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Summary

Genetic defects on 6-pyruvoyl-tetrahydropterin synthase
(PTPS) are the most prevalent cause of hyper-
phenylalaninaemia not due to phenylalanine hydrolyase
deficiency (phenylketonuria). PTPS catalyses the second
step of tetrahydrobiopterin (BH4) cofactor biosynthesis,
and its deficiency represents the most common form of
BH, deficiency. Untreated PTPS deficiency results in
depletion of the neurotransmitters dopamine, catechol-
amine and serotonin causing neurological symptoms.

We archived reported missense variants of the PTS gene.
Common in silico algorithms were used to predict the ef-
fects of such variants, and substantial proportions (up to
19%) of the variants were falsely classified as benign or
uncertain. We have determined the crystal structure of the
human PTPS hexamer, allowing another level of interpre-
tation to understand the potential deleterious conse-
quences of the variants from a structural perspective. The
in silico and structure approaches appear to be compli-
mentary and may provide new insights that are not avail-
able from each alone. Information from the protein
structure suggested that the variants affecting amino acid
residues required for interaction between monomeric
subunits of the PTPS hexamer were those misclassified as
benign by in silico algorithms. Our findings illustrate the
important utility of 3D protein structure in interpretation of
variants and also current limitations of in silico prediction
algorithms. However, software to analyse mutation in the
perspective of 3D protein structure is far less readily
available than other in silico prediction tools.
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INTRODUCTION

Defects in the phenylalanine metabolism are important
inherited metabolic diseases (IMD) causing neurological
deficits and intellectual disability. Deficiency in phenylala-
nine hydroxylase causing classical phenylketonuria (PKU) is
the most prevalent worldwide (about 1:10,000 live bitths).l
Disorders leading to tetrahydrobiopterin (BHy) deficiency
are the next most common aetiology of hyper-
phenylalaninaemia (HPA). BHy is an essential cofactor for
nitric oxide synthase, alkylglycerol monooxygenase, and
four aromatic amino acid monooxygenases, the latter being
essential for the hepatic degradation of phenylalanine and
synthesis of neurotransmitter precursors of catecholamine
and serotonin.” BH, deficiency represents a heterogenous
group of rare neurological diseases due to defective biosyn-
thesis and recycling of BHy, where patients present with
deficiency of brain catecholamine and, with the exception of
sepiapterin reductase deficiency and autosomal dominant
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guanosine triphosphate cyclohydrolase deficiency (Segawa
disease), with HPA.* Clinical and biochemical data of more
than 1,100 patients with inherited BH,4 deficiencies are
tabulated in the BIODEF database (http://www.biopku.org).6
This condition is also particularly prevalent in some ethnic
groups in Southeast Asian populations in Southern China,
Taiwan, and Thailand.”

Autosomal recessive variants on PTS (Entrez Gene 5805)
that lead to 6-pyruvoyl-tetrahydropterin synthase (PTPS)
deficiency (OMIM 261640) account for the majority of BH4
defects worldwide (prevalence is about 1:500,000 live
births).® The human PTS gene maps to chromosome location
119q22.3-g23.3, and consists of six exons encoding a 145
amino acid protein.9 The PTPS enzyme (EC 4.6.1.10) ca-
talyses the second reaction of the three-step de novo syn-
thesis of BHy from guanosine-5'-triphosphate (GTP),
namely the conversion of 7,8-dihydroneopterin triphosphate
to 6—pyruvoyl—tetrahydropterin.3 The severe form of PTPS
deficiency causes HPA and developmental delay associated
with low birthweight and parkinsonian-like features,*!"
while the less common mild form gives rise to HPA only
with no neurological involvement. ' PTPS-deficient patients
require a combined treatment with BH4 to control the HPA,
as well as neurotransmitter precursors (such as L-dopa/
Carbidopa and 5-hydroxytryptophan) to replenish their
deficit in the central nervous system,'” although the outcome
can be variable.'

Over 100 variants associated with PTPS deficiency have
been reported,5 most of which are missense variants, while
others include termination and splicing variants. While the
consequence of nonsense and frame-shift variants are easy
to predict, they account for less than 10% of variants.
ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/?term=PTS
J%5Bgene%5D) is also an important database for disease-
causing mutations. Missense variants lead to substitution
of single amino acids at a particular codon, and their con-
sequences can range from absolutely benign (such as those
SNPs prevalent in the population) to deleterious and disease-
causing. With the transformation of next-generation
sequencing from a research tool to a clinical service, there
is an explosion of sequence variant data in need of high
throughput prediction of pathogenicity. In the past, sequence
variants can be curated manually, and their inheritance can
be traced in the pedigree. With hundreds of missense vari-
ants produced from a typical exome sequence data, we have
to rely on pathogenicity prediction programs such as SIFT,
PolyPhen and CADD score.'* '® Therefore, the perfor-
mance or accuracy of these commonly-used algorithms is
the key to making the correct curation. Previous studies
showed various limitations of these programs which had
both false positive and false negative predictions.”"Ix A
high proportion of missense mutations were classified as
variants of uncertain signiﬁcance.]g

To this end, we present the crystal structure of the human
homo-hexameric enzyme PTPS for the first time here,
providing an unprecedented opportunity to assess the per-
formance of commonly used variant prediction programs on
an archive of patients’ variants of PTPS. Although the murine
PTSP structure had been solved previously and is known to
be a homo-hexameric Zn(Il)-metallo-enzyme, the structure of
the human homologue had not been available until now.”
With a focus on missense variants, this study aims to deter-
mine if information from an experimentally-determined
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protein structure could be helpful in understanding the
mechanisms of deleterious variants.

MATERIALS AND METHODS

Archive of reported missense variants in patients of PTPS deficiency

Missense variants were retrieved from multiple sources, including UniProt (http:/
www.uniprot.org/uniprot/Q03393), BioMDB (http://www.biopku.org/home/
docs/PTS.pdf), and ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/?term=PTS
%5Bgene%5D). A PubMed search was carried out to identify the original pub-
lications reporting these variants, and the patients’ phenotypes were also recorded.

Only missense variants were included for further analysis and comparison
of the performance of conservation-based prediction algorithms and HOPE
curation using 3D protein structure.”!

Structure determination of human PTPS

Expression, purification and crystallisation

A DNA fragment encoding residues 8—145 of human PTPS (GenBank
4506331) was subcloned into pNIC28-Bsa4 vector (GenBank EF198106)
incorporating an N-terminal Hise-tag. The plasmid was transformed into
BL21(DE3)-R3-pRARE?2, cultured in Terrific Broth at 37°C, and induced
with 0.1 mM IPTG for overnight growth at 18°C. Cells were homogenised,
centrifuged to remove cell debris, and purified by immobilised metal affinity
(IMAC) and size-exclusion chromatography. Prior to crystallisation, the His-
tag was removed by His-tagged TEV protease and subsequently purified by
IMAC. Protein was concentrated to 17.75 mg/mL and stored in 20 mM
HEPES pH 7.5, 150 mM NaCl, 5% glycerol. Crystals were grown by vapour
diffusion at 4°C in sitting drops mixing 75 nL protein and 75 nL reservoir
solution containing 20% PEG 3350 and 0.2 M magnesium formate. Crystals
were cryo-protected in mother liquor containing 25% (w/v) ethylene glycol
and flash-cooled in liquid nitrogen.

Data collection and structure determination

Diffraction data to 2.30 A resolution were collected on beamline X10SA at
the Swiss Light Source, and processed using the CCP4 Program suite.”” The
structure of hPTPS was solved by molecular replacement with PHASER,22
using the rat liver PTPS structure as search model (PDB code 1GTQ,
~80% sequence identity).24 Initial automated model building was performed
with ARP/WARP,” followed by cycles of iterative manual model building
with COOT?® and REFMACS refinement.”’ The active site metal ion was
modelled as Ni(I), based on known leaching effect from nickel affinity resin
in the IMAC step. The final structure factors and coordinates were deposited
in the Protein Data Bank under the accession code 3I2B (Supplementary
Table 1, Appendix A). Figures 1 and 2 showing the 3D structure models
were generated using the program ICM (www.molsoft.com).

Testing the accuracy of in silico prediction of archived missense
variants

SIFT (Sorting Intolerant from Tolerant®®) and PolyPhen—Z14 are two
commonly used online tools that are used to predict whether non-
synonymous single amino acid polymorphisms may be deleterious and
may affect protein function. SIFT is mainly a sequence homology based
method which estimates evolutionary conservation of residues,zg and it
works by blasting the query sequence against the non-redundant protein
database at NCBI or UniProt>” for functionally related homologous proteins.
Upon sequence alignment, the program calculates the probabilities of
observing the individual 20 possible amino acids in each position in the
alignment, normalises these probabilities by the most frequently naturally
occurring amino acid at that position, and derives a scoring matrix from the
data across species. An amino acid substitution will be classified as delete-
rious if the SIFT score, which is the scaled-probability of observing the
particular amino acid substitution among homologous proteins, lies below a
cut-off threshold, for example 0.05. The closer the score is to 0, the higher
the probability the variant may be deleterious. SIFT achieved a 69% true
positive rate when tested in the human diseased dataset,3 ! while it had a 19%
false positive rate” in the healthy human test dataset.’

On the other hand, PolyPhen-2 integrates results from 11 prediction algo-
rithms, eight of which are sequence-based and three of which are structure-
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Fig. 1 Ribbon diagram of human 6-pyruvoyl-tetrahydropterin synthase (PTPS) structure illustrating the homo-hexameric assembly. The six subunits are coloured

distinctively.

based, and reports a naive Bayes probability that the substitution is damaging.
This was carried out in an attempt to classify the concerned substitution into
one of the three classes: benign (probability 0.0-0.15), possibly damaging
(0.15-1.0), or probably damaging (0.85—1.0). The closer the probability is to
1, the more likely that the variant may be damaging. PolyPhen-2 had been
trained by two datasets present in UniProt, namely HumVar and HumDiv.
The former is compiled from human disease-causing alleles paired with
related non-damaging alleles within closely related mammalian homologues,
while the latter consists of human disease alleles paired with human alleles
that are not involved in disease. HumVar-trained and HumDiv-trained
PolyPhen-2 achieved 73% and 92% true positive rates in an assessment of
their accuracies, but with a false positive rate of 20%. The former is recom-
mended for diagnosing Mendelian diseases with highly deleterious variants,
while the latter is more sensitive and will classify even mildly deleterious
variants as damaging.]4

Using HOPE program to curate variants against 3D protein structure
HOPE is a web-based platform”' that allows users to enter missense variants
and it helps to map them to the 3D protein structure and provides curation on the
potential effects on the known or predicted functional domains.*~* Previous
evaluation by the program developing team showed promising results with the
dbSNP datasets. Here we tried to see if it provided new insights to those variants
that were missed by SIFT and PolyPhen-2 (false negative variants, Fig. 3).
Default parameters in the HOPE program were used in our analysis.

RESULTS AND DISCUSSION
3D protein structure of PTPS

As part of a structural genomic effort to understand variants
in human proteins involved in inborn errors of metabolism,
the structure of hPTPS is determined at 2.3 A resolution by
X-ray crystallography. The hPTPS protomer (amino acids
8—144) has an elongated shape formed by a four-stranded

B-sheet flanked by helices, bearing overall similarity with
the previously reported murine structure.”**® hPTPS forms
a hexameric structure comprising a dimer of trimers ar-
ranged in a head-to-head manner (Fig. 1), resulting in a
central 12-stranded [-barrel pore as seen in PTPS homo-
logues.20’24’36 Each of the six active sites in the hPTPS
hexamer is located at the interface of three subunits, where it
harbours (1) three conserved histidines (His24, His49 and
His51) to coordinate the divalent metal ion, previously
characterised as Zn(II) in the murine structure;24’36 (2) an
inter-subunit triad of Cys43-Asp89-His90 that have been
attributed as proton donors and acceptors during catalysis;
and (3) a Ser/Thr-Glu motif (Thr107-Glu108 in hPTPS)
involved in substrate binding.20

Archive of missense variants of PTS

To date, there are over 90 missense alleles reported to cause
the severe or mild types of PTPS deficiency (Supplementary
Table 2, Appendix A; and references therein), in addition to
several splice site variants.” % A majority of the missense
variants are situated at evolutionarily conserved amino acid
positions, indicating that they likely affect the function and
activity of the enzyme. Among these, Asn36 and His49 are
strictly invariant residues; His49 is one of the three metal
coordinating histidines, while Asn36 interacts with nearby
residues to maintain the structural integrity of an o-helix that
lines the active site pocket. Variants of either residue
(Supplementary Table 2, Appendix A; N36K, H46R, and
His49Q) resulted in the severe form of PTPS deﬁciency.”_41



Fig. 2 Clustering of human 6-pyruvoyl-tetrahydropterin synthase (PTPS)
missense variants. The positions of amino acid variants in one PTPS protomer
are indicated by spheres and numbered according to their residue number.
Mutation sites described in Fig. 3 are shown in cyan spheres; the remainder are
shown in green spheres. The active site divalent metal ion is shown in the red
sphere.

Performance of in silico variant effect prediction

SIFT and PolyPhen-2 are among the variant prediction
methods that are of highest speed and ease of use.”> However,
SIFT is incapable of processing very long sequences.43 On
the other hand, although the sensitivity (true positive rate) of
both SIFT and PolyPhen-2 were reported to have high
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sensitivity, the specificity (true negative rate) might be only
around 0.5.**

As we are interested in the application of protein structure
in this process, we confined to only missense variants found
in PTPS patients. In keeping with previous evaluations,
neither program had a perfect sensitivity to identifying
deleterious variants. Among 95 variants in Supplementary
Table 2 (Appendix A), SIFT and PolyPhen-2 identified
59% (56/95) and 52% (67/95) (using ‘possibly damaging’ as
cut-off) as deleterious, respectively. With the latest reporting
guideline requiring concordance of prediction programs
output before variants are called deleterious, the sensitivity
requiring concordance between both programs reduced to
51% (48/95). Such level of sensitivity was similar to that
previously reported using whole genomes single nucleotide
polymorphisms or Human Genetic Mutations datasets. Those
variants which were wrongly predicted as benign did not
cluster together or show any recognisable features as a group.

Overview of variants mapped to the 3D protein
structure

Mapping of the known missense variants onto the human
PTPS structure shows that they are broadly distributed along
the entire length of the polypeptide (Fig. 2). It becomes
apparent that many are clustered in the BH4 binding region of
the active site, representing a region of ‘variantal hotspot’.
These variants are likely to disrupt (1) the binding in-
teractions with the BHy substrate (e.g., H49R, H49Q), or (2)
integrity of secondary structure elements that contribute
important residues to the active site (e.g., P87S, K91E).
Away from the hotspot region, further variants can be found
in the central B-barrel pore (e.g., I18T). With the active site
and the supporting structure defined, many variants could be
accounted by disruption of such important structure.

In order to see if an automatic variant interpretation algo-
rithm based on 3D protein structure provides additional in-
formation, 20 disease-causing variants misdiagnosed (false
negative) by both SIFT and PolyPhen-2 (Supplementary
Table 2, Appendix A) were subjected to the HOPE algo-
rithm, a web-based platform for structure-guided variant
analysis. It turns out that HOPE has given more detailed
analyses of the 20 variants that were missed by both SIFT and
PolyPhen-2. A summary of the additional information
derived from HOPE is given in Fig. 3. As HOPE does not
generate a simple score to predict if a variant is being dele-
terious by using the 3D structure alone, we used it to gain
insight into why these 20 of 95 (21%) variants were falsely
classified as benign by either SIFT or PolyPhen-2. Figure 3
lists those variants that were false negative results of these
two algorithms. It was found that disruption of either protein-
protein contact or protein-ligand contact represented a large
proportion of them. Twenty percent of the codon position
with false negative predictions were in the vicinity of metal
contact, and 20% of the substituted amino acids were not of
the right side-chain length to make multimer contacts. The
consequence of changes in side-chain lengths, resulting in
loss of ability of the mutated residues to make contacts, could
only be observed by prediction software which utilised 3D
protein structure analysis such as HOPE, but not SIFT and
PolyPhen-2. Similarly, the prediction by HOPE showed that
half of the false predictions affected the protein’s secondary
structure or intramolecular bonding. Thirty percent involved
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Features of PTPS (such as 3D structure and monomer interactions) that are potentially Grouping/classification of the
affected by the variants, as suggested by HOPE analysis variant based on HOPE analysis
. . S Location of | Variant observed in
Involved in multimer In the vicinity of . L
Forms structure Forms salt bridge variant in homologous
contact metal contact . p
protein proteins
BT O Mutated residue
becomes too small to
: changes from
form multimer contact; ositively charged to
RSL Change in P y charge Surface No
2. neutral, disrupting
hydrophobicity affects .o .
. ionic interaction at salt
hydrogen bonding at .
S bridge
multimeric contacts
Mutated residue
M s
R9H becomes too small to p y charge Surface Yes
. neutral, disrupting
form multimer contact . .
ionic interaction at salt
bridge
118T Core Yes
Wild-type residue
K29T prefers alpha—h.ehx but NA Yes
mutated residue
doesn’t
Mutated residue (Asp) Mutated residue No, b ut rest dues
P with similar
loses the flexibility changes from ies h
that the wild-type negatively charged to properties have
D33G . . . Surface been observed so
residue (Gly) neutral, disrupting .
. .o . variant may be
possesses for specific | ionic interaction at salt
. . . false accepted as
protein function bridge .
benign
Mutated residue
163V becomes too small to Surface Yes
form multimer contact
Wild-type residue
MSOV prefers alpha-hghx but Core Yes
mutated residue
doesn’t
Wild-type residue
MSOI prefers alpha-hf:llx but Core, creates Yes
mutated residue empty space
doesn’t
Mutated residue (Leu)
loses the rigidity that
PR7L the wild-type residue Surface Yes
(Pro) possesses for
special backbone
conformation
Neighbouring Mutated residue has no
residue makes metal change in property but
. . . Close to
K91R contact and may be wild-type residue is ot it Yes
affected by the involved in salt bridge
variant formation
Wild-type residue
prefers beta-strand but
WISE mutated residue Surface Yes
doesn’t, destabilising
local conformation
Neighbouring
residue makes metal
1114V contact and may be Core Yes
affected by the
variant

Fig. 3 List of clinically reported variants that were false negative results on SIFT and PolyPhen-2 (misclassified as benign). 3D protein structure provides additional
information about their potential effects, as shown in cyan spheres in Fig. 2.
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Neighbouring Loss of hydrogen
residue makes metal | bonding after variant
NI117L contact and may be in the core of the Core Yes
affected by the protein disturbs correct
variant folding
L1221 Core Yes
VI124L Surface Yes
Mutated residue (Arg) Mutated residue
loses the flexibility | changes from neutral to
G125R that the wild-type posltlvely charged, Surface No
residue (Gly) disrupting ionic
possesses for specific interaction at salt
protein function bridge
Mutated residue (Glu) Mutated residue
loses the flexibility | changes from neutral to
GI25E that the wild-type negatively charged, Surface Yes
residue (Gly) disrupting ionic
possesses for specific interaction at salt
protein function bridge
K129E Surface Yes
Mutated residue
Mutated residue Mutated re.sic.iu.e (Gly) changes from
D136G loses the rigidity that | negatively charged to
becomes too small to ; . . Surface Yes
form multimer contact may b.e requl.red by ‘the | ne uFral, dlsmptlng
protein at this position | ionic interaction at salt
bridge
Neighbouring
residue makes metal
V141F contact and may be Surface Yes
affected by the
variant

Fig. 3 (continued)

charge differences which potentially disrupted salt bridge
(hydrogen bond) formation. In addition, K91R was found to
be located close to the active site, thus could be damaging to
the protein’s function. Eighty-five percent were among the
observed residue types at the respective positions in homol-
ogous sequences, which could have been the cause of false
negative results by conservation algorithms, as residue
occurrence among homologous proteins is an important cri-
terion for other prediction software like SIFT.”

New analysis methods are needed to interpret variant
effect on protein structure

Today, when structures of most proteins are available one
way or another, we propose to make use of this resource to
curate single nucleotide variants and visualise the effects of
amino acid substitutions at any codon position. In the past,
when the list of variants had few entities, it was performed by
manual inspection of the protein structure using PDB viewer
tools. One could accommodate the side chain of the new
amino acid in the existing protein and calculate a predicted
steric hindrance. However, these predictions were not
standardised, thus it was difficult to predict if such substitu-
tion could be accommodated.” Structure-guided pathoge-
nicity prediction is not an easy task, also because the
understanding of how protein structures bring to functions is
still at its infancy.

Nowadays, as a typical WES generates a list of hundreds of
missense variants, manual inspection of the protein structure
is no longer feasible and some automatic curation of the
protein structure is needed. Using structure-guided prediction
involving web-based tools such as HOPE is a good start, but
its prediction function is still limited and needs information

feed from homology. Other groups have tried to make use of
neural network and other algorithms to solve the classification
problem.%’%‘47 However, their results still need validation in
larger scale and feedback from more users. User-friendly 3D
structure mutation analysis tools are still lacking, but it is
believed that they deserve attention for future variant studies.
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APPENDIX A. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at
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