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of Nutrition and Metabolism, Department of Pediatrics, Istanbul University, _Istanbul, Turkey

Communicated by Ramaswamy H. Sarma

ABSTRACT
Phenylketonuria is an autosomal recessive disorder caused by mutations in the phenylalanine hydroxy-
lase gene. In phenylketonuria causes various symptoms including severe mental retardation. PAH gene
of a classical Phenylketonuria patient was sequenced, and two novel heterozygous mutations, p.Y198N
and p.Y204F, were found. This study aimed to reveal the impacts of these variants on the structural
stability of the PAH enzyme. In-silico analyses using prediction tools and molecular dynamics simula-
tions were performed. Mutations were introduced to the wild type catalytic monomer and full length
tetramer crystal structures. Variant pathogenicity analyses predicted p.Y198N to be damaging, and
p.Y204F to be benign by some prediction tools and damaging by others. Simulations suggested
p.Y198N mutation cause significant fluctuations in the spatial organization of two catalytic residues in
the temperature accelerated MD simulations with the monomer and increased root-mean-square devi-
ations in the tetramer structure. p.Y204F causes noticeable changes in the spatial positioning of T278
suggesting a possible segregation from the catalytic site in temperature accelerated MD simulations
with the monomer. This mutation also leads to increased root-mean-square fluctuations in the regula-
tory domain which may lead to conformational change resulting in inhibition of dimerization and
enzyme activation. Our study reports two novel mutations in the PAH gene and gives insight to their
effects on the PAH activity. MD simulations did not yield conclusive results that explains the pheno-
type but gave plausible insight to possible effects which should be investigated further with in-silico
and in-vitro studies to assess the roles of these mutations in etiology of PKU.

Abbreviations: BH4: Tetrahydrobiopterin; ExAC: Exome Aggregation Consortium; gDNA: genomic DNA;
HRM: high resolution melting analysis; MD: molecular dynamics; NAMD: Nanoscale Molecular
Dynamics; PAH: Phenylalanine hydroxylase; Phe: phenylalanine; PKU: Phenylketonuria; PME: particle-
mesh Ewald; RMSD: root-mean-square deviation; RMSF: root-mean-square fluctuation; Rg: radius of gyr-
ation; SASA: solvent-accessible surface area; TAMD: temperature accelerated molecular dynamics; Tyr:
tyrosine; VMD: Visual Molecular Dynamics; wtPAH: the wild-type PAH enzyme; Y198N-PAH: the PAH
enzyme containing Y198N mutation; Y204F-PAH: the PAH enzyme containing Y204F mutation.
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Background

Phenylketonuria (PKU, OMIM 261600) is an autosomal reces-
sive disorder caused by the absence or reduced activity of
the hepatic enzyme phenylalanine hydroxylase (PAH, EC
1.14.16.1) (Hanley, 2004). In the presence of its cofactor tetra-
hidrobiopterin (BH4), iron, and molecular oxygen, PAH cata-
lyzes the oxidative hydroxylation of L-phenylalanine (Phe) to
L-tyrosine (Tyr) (Scriver et al., 1994). In PKU patients, due to
decreased PAH activity, Phe level in the blood increases dras-
tically and, if not treated, leads to various symptoms includ-
ing severe mental retardation, impaired postnatal cognitive
development, microcephaly, hypopigmentation, aggressive

behavior, attention deficiency, and behavioral abnormalities
(Committee on Genetics, 2008; Longo et al., 2014; Scriber,
2001; Williams et al., 2008; Zurfl€uh et al., 2008). Current
standard treatment for PKU is lifelong Phe restricted diet
(Blau, 2016). Patients with certain genotypes can benefit
from pharmacological BH4 supplementation, and especially
patients with milder forms of PKU experience improvements
or even complete recovery in blood Phe levels (Blau et al.,
2014). Recently, a PEGylated form of the vegetal enzyme
phenylalanine ammonia lyase that converts L-Phe to trans-
cinnamic acid and ammonia has been approved for use in
adult PKU patients (U.S. Food & Drug Administration, 2018).
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The human PAH gene is about 90 kb, has 13 exons and
produces a 52 kDa PAH monomer. Human PAH enzyme is in
equilibrium between homodimer and homotetramer states
(Blau et al., 2014). PAH monomer contains three domains: a
regulatory domain (residues 1-142), a catalytic domain (resi-
dues 143-410), and a multimerization domain (residues 411-
542) (Blau et al., 2014) (Figure 1A). PAH monomers form
dimers through their multimerization domains, and dimeriza-
tion of these dimers form the tetramers (Gersting et al.,
2010). Disease-causing variations were reported for all exons,
with exons 6 and 7 carrying mutations more frequently than
others (Blau et al., 2014). More than 1000 mutations in PAH
have been identified and associated to PKU and other hyper-
phenylalaninemias (PAHvdb, http://www.biopku.org; HGMD,
http://www.hgmd.cf.ac.uk/). Around 98% of PKU cases are
caused by mutations in the PAH gene itself, and the remain-
ing 2% is due to mutations in genes responsible for synthesis
or turnover of BH4 (Scriver, 2007). Around 60% of mutations
in PAH are missense mutations, followed by splice variants
(14%) and small or large deletions (14%) (Blau et al., 2014).
Most patients (76%) are compound heterozygous for the
mutation in PAH (Blau, 2016).

Assessing the correlation between genotype and disease
severity and understanding the effects of variants on enzyme
confirmation and activity is important to predict clinical
phenotype and to enable prognostic approaches. Thanks to
technological advancements and open-access databases, it is
possible to predict PKU severity and BH4 responsiveness with
acceptable accuracies. Accurate phenotype predictions for
77.9% of compound heterozygous genotypes were reported
while BH4 responsiveness prediction accuracy was 71%
(Wettstein et al., 2015). Therefore, enriching these databases
with new variant – phenotype correlations and to investigate
the effect of these variants on the enzyme’s confirmation
and stability is still relevant and important.

In a mutation analysis performed on our patient cohort
(not published), we have identified four variants in a male
classical PKU patient born in June, 2015. The patient was
found to carry two novel heterozygous missense variants
p.Y198N (c.592T>A) and p.Y204F (c.611A> T), as well as a
heterozygous silent variant p.Q232Q (c.696G>A) and a
homozygous silent variant p.L385L (c.1155C>G).

This study is aimed to reveal the impacts of Y198N and
Y204F variants on the structural stability of the PAH enzyme
via molecular dynamics approach. We performed 100 ns MD
simulations at physiological temperature (310 K) and at ele-
vated temperature (450 K) with PAH monomers and tetramer
carrying novel mutations p.Y198N (Y198N-PAH) and p.Y204F
(Y204-PAH). We provide a theoretical basis for the actual rea-
son of PKU disease caused by these mutations by reporting
the alterations in the structural integrity and the intramo-
lecular interactions of the PAH enzyme.

Materials and methods

Identification and analysis of variants in PAH

Patients included in the study were diagnosed with PKU via
the Turkish National Newborn Metabolic and Endocrine
Diseases Screening Program. The study was approved by the
Bogazici University Institutional Review Board for Research
with Human Subjects (2016/31), and all patients or their
guardians gave written informed consent. Patients’ blood
samples were collected in vacutainer EDTA tubes. Genomic
DNA (gDNA) was isolated using Macherey-Nagel Nucleospin
Blood kit (catalog no: 740951). High Resolution Melting
(HRM) analysis of collected samples was performed using
Roche LightCyclerVR 480 High Resolution Melting Master
(catalog no: 04909631001) as described previously
(Dobrowolski et al., 2007). Amplicons with an abnormal melt-
ing profile were confirmed with Sanger sequencing using
same primers. Sequences were then aligned against wild
type PAH (NM_000277.2).

Novelty of variants were examined in PAHvdb (http://
www.biopku.org), HGMD (http://www.hgmd.cf.ac.uk), Exome
Aggregation Consortium (ExAC) (Lek et al., 2016), and 1000
Genomes Project (Gibbs et al., 2015) databases.
MutationTaster (http://mutationtaster.org) (Schwarz et al.,
2014), Polyphen-2 (http://genetics.bwh.harvard.edu/pph2)
(Adzhubei et al., 2010), MutationAssessor (http://mutationas-
sessor.org) (Reva et al., 2011), PROVEAN (http://provean.jcvi.

Figure 1. Positional and conformational information for the two tyrosine resi-
dues affected in the patient. (A) The overall structure of PAH and positions of
the mutated tyrosines (Y198 and Y204). Regulatory (cyan), catalytic (yellow)
and tetramerization (purple) domains, as well as residues Y198 (blue) and Y204
(red) are shown on human PAH (PDB ID: 6HYC). (B) Evolutionary conservation
of Tyr 198 and 204 among clades close and distant to human.
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org) (Choi et al., 2012), FATHMM (http://fathmm.biocompute.
org.uk) (Shihab et al., 2013), and CADD (https://cadd.gs.wash-
ington.edu) (Kircher et al., 2014) were used for pathogenicity
analysis of variants.

Amino acid changes corresponding to variants were cre-
ated manually and analyzed for translation elongation rates
and ribosomal densities with RFMapp (Zur & Tuller, 2012).

All variants were analyzed for effects on splicing using
Human Splicing Founder (http://www.umd.be/HSF3/)
(Desmet et al., 2009).

Evolutionary analysis

For evolutionary analysis, phenylalanine hydroxylase protein
sequences for human as well as various organisms in clades
close and distant to human were obtained from UniProt
(Consortium, 2019). These sequences were then aligned
using ClustalX (Larkin et al., 2007).

Structure preparation

Crystal structure of the catalytic domain of the PAH enzyme
(PDB ID: 1J8T) and the full tetramer complex of PAH enzymes
(PDB ID: 6HYC) (Flydal et al., 2019) were used to create afore-
mentioned mutants. The crystal structures of catalytic
domain and full length of PAH enzyme were captured as
homo 2-mer together with the iron, and tetramer together
with the iron and BH4 molecule, respectively (Andersen et al.,
2001; Flydal et al., 2019). First, the full-length monomer of
PAH was modeled via Robetta webserver (Song et al., 2013)
by defining the crystal with PDB code of 6HYC (Flydal et al.,
2019) as the template. BH4 and water molecules in the crys-
tal were copied into the model. Fe(II) ion, which is required
for PAH activity, was not included in 6HYC, this crystal struc-
ture was aligned to 6N1K (Arturo et al., 2019) to dock the
Fe(II) ion with its coordinating waters. Cl- ions in the 6N1K
were also kept in the model. Based on the resolved tetra-
meric state in the 6HYC crystal, we converted our model into
tetramer in Visual Molecular Dynamics (VMD) (v1.9.3)
(Humphrey et al., 1996) by copying the constructed mono-
mer and aligning with the crystal chains. Then, mutations
were introduced to the reference structure using VMD
(Humphrey et al., 1996). The mutant model of tetramer was
designed as one homodimer carrying Y198N and the other
homodimer including Y204F, and these two dimers form the
tetramer. The systems were solved in a box of TIP3P model
water (Jorgensen et al., 1983). Monomer systems were neu-
tralized with NaCl using the cutoff distance for solute and
protein of 5 Å whereas tetramer systems were ionized with
0.15M KCl solution. The overall charge of all systems was
adjusted to zero for mimicking cellular conditions. To deter-
mine the protonation states of the amino acids in the pro-
tein, we used PROPKA (v3.1) (Olsson et al., 2011;
Søndergaard et al., 2011) which calculated E353 and E422
as protonated.

Molecular dynamic simulations

Monomer-PAH and tetramer-PAH systems were simulated
with the Nanoscale Molecular Dynamics (NAMD) software
using CHARMM 36m all-atom force fields parameters includ-
ing the correction maps (Brooks et al., 2009; MacKerell et al.,
1998, 2004; Phillips et al., 2005). BH4 molecule was parame-
trized as previously described (Floquet et al., 2011) by using
GAFF (Wang et al., 2004), Antechamber (Wang et al., 2006)
and “amb2chm_par.py” program of Amber2018 (Case et al.,
2018). For monomer system, following an 80,000-step mini-
mization with conjugate gradient algorithm, these systems
were slowly heated to 298 K from 0K within 20 ps, and then
they were equilibrated at 298 K at 1 atm for 3 ns. For tetra-
mer-PAH system, 5,000-step minimization and 1 ns equilibra-
tion were performed by fixing the protein to relax the
system. Then, another 5,000-step minimization and 1 ns
equilibration were performed without any constraints, except
the SHAKE algorithm (Ryckaert et al., 1977) on water mole-
cules, to relax the protein and system. The production simu-
lations were performed along 100 ns trajectory at 310 K
collected under NpT ensemble. To sample more conforma-
tions related to the impact of mutations in shorter trajecto-
ries than obtained from the classical MD simulations,
temperature accelerated MD (TAMD) simulations of mono-
mer-PAH systems were also run at 450 K for 100 ns under
NvT ensemble. Controls of pressure and temperature were
performed with Langevin temperature and pressure cou-
pling. All MD simulations were performed with an integration
time-step of 2-fs, and the long-range Coulomb interactions
were calculated with particle-mesh Ewald (PME) method
(Darden et al., 1993; Essmann et al., 1995). All MD simulations
were repeated twice by using different initial points to
include any possible energy minima with different conforma-
tions. Second initial points were created by increasing the
equilibration step at 298 K by 0.2 ns. Averages of both trajec-
tories used for analyses.

Data analysis

VMD was used for both visualization and analysis of MD
trajectories (Humphrey et al., 1996). For all systems, back-
bone root-mean-square deviations (RMSD), average Ca root-
mean-square fluctuations (RMSF), radius of gyration (Rg),
solvent-accessible surface area (SASA), dihedral angle meas-
urements, H-bond and salt bridge analyses were performed
by using in-house tcl scripts and built-in plugins of VMD. In
addition, Cb distance between catalytic residues and the
distance between the Fe(II) ion and coordinated residues
highlighted in PDBsum were also measured with VMD (de
Beer et al., 2014; Humphrey et al., 1996). Changes in folding
free energy due to mutations were calculated by using the
last 20 ns in monomer and tetramer trajectories as they
were in equilibrium. Configurations of all systems were
saved every ns and the effects of mutations on destabiliza-
tion tendency of the enzyme were calculated by first calcu-
lating DG (kcal/mole) using FoldX (Schymkowitz et al., 2005)
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and then calculating DDG values using the for-
mula: DDG ¼ DGmutant � DGwild�type:

Binding free energy changes upon the mutations were
predicted between the interfaces A-B, B-D and C-D by using
BeAtMuSiC (Dehouck et al., 2013). Of note, the tetramer
structure obtained at the end of the 100 ns MD simulations
was used as input. In addition, the DDG was calculated by
using the formula: DDGbind ¼ DGmutant

bind � DGwild�type
bind

Results

Mutation analysis

High resolution melting analysis and consecutive confirm-
ation with Sanger sequencing in a male classical PKU patient
who was diagnosed at birth via the national newborn
screening program showed two heterozygous (c.592T>A,
p.Y198N and c.611A> T, p.Y204F), a heterozygous silent
(c.696G>A, p.Q232Q), and a homozygous silent
(c.1155C>G, p.L385L) variant. c.592T>A, c.611A> T, and
c.626G>A were in exon 6, c.1155C>G was in exon 11. The
patient’s blood L-Phe and L-Tyr concentrations at the time of
admission were 1464 mM and 54mM, respectively. A L-Phe-
restricted diet was initiated immediately after the diagnosis.
He was unresponsive to BH4 treatment. Neither of the mis-
sense mutations were previously reported in PAHvdb, HGMD,
ExAC, or 1000 Genomes Project. Silent variants c.696G>A
(dbSNP: rs1126758) and c.1155C>G (dbSNP: rs772897) were
reported with high allele frequencies of 0.5785 and 0.8582
(Lek et al., 2016), therefore omitted in our analyses.

Tyrosines 198 and 204 reside in a-helices 6 (residues 181-
201) and 7 (residues 204-216), respectively (Figure 1A). Y198
is highly conserved (Figure 1B) and variant pathogenicity
analysis predicted Y198N mutation to be damaging (Table 1).
Y204 is conserved with variations in distant clades (Figure
1A). This mutation replaces polar Tyr with nonpolar Phe and
was predicted as damaging by Polyphen-2, PROVEAN and
MutationAssessor, and benign by MutationTaster, FATHMM
and CADD (Table 1). Translation elongation rates and riboso-
mal densities of the four mutations were not significantly dif-
ferent from those of wtPAH (data not shown). The patient’s
parents were unreachable for the paternal and mater-
nal genotyping.

RMSD and RMSF results: monomer

RMSD values were calculated along the MD simulation trajec-
tories (at 310 K) by aligning the conformations observed in
the trajectories to the initial model. In the case of monomer
structure that represents the catalytic domain of PAH
enzyme, RMSD patterns of Y198N and Y204F mutants were
similar to the wild-type structure up to 40 ns of all trajectory.
After this point, the lowered backbone motion patterns are
observed in both mutant enzymes through the end
of trajectory.

To observe the further impacts of these mutations on the
stability of the enzyme, within a shorter trajectory, we per-
formed TAMD simulations (at 450 K) for 100 ns. Contrary to

the observed RMSD values at 310 K, Y198N and Y204F muta-
tions lead to increase in RMSD patterns at elevated tempera-
ture (Figure S1A). Y204F mutation caused a higher level of
backbone motion, but the protein structures were kept intact
in both cases.

In agreement with the backbone RMSD patterns, RMSF
patterns of Y198N and Y204F mutants of the PAH enzyme
along 100 ns MD trajectories at 310 K show no crucial altera-
tions compared to the wtPAH (Figure 1B). At elevated tem-
perature (450 K), higher fluctuations in Y204F-PAH were
observed compared to Y198N-PAH, especially in the C-ter-
minus (Figure S1B).

RMSD and RMSF results: tetramer

Similar to the monomer structure, the wild type and mutant
tetramer structures showed similar RMSD patterns (Figure
2A). RMSD values reached �9Å towards the end of the
100 ns trajectory. Native structure achieved higher RMSD val-
ues compared to the mutant structure between 10 and
20 ns, and mutant structure achieved higher RMSD values
compare to the native structure between 40 and 60 ns. Both
of these differences, however, were at small scales which
indicates no major impacts on the overall structure of
the tetramer.

Due to the compound heterozygous nature of detected
variants, tetramer structure of PAH is designed as chain A
carried N198 and Y204, chain B carried N198 and Y204, chain
C carried Y198 and F204, and chain D carried Y198 and F204
to obtain 1:1 ratio between the Y204F and Y198N mutations.
RMSD analysis of tetramer structure is also performed for
each chain separately (Figure S2). In contrast to the effects of
Y198N mutation, presence of Y204F in chains C and D leads
to restriction in the motion of backbone Ca atoms (Figure
S2B). From 25 ns through the end of MD trajectory, RMSD
value of the Y204F mutant is around �1Å and lower com-
pared to that in the wild type structure (Figure S2B).

RMSF analysis reveals different levels of fluctuation in N-
termini of each chain of the mutant structure compared to
the wild type enzyme. Specifically, chain A shows greater
fluctuation between residues 1-125, chain B shows less fluc-
tuation between residues 1-25 but higher fluctuation
between residues 50-125, chain C shows higher fluctuations
between residues 1-25, and chain D shows less fluctuations
between residues 1-25 (Figure 2B). Compared to the mono-
mer structure, RMSF patterns of the tetramer complex shows
changes in RMSF values between I125 and K150 in chains B
and C compared to the wild type tetramer (Figure 2B).
Presence of Y198N mutation in chain B and Y204F mutation
in chain C leads to a reduction and increment in RMSF val-
ues, respectively, between I125 and K150 residues. This par-
ticular region is composed of one helix and longer loop
structure (Figure S3). I125-K150 region of chain B and C is
faced to each other whereas these regions are surface
exposed in chain A and D (Figure S3).

Tetramer-PAH complex was analyzed further with SASA
and Rg. Presence of mutations lead to increase in surface
exposed area (Figure S4). As expected, the presence of
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Y198N and Y204F mutations resulted in �2Å reduction in Rg
of the tetramer structure (Figure S5). Chain based Rg pat-
terns were analyzed in chain-based manner, the slight open-
ing in the compactness has been observed in the group of
chain A and B between 40 and 60 ns of MD trajectory
(Figure S5) which corresponds to increased tendency in back-
bone motions of Ca (Figure S2).

Cb-Cb measurement in the catalytic site: monomer

To assess the impacts of Y198N and Y204F mutations on the
coordination of the catalytic triad, their spatial positions in
respect to each other were analyzed by measuring the Cb-

Cb distances. Our analyses suggest that the presence of
Y198N and Y204F mutations do not lead to an unfavorable
conformational change or any structural dissociation in the
active site of PAH enzyme (Figure 3). When individual effects
of Y198N and Y204F mutations on the active site of enzyme
are analyzed separately, Y204F mutation results in more fluc-
tuations in R270-S349 and T278-S349 interactions. These fluc-
tuations, however, are marginal and do not change the
overall pattern with excess deviations from the preserved
conformation.

In TAMD, the conformational stability of the catalytic site
is lost upon Y198N and Y204F point mutations (Figure S6).
Y204F mutation in particular leads to dramatic increases in
Cb-Cb distances of up to 14Å between the catalytic triad

Table 1. Description and in-silico analyses results of the novel p.Y198N and p.Y204F mutations.

Genomic location (hg19) chr12:103249028A> T chr12:103249009T>A

Codon change TAT/AAT TAT/TTT
Transcript change (NM_000277.2) c.592T>A c.611T>A
Amino acid change (NP_000268.1) p.Y198N p.Y204F
In silico predictions
Polyphen 2 (HumDiv/HumVar) Probably damaging / probably damaging Benign / benign
PROVEAN Deleterious Neutral
MutationTaster Disease causing Disease causing
MutationAssessor High functional impact Low functional impact
FATHMM Damaging Damaging
CADD Among the 1% most deleterious mutations (PHRED 23.1) Among the 1% most deleterious mutations (PHRED 22.9)
HSF3.1 Probably no impact on splicing Probably no impact on splicing

Figure 2. RMSD-backbone (A) and RMSF results (B) of Y198N-PAH and Y204F-PAH monomer structures, respectively, at 310 K along 100 ns MD simulations.
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starting from around �20 ns (Figure S6B). This change is also
in line with the backbone RMSD (Figures S1A) and RMSF
(Figure S1B) patterns of Y204F-PAH.

Cb-Cb measurement in the catalytic site: tetramer

Cb-Cb distances of catalytic residues are also measured along
100 ns MD trajectory in the PAH tetramer, and chain-based
evaluation was performed. In chain A of the wild type struc-
ture, there is a change in R272-T278 distances immediately
after 90 ns whereas the distances between the other catalytic

residues in this chain remain the same along the trajectory
(Figure 4). In chain B of the wild type structure, T278 moves
towards S349 between 20 and 50 ns of MD trajectory and
then returns back to its initial conformation. When Y198N
mutation is introduced in chain B, this particular motion is
lost. Moreover, the presence of Y198N mutation in chain B
results in loosening of catalytic triad in 1 Å range (Figure 4),
but still the overall structure of the catalytic triad is pre-
served. In chain C, the most noticeable change caused by
Y204F mutation is in the Cb-Cb distance between T278-S349
leading to an increase in around 2Å This noticeable increase

Figure 3. RMSD (A) and RMSF (B) patterns of PAH-tetramer structures along 100 ns MD simulations run at 310 K.
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is monitored up to 60 ns and then decreases to values seen
in the wild type structure. Although both chains C and D are
carrying the same mutation, Cb-Cb distance of R270-T278 is
almost doubled between 10 and 30 ns in chain D but well-
preserved in chain C along the whole MD trajectory. As dis-
cussed earlier, similar differences are reported for R270-T278
Cb-Cb distances in chain A and B. This finding has demon-
strated that the crosstalk between chain B and C together
with the presence of Y198N and Y204F mutations, respect-
ively, has brought an impact on the packing of catalytic triad
but this particular impact did not cause to disruption of cata-
lytic triad.

Binding free energy change predictions
by BeAtMuSiC

Both Y198N and Y204F mutations decreased the binding
affinity in all of given interfaces (i.e. A-B, C-D and B-C). Based
on BeAtMuSiC calculations, the Y198 residue was not solvent
accessible whereas the Y204 amino acid was highly access-
ible. Moreover, the Y198N variant led to a higher decrease in
the binding affinity compared to the Y204F mutation. The
predicted DDG values and solvent accessibilities were shown
in Table 2.

Salt bridge interactions: monomer & tetramer

Salt bridge interactions with 5Å maximum distance were
identified as D282:R270, E280:R158, K195:E221, and
K195:E214 for Y198N mutant, and as E390:K335 and
D338:K335 for Y204F mutant. In monomer-PAH enzyme, we
report that Y198N mutation does not lead to disruption of
these listed salt bridge interactions (Figure S7). Specifically,
D282:R270 interaction could be crucial for the wtPAH
enzyme since R270 is a member of the catalytic triad.
Neither Y198N nor Y204F mutations affect the conform-
ational integrity in the active site of PAH along 100 ns of MD
trajectory at 310 K (Figure 3). In support of this observation,
D282:R270 salt bridge interaction is conserved along the
whole MD trajectory at 310 K. Even during TAMD simulations,
salt bridge interactions were not affected (Figure S8). Similar
to Y198N mutant, Tyr to Phe change at the 204th position
does not lead to drastic alterations in salt bridge interactions,
E390: K335 and D338: K335, in a proximity of 5 Å (Figure S9).
The dynamic properties of these interactions are preserved
in the Y204-PAH and wtPAH enzymes, and they are eventu-
ally convergent to similar distance values (Figure S9).
Moreover, all these listed interactions are also monitored for
tetramer-PAH complex over 100 ns MD trajectory to reveal
any impacts of mutations in chains A, B, C and D. Among
the listed salt bridge interactions, E280:R158 is both closely
positioned to the interaction region between chain B and C,
and is situated in close proximity to Y198 residue. For both
chain B and C, we observe a common pattern that this par-
ticular interaction has strengthened in the presence of muta-
tions (Figure S12). Also, a similar tendency was observed in
E280:R158 interaction in chains A and D but the effects seem
to be negligible compared to those observed in chains B
and C (Figure S12). K195:E221 salt bridge shows higher level
of fluctuations in the presence of Y198N mutation in chains

Figure 4. The evolution of Cb-Cb distances in the catalytic triad of the (A) Y198N-PAH and (B) Y204F-PAH with respect to native enzyme at 310 K along 100 ns MD
simulations.

Table 2. BeAtMuSiC predictions for the binding free energy changes upon
the Y198N and Y204F mutations.

Interface Mutation DDGbind (kcal/mol) Solvent accessibility

A-B Y198N 0.86 8.24%
Y204F 0.29 67.78%

C-D Y198N 1.24 1.48%
Y204F 0.21 69.47%

B-C Y198N 0.95 7.18%
Y204F 0.19 74.75%

Solvent accessibilities (in partners) of the mutation sites were also calculated
by BeAtMuSiC.
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A and B (Figure S13). Contrary to our expectations, this par-
ticular interaction follows a different pattern in chains C and
D even though both chains carry the same mutation. This
interaction is stronger and more stable compared to that in
chain D (Figure S13). This difference could be the effect of
the crosstalk between chains B and C. The restrictions caused
by this crosstalk could impose additional restrictions and
changes in intramolecular interactions may not be easily tol-
erated. Salt bridge interactions of K195:E214 are strength-
ened in the presence of Y198N mutation in chain A and B.
These interactions, however, converge to same strength as
the wild type structure at the end of MD trajectory (Figure
S14). Even though the E390:K335 salt bridge interaction is
within 5 Å proximity of the Y204 residue, the presence of
relatively distant Y198N mutation in chain B results in the
disruption of stability in this interaction (Figure S13). For the

rest of interactions in all chains, there are no significant find-
ings to report.

Fe(II) ion coordination & FoldX results: monomer
& tetramer

Presence of neither Y198N nor Y204F mutation in monomer-
PAH enzyme seems to affect the Fe(II) coordination. The
coordination of Fe(II) and BH4 is well preserved along MD
trajectories of the tetramer-PAH enzyme as well (data
not shown).

To reveal the impacts of Y198N and Y204F mutations on
the destabilization tendency of PAH, the enzyme configura-
tions were saved every 10 ns through 100 ns of MD trajecto-
ries at 310 K and the destabilization tendencies were
documented by calculating DDG (kcal/mole) with FoldX

Figure 5. The evolution of Cb-Cb distances in the catalytic triad of tetramer-PAH structures in chains A, B, C and D along 100 ns MD simulations at 310 K.
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(Schymkowitz et al., 2005). For Y198N and Y204F mutations,
we recorded only small fluctuations in DDG values
(DDGY198N: 3.18 kcal/mole, DDGY204F: 6.52 kcal/mole) corre-
sponding to 2.7% and 5.45% change compared to DGwt,
respectively. This is also supported by RMSD and RMSF
results of Y198N-PAH and Y204F-PAH cases along 100 ns tra-
jectory at 310 K (Figure 5). Similarly, there are no discernable
differences between the DDG values of the wild type tetra-
mer and the mutant tetramer (DDGtetramer: 36.24 kcal/mole,
4.2% change from DGwt) suggesting that the introduction of
Y198N and Y204F mutations does not pose any significant
effects on the overall stability and structure of the protein,
which is also supported by RMSD and RMSF results
(Figure 2).

Discussion

In a mutational screen, we identified four sequence variants
in a male classical PKU patient. Two novel heterozygous mis-
sense variants p.Y198N (c.592T>A) and p.Y204F (c.611A> T)
were discovered, as well as previously reported heterozygous
silent variant p.Q232Q (c.696G>A) and a homozygous silent
variant p.L385L (c.1155C>G). To find out if these mutations
contribute to PKU disease, we performed in-silico analyses
using online prediction tools and molecular dynamics
simulations.

Effects of two novel variants of the PAH gene, c.592T>A
(p.Y198N) and c.611A> T (p.Y204F), on the conformation and
stability of the human PAH enzyme were analyzed via molecu-
lar dynamic simulations on human PAH catalytic domain (PDB
ID: 1J8T) and the full-length human PAH in tetramer-complex
with its cofactor BH4 (PDB ID: 6HYC). Both mutations are het-
erozygous and parental genotypes were not available.
Therefore, these mutations were handled separately.

Although the tyrosine at position 198 in PAH is a highly
conserved residue, Y198N mutation showed no significant
effect on the overall structure and stability of the catalytically
active monomer probably due to the polar-to-polar change.
This mutation affected neither formation or disruption of salt
bridges, nor spatial organization of the catalytic residues and
the iron ion at physiological temperature. At elevated tem-
peratures, however, the distance between two residues of
the catalytic triad (T278-R270) showed significant fluctuations
at around 15 ns as an implication of possible loss of the cata-
lytic activity. This fluctuation is recovered towards the 50 ns
but reemerged around �90 ns. Since this mutation is present
in a clinically diagnosed PKU patient with no response to the
biopterin treatment, we initially speculated that this muta-
tion may have an effect on multimerization, recruitment of
BH4 and/or Phe, mRNA decay and/or protein levels. The crys-
tal structure used in this analysis (PDB ID: 1J8T) lacks the tet-
ramerization and regulatory domains, as well as co-
crystalized BH4. We took a similar approach similar approach
using a full-length human PAH in complex with BH4 which
has been published during the this work (PDB ID: 6HYC)
(Flydal et al., 2019). The analyses performed with the full-
length PAH tetramer revealed minor effects on RMSF values
of individual chains. RMSD values in individual chains

carrying Y198N mutation showed around 2-fold increase in
deviations in the last half of the trajectory. These changes in
individual chains do not affect the overall RMSD values of
the tetramer, indicating no significant impact on the
enzyme’s structure. These analyses also did not show dissoci-
ation of the tetramer structure or changes in BH4 or Fe(II)
interactions.

Y204F mutation in the PAH monomer results in higher
RMSD and RMSF values towards the C-terminus compared to
the wild-type enzyme at elevated temperatures. This pattern
suggested a tendency for dissociation of the C-terminus of
the protein and eventual disruption of multimerization lead-
ing to the enzyme inactivation. Analyses performed with full-
length PAH tetramer did not show any tendency for dissoci-
ation in the C-terminus. This mutation also causes a signifi-
cant increase in Cb-Cb distances between T278-R270 and
S349-T278 but not between R270-S349 in the monomer
structure, suggesting segregation of T278 from the catalytic
site. Similar effects are also observed in the tetramer in
chains A, C and D for T278-R270, and in chains B, C and D
for S349-T278. T278 resides at the entrance of the active site
and forms a hydrogen bond with E280 (Guldberg et al.,
1993). Various mutations, including T278N are speculated to
disrupt this hydrogen bond and, in effect, the entrance of
Phe to the active site (Erlandsen et al., 2003). The observed
segregation of T278 causes its distance to E280 to fluctuate
(Figure S17 and S18) which may affect the hydrogen bond
with E280 and may disrupt the catalytic activity of the
PAH enzyme.

SASA analyses show that Y204F mutation leads to a dra-
matic increase in solvent accessible surface area compared
to Y198N. Even though the presence of Y204F mutation
leads to restriction in backbone motion, this striking increase
in SASA value suggests a higher level of reorganization in
intramolecular interactions within chain C and D compared
to the rest of the structure.

PAH regulatory domain (RD) resides at the N-terminal of
the enzyme. Although the exact mechanisms through which
the RD modulate the activity of the enzyme, it shows an
auto-inhibitory effect as evidenced by constitutive activity of
the enzyme upon its deletion (Knappskog et al., 1996).
Recent publications suggest a possible binding of Phe to the
RD (Gjetting et al., 2001; Li et al., 2011; Roberts et al., 2014;
Zhang et al., 2014). This binding is reported to cause dimer-
ization (Patel et al., 2016; Zhang et al., 2014) and activation
of the PAH enzyme (Roberts et al., 2014). The proposed acti-
vation model suggests a major conformational change which
results in removal of the steric hindrance on the catalytic
domain on each chain caused by their respective RDs and
providing access to the catalytic sites (Patel et al., 2016). In
our study, RMSF patterns of the mutant enzyme show differ-
ences in all chains compared to the wild type enzyme. These
changes in the RMSF patterns may pose a negative effect on
the binding of Phe to the RD and/or on the proposed con-
formational change leading to the inhibition of dimerization
and enzyme activation. The approach taken by Patel et al.
(2016) may be applied to the novel mutations reported in
this study to reveal their effects on the regulatory domain.
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According to the in-silico results, individual novel muta-
tions reported in this study does not seem to show immedi-
ate devastating effects on the stability and overall
conformation of the PAH enzyme. However, since the muta-
tion data are obtained from a clinically diagnosed classical
PKU patient, it is evident that these two novel mutations
cause severe malfunction in the enzyme leading to the
observed phenotype. Since most of the PKU patients are
compound heterozygous, the effect of compound heterozy-
gosity on the function of the PAH tetramer is investigated by
Shen et al. Shen et al., Shen et al., (2016). Dubbed
“interallelic complementation”, this phenomenon is shown to
cause milder (PAH hetero-tetramer activity is up to 51.1%
higher than that of either homo-tetramers) or more severe
(PAH hetero-tetramer activity is up to 55.2% lower than that
of either homo-tetramers) phenotypes than expected solely
based on the individual mutations on either allele. The com-
pound heterozygous nature of this patient may have led to
a negative complementation resulting in more severe effects
than either mutation could cause alone.

Conclusions

Two novel mutations, p.Y198N and p.Y204F, leading to clas-
sical PKU are reported in this study. In-silico analyses per-
formed in this work shows that these mutations do not pose
any discernable impact on the catalytic site of the PAH
enzyme. However, their effects on the regulatory domain
suggest a possible disruption in allosteric regulation leading
to disruption of the enzyme activation. The results also sug-
gest that the hydrogen bond between T278 and E280 may
be affected, which may restrict the accessibility of the cata-
lytic domain to the substrate. Further in-vitro experiments
are required to investigate the effects of these individual
mutations on PAH activity as well as possible negative inter-
allelic complementation.
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