-
mediate of the protomer or hexamer cannot be excluded.
However, mCSM predicted that the variants A122V and
M368V would lead to disruption of the hexamer, while
G161R would destabilize the protomer (S2 Table). The
large and tight hexameric structure of HGD possibly makes
MD simulation unsuitable for a fast and extended evalua-
tion of the many variants affecting the enzyme, in favor of
the much more high-throughput method mCSM.

Functional analysis of the variants G161R, M368V,
and A122V

To experimentally assess the effects of the three most fre-
quent variants, we performed a detailed functional analysis.
All three mutants had significantly reduced activity com-
pared to the wild-type enzyme, ranging from <1% of wild-
type activity for G161R, to 31% and 34% for A122V and
M368V, respectively. This is consistent with previous
in vitro studies on mutants, which showed that some single
residue substitutions retained substantial activity, with cat-
alytic efficiencies (estimated as V,;,x/K},) in the range of 7—
25% of the wild-type [30].

We then looked at the molecular weight of the com-
plexes using SEC-MALS, which showed that the A122V
and M368V variants had <10% of the protein at a molecular
weight consistent with the hexameric form. By comparison,
over 90% of both the wild type and G161R variants had a
mass that corresponded to the hexameric form. Despite this,
the G161R variant had a thermal melting point 9 °C lower
than the wild type. This is consistent with the mCSM

predictions that A122V and M368V disrupt the activity of
HGD through destabilization of the oligomeric complex,
whilst GI61R disrupts activity through destabilization of
the protomer.

Many AKU patients are compound heterozygotes for
two different missense variants. In such cases, the role of
each missense variant is not clear, since the hexamer could
be assembled with monomers all affected by the same
variant (homo-oligomer) or by two different ones (hetero-
oligomer) [45]. The destructive effects of variants affecting
two different regions could be additive, whereas for the
ones belonging to the same region, the effects could
potentially compensate for each other. So far, we do not
have tools to evaluate such events.

Correlations of the genotype data with serum and
urine HGA, and with clinical symptoms, in patients
in the SONIA2 study

Theoretically, the differences in residual catalytic activity of
the HGD proteins carrying different variants can lead to
different amounts of nonmetabolized HGA. This in turn
could result in differences in serum levels of HGA, as well
as differences in amounts excreted in the urine, and con-
sequently differences in disease severity. We compared
both serum levels and urinary excretion of HGA in patients
who are homozygous for the G161R variant (1% residual
HGD activity, Group A) to those who are homozygous for
the M368V or A122V variants (>30% residual HGD
activity, Group B). The u-HGA/u-urea ratio was statistically
significantly (p = 0.037) higher in Group A compared to
Group B, with mean (SD) values of 124 (22.7) and 107
(21.6), respectively, indicating that Group B has retained
some ability to metabolize HGA also in vivo. There was,
however, no difference in s-HGA or u-HGA,, between the
two groups (Table 2). This indicates that other factors,
mainly the amount of dietary intake of protein (i.e., of
tyrosine) but also the patient’s renal function [46], is more
important for circulating concentrations of HGA, and
amounts excreted in urine, than differences in residual HGD
activity. There was no difference in eye pigmentation, bone
density, or degree of scoliosis between the two groups,
while peak aortic velocity was significantly higher (p =
0.024) in Group A (1.95 [0.787] m/s) than in Group B (1.45
[0.358]). This difference is most likely explained by the
difference in age in the two groups, rather than by differ-
ences in HGA levels. Group A was 52.8 (8.74) years old,
and Group B 41.5 (7.75) years old (p <0.001, Table 2).
When looking at data for all SONIA?2 patients, there is a
marked increase in peak aortic velocity, a measure of pos-
sible aortic sclerosis or stenosis, from about age 45 to 50
years (data not shown). It should also be kept in mind that in
both Groups A and B, u-HGA,, is on average more than
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Table 2 Mean (SD) age and selected clinical data for patients in
genotype Group A and Group B from SONIA2 study

Group A Group B p-Value
(G161R/G161R) (M368V/M368V
+A122V/A122V)
N=16 N=17
Age (years) 52.8 (8.74) 41.5 (7.75) <0.001
s-HGA (umol/L) 28.3 (8.26) 28.7 (8.62) 0.898
u-HGA,; (mmol) 35.3 (11.9) 32.5 (9.33) 0.466
u-HGA/u-urea 124 (22.7) 107 (21.6) 0.037
(ratio)
Eye pigmentation 16.3 (9.29) 13.6 (5.30) 0.327
(score)
Area bone density 0.828 (0.185) 0.910 (0.127) 0.145
(g/cmz)
Cobbs angle; 37.8 (8.55) 40.5 (9.81) 0.406
scoliosis (°)
Peak aortic 1.95 (0.787) 1.45 (0.358) 0.024

velocity (m/s)

10,000 times higher than normal, i.e., >30 mmol in the
patients compared to <3 pmol in non-AKU subjects [47],
while the difference in u-HGA/u-urea between Groups A
and B is only about 15%. Thus, even in Group B, HGA
levels are very high and other factors than genotype will
affect the many clinical manifestations of AKU.

However, understanding the effect of each variant on the
HGD structure and function and its possible residual
activity can have implications for the development of pos-
sible novel treatment strategies for selected variants in
AKU. Missense variants in particular seem to be a good
target for approaches aiming at a total or partial rescue of
enzyme activity by targeting the HGD with pharmacologi-
cal chaperones, i.e., small molecules helping structural
stability [48].

Conclusions

We present the systematic analysis of the largest cohort of
patients from 39 countries with the iconic rare metabolic
disorder AKU. We identified 28 novel HGD gene variants,
including three novel larger genomic deletions identified by
MLPA, which was performed for the first time in AKU.
Four of eight variants predicted to affect splicing were
shown to cause exon skipping and/or cryptic/de novo splice
site activation. In summary, using DNA sequencing,
MLPA, and splicing minigene reporter assay, we were able
to identify AKU-causing variant in 343 of 344 AKU
chromosomes (99.7%).

In one patient, only one HGD variant was found by
sequencing and MLPA analysis. Deep intronic HGD
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variants affecting correct exon splicing might represent an
alternative mutation mechanism in these cases. However,
such variants can be identified by the analysis of the
patient’s cDNA extracted from the tissues expressing HGD,
such as liver, kidney, or cartilage, which was not available.

AKU is normally characterized through genetic changes
in the HGD gene but the identification of variants likely
affecting structure is not always straightforward. Evolu-
tionary conservation (Shannon entropy) and population
conservation (MTR) scores indicated that AKU variants
were located at more conserved residue positions. This
could provide insight into novel missense variants that have
a high probability of being deleterious.

Structural analysis of the AKU causal variants revealed
that AKU causal missense variants were likely to lead to
changes in protein folding and stability, or interactions with
other protomers or substrate. mCSM-Stability, mCSM-PPI,
and mCSM-Lig predictions were able to effectively differ-
entiate AKU causal missense variants from nonpathogenic,
and could prove to be a quick, direct, and effective tool to
identify missense variants that could compromise enzyme
activity [49, 50].

For the three most frequent missense variants, the mCSM
predictions correlated well with the experimental data,
obtained by studying expressed and purified AKU mutants.
By contrast, our molecular dynamics analysis of these
variants was not sensitive enough to uncover their effect in
the context of the complex structure of the HGD hexamer.

We observed a small, but not clinically relevant, differ-
ence in the u-HGA/u-urea ratio between patients who are
homozygous for the variant with almost no residual HGD
activity (G161R) and patients with a >30% residual activity
(M368V or A122V). Absolute urinary excretion (u-HGA )
and serum concentrations of HGA were, however, not dif-
ferent in the two groups, indicating that dietary protein
intake is more relevant for how much nonmetabolized HGA
accumulates in the body than is the genotype. There was
also no difference in severity in the tested AKU symptoms,
except for peak aortic velocity, which was higher in the
group with low HGD activity. This difference is most likely
explained by the fact that this group also consisted of older
patients than the group with higher enzyme activity, not by
the relatively small differences in HGA levels in the two
groups.

Understanding the effect of each variant on the HGD
structure and function and its possible residual activity can
have implications, in case of suitable variants, for a devel-
opment of new possible treatment strategies, i.e., use of
small molecules to help structural stability in order to totally
or partially rescue enzyme activity.
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