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Abbreviations: 

BH4:  tetrahydrobiopterin 

HPA:  hyperphenylalaninemia 

HSP:  heat shock protein 

PAH:  phenylalanine hydroxylase 

PCR:  polymerase chain reaction 

Phe:  phenylalanine 

PKU:  phenylketonuria 

Tyr:  tyrosine 
 

ABSTRACT 

Loss-of-function variants in the human phenylalanine hydroxylase (PAH) gene are the most common genetic 

causal factors for Phenylketonuria (PKU). Currently, a broad spectrum of variations is recognized in the human 

PAH gene. However, the molecular function and clinical significance of some novel PAH variants remain unclear. 

Here, we report on five PKU-affected families carrying three novel PAH variants, including one missense variant 

(PAH: c.271C>A (p.Leu91Met)) and two deletions (PAH: c.206_208delCTT (p.Ser70del) and PAH: 

c.541_544delGAGG (p.Glu181Lysfs*13)). These variations constitute different compound heterozygous geno-

types with other known pathogenic variants such as PAH: c.721C>T (p.Arg241Cys), PAH: c.168+5G>C, and 

PAH: c.1238G>C (p.Arg413Pro), which probably led to the patients’ PKU etiopathology. qRT-PCR and im-

munoblotting showed that the protein levels of PAH (S70del) and PAH (E181Kfs*13) were significantly reduced 

compared with the wild-type control, although their transcript levels were not. Also, the enzyme activity of PAH 
(S70del) and PAH (E181Kfs*13) mutants was significantly decreased relative to the wild type (P < 0.001). PAH: 

c.271C>A (p.Leu91Met) had no significant effect on PAH mRNA and protein levels or enzyme activity. Collec-

tively, our data demonstrate that the two deletions PAH: c.206_208delCTT and PAH: c.541_544delGAGG are 

clinically significant for pathogenicity. Our findings are anticipated to contribute to the advancement of prenatal 

diagnosis, population-based carrier screening, and genetic counseling for individuals affected by PKU, and is ex-

pected to help reduce the incidence of PKU and ameliorate the associated disease burden. 

 

Keywords: Phenylketonuria, hyperphenylalaninemia, phenylalanine hydroxylase, novel deletion, pathogenic var-

iation, mRNA and protein expression, enzyme activity 

 

 
Figure 1: Graphical abstract 



EXCLI Journal 2026;25:458-475 – ISSN 1611-2156 

Received: January 13, 2026, accepted: March 24, 2026, published: April 10, 2026 

 

 

 

460 

INTRODUCTION 

Phenylketonuria (PKU, OMIM 261600) is one of the most common human autosomal re-

cessive monogenetic diseases. It is characterized by phenylalanine (Phe) metabolism deficiency 

and elevated Phe plasma levels, which is primarily caused by loss-of-function variants in the 

phenylalanine hydroxylase (PAH) gene, but also partially by defects in the metabolism of the 

co-factor tetrahydrobiopterin (BH4), or by deficiency of heat shock protein (Hsp) family mem-

bers like Hsp40 DnaJC12 (Anikster et al., 2017, Bartholome, 1974). The PAH gene encodes 

the phenylalanine-4-hydroxylase enzyme, which catalyzes the rate-limiting step of the L-phe-

nylalanine (L-Phe) to L-tyrosine (L-Tyr) hydroxylation. Clinically, PKU is a severe form of 

hyperphenylalaninemia (HPA), defined by blood Phe concentrations exceeding 120 μmol/L 

(i.e., 2 mg/dl) and a Phe/Tyr ratio > 2.0. Plasma Phe concentrations in patients with milder and 

classical PKU, respectively, are between 600 and 1200 μmol/L and > 1200 μmol/L (Blau et al., 

2010, Guthrie and Susi, 1963). Patients with classical severe PKU usually have musty odor, 

severe intellectual disability, and light pigmentation (Blau et al., 2010). Although alternative 

approaches such as gene therapy have recently emerged, dietary restriction of Phe is still the 

most effective treatment of PKU or milder HPA (Lichter-Konecki and Vockley, 2019, 

MacDonald et al., 2020). This classic intervention has been used for more than 50 years, but it 

has been rarely revised (Bickel et al., 1953, Sarkissian et al., 1999). Epidemiologically, the 

incidence of HPA shows great regional variability (van Spronsen et al., 2021). Compared to 

high-incidence regions in Europe, such as Italy, HPA is much less prevalent in Asia. In China, 

the average incidence of HPA is 1:15,924 live births (Xiang et al., 2019). Currently, more than 

1,180 variations in the human PAH gene are known, many of which are clinically significant 

(Hillert et al., 2020). Although novel PAH variations are still being revealed, little is known 

about their clinical significance. Thus, continued in-depth investigation is required to better 

understand the etiopathology and molecular mechanisms underlying HPA and PKU, improve 

genetic diagnosis and prevention of the diseases, and develop new therapies. 

 

MATERIALS AND METHODS 

Subject recruitment 

The protocol of this study was reviewed and approved by the Ethics Committee of Hainan 

Branch, Shanghai Children’s Medical Center, School of Medicine, Shanghai Jiao Tong Univer-

sity, Sanya (Approval No. SYFYIRB2023042), and the Ethics Committee of Women & Chil-

dren’s Health Care Hospital of Linyi (Approval No. 2013-YXLL-001). All patients with PKU 

or HPA were clinically diagnosed through comprehensive analysis of blood Phe level detection 

results and clinical feature data. Written informed consent was obtained from all participants 

including PKU or HPA patients or their legal guardian, and their family members, before en-

rollment. Besides, written informed consent to publish was acquired from each patient/partici-

pant. A total of 110 trio families with PKU or HPA were recruited. Approximately 2 mL pe-

ripheral blood was collected from each subject with an EDTA-anticoagulant vacutainer. In ad-

dition, amniotic fluid biospecimens were collected from pregnant women according to standard 

medical operating procedures for genetic analysis of fetal PAH gene variations. 

 

Genetic analysis of PAH gene variations 

Genomic DNA (gDNA) was purified from all participants’ blood cells using a Genomic 

DNA Purification Kit (TIANGEN, Cat no. DP304). All thirteen exon sequences of the PAH 

gene were amplified by polymerase chain reaction (PCR), followed by agarose gel electropho-

resis and Sanger sequencing. Primers used for amplifying the exons and their bilateral exon-
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intron boundary sequences are given in Supplementary Table S1. Different types of variations 

including deletions/insertions, missense variants, nonsense variants, and splicing errors, were 

further confirmed by bidirectional sequencing.  

 

Detection of PAH mRNA and protein expression 

Full-length PAH coding sequences (1359 bp) were amplified and cloned into pCMV-myc-

N plasmids (Yidao Biotech, Nanjing, China). The restriction enzymes EcoR I and Xho I were 

used for the recombination reaction. The three variations PAH: c.271C>A, PAH: c.206_208del, 

and PAH: c.541_544del were then generated by site-directed mutagenesis. Primers used for 

generating the variations are given in Table S1. Successful generation of the target sites without 

random PCR errors was further confirmed by Sanger sequencing. Four recombinant vectors, 

expressing wild-type PAH and the three mutated forms, were transfected into HEK-293T cells 

(FuHeng Biotech, Cat. no. FH0821), followed by continued culture with DMEM medium 

(ThermoFisher, Waltham, USA) for 24 h. Finally, cell cultures were centrifuged, and total RNA 

was extracted and reverse transcribed into first-strand cDNA. mRNA levels were detected with 

real-time quantitative PCR (qRT-PCR). Primers used for qRT-PCR are given in Table S1. Total 

proteins were also extracted from the cells for immunoblotting. An Myc Tag Mouse mAb anti-

body (Vazyme, Cat. no. RA1005-01) was used for detecting the expression level of recombi-

nant proteins (~53 kDa) that tagged Myc on the N terminal (1:3000 dilution), and a β-Actin 

antibody (Affinity Biosciences, Cat. no. T0022) (1:160000 dilution) was used for detecting the 

reference protein β-ACTIN (~42 kDa). The expression levels of PAH and ACTIN proteins were 

quantitatively analyzed using ImageJ software (bundled with 64-bit Java 8 , National Institutes 

of Health, USA). The relative expression levels of PAH in each group were represented as the 

ratio of PAH vs ACTIN, and normalization analysis was performed. PAH mRNA and protein 

levels between different groups were compared using one-way ANOVA & Tukey HSD or 

Kruskal-Wallis & Dunn test, according to the normal distribution of data and the homogeneity 

of variance. 

 

Measurement of enzyme activity 

Briefly, 100 μg of total protein released from the lysed cells was pipetted into a PAH en-

zyme activity reaction, which contained 0.5 mM L-phenylalanine, 1.0 mM tetrahydrobiopterin 

(Macklin, Shanghai, China), and 40 U catalase (Sangon Biotech, Shanghai, China). The reac-

tion mixture was incubated at 37 °C for 60 min. The concentration of PAH-produced L-tyrosine 

and residual L-phenylalanine was determined with an Amino Acid Analyzer (Hitachi, Tokyo, 

Japan), using the following formulas: Relative amount of Tyr (%) = Tyr concentration (μM) / 

(Phe + Tyr) concentration (μM)  100 %; absolute amount of Tyr (μM) = relative amount of 

Tyr (%)  initial concentration of Phe (500 μM). Samples from different groups were compared 

using Kruskal-Wallis & Dunn test. 

 

Protein sequence alignment and structure modeling 

PAH protein sequences of different organisms were downloaded from NCBI 

(https://www.ncbi.nlm.nih.gov) and aligned with PRALINE (https://www.ibi.vu.nl/pro-

grams/pralinewww/) using default parameters. Amino acid conservation at different alignment 

positions was visualized with PRALINE’s color scoring scheme (0 (blue) = least conserved, 10 

(red) = most conserved). Structure modeling of the wild-type and the mutated PAH proteins 

was performed with SWISS-MODEL (https://swissmodel.expasy.org) under default parame-

ters. 

 

https://www.ncbi.nlm.nih.gov/
https://www.ibi.vu.nl/programs/pralinewww/
https://www.ibi.vu.nl/programs/pralinewww/
https://swissmodel.expasy.org/
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RESULTS 

Identification of three novel PAH variations 

To reduce the incidence of PKU/HPA in the region, we launched a long-term population-

screening initiative that performs comprehensive PAH gene sequencing in affected families, 

delineates the clinical significance of newly identified variants, and establishes genotype-phe-

notype causality, with the ultimate goal of preventing PKU/HPA and related birth defects at the 

local level (see Figure 1: Graphical abstract). A total of 110 trio families with PKU or HPA 

were recruited for this study. The demographic and clinical characteristics of the entire cohort 

are summarized in Supplementary Table S3. Briefly, the cohort comprised 48 (43.6 %) male, 

54 (49.1 %) female probands, and 8 (7.3 %) fetus. The mean age at diagnosis was 3.8 ± 3.5 

years. Based on plasma Phe levels at diagnosis, 55 patients (50.0 %) were classified as classic 

PKU (Phe > 1200.0 μmol/L), 33 patients (30.0 %) as mild PKU (Phe 600.0-1200.0 μmol/L), 

and 14 patients (12.7 %) as HPA (Phe 120.0-600.0 μmol/L). The mean plasma Phe concentra-

tion at diagnosis was 1266.2 ± 575.6 μmol/L (range: 156.0-3012.6 μmol/L). 

Molecular genetic diagnosis identified three novel PAH variations, including two deletion 

(PAH: c.206_208delCTT and PAH: c.541_544delGAGG) and one missense variant (PAH: 

c.271C>A), in five PKU probands (Table 1). Clinical characteristics and plasma Phe concen-

trations of the five patients are shown in Table 1. All five patients presented with classic symp-

toms of PKU in the childhood or early infancy. The most common clinical manifestations at 

diagnosis included poor feeding (2/5, 40 %), growth and developmental delay (3/5, 60 %), lan-

guage expression impairment (3/5, 60 %), intellectual impairment (3/5, 60 %), learning disa-

bility (3/5, 60 %), musty odor (3/5, 60 %), and lethargy or irritability (5/5, 100 %). Three pa-

tients (P1, P2, and P3) presented with hypopigmentation of hair and skin. Patient 3 (P3), who 

carried the c.541_544delGAGG (p.Glu181Lysfs*13) variant in combination with c.721C>T 

(p.Arg241Cys), presented with the most severe clinical phenotype, including moderate growth 

and developmental delay, language disability, anorexia, malnutrition, hyperactivity, irritability, 

lethargy, attention deficit, moderate intellectual development delay, hypopigmentation of skin 

and hair, and musty odor. This patient also showed mild developmental delay at follow-up, 

suggesting a potential correlation between the compound heterozygosity of c.541_544del-

GAGG/c.721C>T and more severe disease manifestation, although we caution that this obser-

vation is based on a single patient and requires validation in larger cohorts. 

All patients were immediately initiated on Phe-restricted diets supplemented with Phe-free 

medical formulas following diagnosis. Regular monitoring of plasma Phe levels and dietary 

adjustments were performed according to established clinical guidelines. At the time of last 

follow-up (ranging from 2 to 5 years of age), four patients demonstrated normal developmental 

milestones with well-controlled plasma Phe levels (120.0-677.4 μmol/L). Patient P3 showed 

mild developmental and intellectual delay but achieved independent walking and basic lan-

guage skills.
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Table 1: Clinical characteristics and biochemical data of five PKU patients carrying novel PAH variants 

Proband Sex Age at diag-
nosis 

Clinical 
subtype 

Plasma Phe concentra-
tions (μmol/L) 

PAH pathogenic 
variants 

Clinical symptoms 

Pre Post 

Patient 1 (P1) Male 5 years Classical 
PKU 

1320.0 840.0 c.271C>A; 
c.1238G>C 

Mild growth and developmental delay, 
mild language delay, hyperactivity, irri-
tability, lethargy, attention deficit, mild 
intellectual impairment, learning disabil-
ity, hypopigmentation of hair and skin, 
musty odor. 

Patient 2 (P2) Female 4 years Classical 
PKU 

1440.0 677.4 c.206_208delCTT; 
c.168+5G>C 

Mild growth and developmental delay, 
mild speech and language delay, mild 
social interaction delay, irritability, leth-
argy, suboptimal fine motor skills, mild 
intellectual disability and learning diffi-
culties, hypopigmentation of hair and 
skin, musty odor. 

Patient 3 (P3) Male 5 years Classical 
PKU 

1320.0 120.0 c.541_544del-
GAGG; c.721C>T 

Moderate growth and developmental 
delay, language expression impair-
ment, anorexia, malnutrition, hyperac-
tivity, irritability, lethargy, attention defi-
cit, moderate intellectual impairment 
and learning difficulties, hypopigmenta-
tion of hair and skin, musty odor. 

Patient 4 (P4) Male 45 days Classical 
PKU 

3012.6 600.0 c.541_544delGAGG Lethargy, irritability, poor feeding. 

Patient 5 (P5) Male 1 month Classical 
PKU 

1599.6 534.0 c.541_544delGAGG Irritability, poor feeding. 

Fetus 1 NA 18 weeks + 5 
days 

NA NA NA c.541_544del-
GAGG; c.320A>G 

NA 

P: patient; Classical PKU: plasma Phe concentration >1200 μmol/L; Mild PKU: 1200 μmol/L ≥ plasma Phe concentration >600 μmol/L; Mild HPA: 600 μmol/L ≥ plasma Phe concentration ≥120 μmol/L. 
Pre: Before diet restriction; Post: After diet restriction. NA, not available. 



EXCLI Journal 2026;25:458-475 – ISSN 1611-2156 

Received: January 13, 2026, accepted: March 24, 2026, published: April 10, 2026 

 

 

 

464 

These detailed clinical data facilitate preliminary genotype-phenotype correlation analysis. 

Notably, patients (P3, P4, and P5) carrying the c.541_544delGAGG (p.Glu181Lysfs*13) vari-

ant tended to present with higher initial plasma Phe levels (1320.0, 3012.6, and 1599.6 μmol/L, 

respectively) compared to other patients, suggesting that this novel frameshift deletion may be 

associated with more severe biochemical and clinical phenotypes. However, we emphasize that 

these observations are preliminary given the limited sample size and require confirmation in 

future studies with larger patient cohorts. 

The heterozygous missense variant PAH: c.271C>A (p.Leu91Met) was discovered in pa-

tient 1, a 5-year-old boy from family 1. This novel variant constitutes a compound heterozygous 

genotype with the other two missense variations PAH: c.1238G>C (p.Arg413Pro) and PAH: 

c.46T>C (p.Ser16Pro) (Figure 2A). Sanger sequencing showed that PAH: c.1238G>C was in-

herited from the mother; unexpectedly, both mother and father carried the novel variant PAH: 

c.271C>A (Figure 2B). Other variants with (likely) benign or uncertain significance identified 

in family 1 are shown in the Supplementary Table S2. Blood Phe concentration of patient 1 was 

1320.0 μmol/L and could be reduced to 840.0 μmol/L after dietary restriction treatment (Table 

1).  

The novel 3-bp deletion PAH: c.206_208delCTT was discovered in patient 2, a 4-year-old 

girl, who also carried the heterozygous variant PAH: c.168+5G>C (Figure 2C). Sanger sequenc-

ing revealed that the 3-bp deletion and the splicing variant were inherited from both father and 

mother (Figure 2D). The blood Phe concentration in patient 2 was 1440.0 μmol/L; it decreased 

to 677.4 μmol/L after dietary restriction (Table 1). Other benign variations identified in family 

2 are shown in Supplementary Table S2. 

 

 

Figure 2: Identification of the novel PAH variations c.271C>A and PAH: c.206_208delCTT. (A) 
Pedigree analysis of PKU family 1. (B) Sanger sequencing revealed the heterozygous and novel mis-
sense variant PAH: c.271C>A in patient 1, mother 1, and father 1, and the heterozygous missense 
variation PAH: c.1238G>C in patient 1 and mother 1. (C) Pedigree analysis of PKU family 2. (D) Sanger 
sequencing revealed the heterozygous and novel 3-bp deletion PAH: c.206_208delCTT in patient 2 and 
father 2, and the heterozygous splicing variant PAH: c.168+5G>C in patient 2 and mother 2.  
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In addition, a 4-bp deletion, PAH: c.541_544delGAGG, was identified from three PKU 

patients and one fetus, including patients 3, 4, 5, and fetus 1 from different families. In family 

3, a compound heterozygosity genotype of PAH: c.541_544delGAGG and PAH: c.721C>T 

(p.Arg241Cys) was revealed in patient 3, a 5-year-old boy (Figure 3A). Sanger sequencing 

showed that the missense variation PAH: c.721C>T was inherited from the mother (Figure 3B). 

However, the 4-bp deletion PAH: c.541_544delGAGG was absent from the samples of both 

father and mother of patient 3 (Figure 3B), suggesting that it was likely an embryonic de novo 

variation. Blood Phe concentration of patient 3 was 1320.0 μmol/L before treatment and largely 

reduced to 120.0 μmol/L after excessive dietary restriction (Table 1). The same deletion was 

also found in two other PKU-affected newborns, namely patients 4 and 5 (Figures 3C and D, 

Table 1), and was in both cases inherited from the mother (Figures 3C and D). However, we 

failed to recruit their fathers for detailed molecular analysis of PAH variations. The respective 

blood Phe concentrations of patients 4 and 5 were 3012.6 μmol/L and 1599.6 μmol/L. After 

dietary treatment, the concentrations were largely reduced to 600.0 μmol/L and 534.0 μmol/L, 

respectively (Table 1). Interestingly, genetic testing of an amniotic fluid sample from one preg-

nant subject also detected the deletion PAH: c.541_544delGAGG, as well as the missense var-

iation PAH: c.320A>G (p.His107Arg) (Figure 3E, Table 1). Unfortunately, we could not ana-

lyze their genetic origin because the couple failed to enroll. Other benign variations identified 

in families 3, 4, and 5 are shown in Supplementary Table S2. Sanger sequencing further con-

firmed that the three novel variants were absent in > 300 healthy subjects recruited in our study. 

 

Figure 3: Identification of the novel deletion PAH: c. c.541_544delGAGG. (A) Pedigree analysis of 
PKU family 3. (B) Sanger sequencing revealed the heterozygous 4-bp deletion PAH: c.541_544del-
GAGG in patient 3, and the heterozygous missense variation PAH: c.721C>T in patient 3 and mother 
3. The 4-bp deletion was absent from samples of father 3 and mother 3. (C) and (D) Sanger sequencing 
revealed the heterozygous deletion PAH: c.541_544delGAGG in patient 4 and mother 4 from PKU fam-
ily 4, and in patient 5 and mother 5 from PKU family 5. (E) Sanger sequencing revealed the heterozygous 
deletion PAH: c.541_544delGAGG and missense variant PAH: c.320A>G in fetus 1. Het: heterozygous, 
WT: wild type. 
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Functional characterization of the novel missense variant PAH: c.271C>A 

Previous studies suggested that the missense variant PAH: c.1238G>C (p.Arg413Pro) was 

clinically pathogenic (Liang et al., 2014, Okano et al., 1998, 2004, 2011, Shi et al., 2012, Tao 

et al., 2015, Wang et al., 1991, Zurfluh et al., 2008). The novel missense variant PAH: 

c.271C>A discovered here results in methionine (Met) replacement of leucine (Leu) at position 

91. According to the multiple sequence alignment of PAH proteins from different organisms, 

the amino acid residue Leu91 is evolutionarily conserved across multiple species such as hu-

man, mouse, rat, fruit fly, roundworm, and slime mold (Figure 4). Functional prediction analy-

sis using MutationTaster showed that PAH: c.271C>A (Leu91Met) was likely a deleterious 

variant.  

To determine its effect on PAH mRNA and protein expression, as well as PAH enzyme 

activity, we generated it by site-directed mutagenesis and transfected the mutated PAH 

(c.271C>A)-expressing vector into HEK-293T cells. qRT-PCR and immunoblotting results 

showed that the transcript and protein expression levels of the mutant PAH (c.271C>A) were 

comparable to those of wild-type PAH (Figures 5A-C). Moreover, the homozygous c.271C>A 

variant barely affected the enzymatic activity of PAH (Figure 5D). The substitution of Leu91 

with Met occurred in the third helix of the regulatory domain (Figure 6A), which might affect 

the regulation potential of the PAH mutant. According to these in vitro data, the variant PAH: 

c.271C>A seems to be benign. However, we cannot completely rule out the possibility that the 

classical PKU phenotype of patient 1 was due to the loss-of-function variation c.1238G>C 

(p.Arg413Pro) that compounds with heterozygous c.271C>A (Leu91Met) in the PAH gene. 

 

 

Figure 4: Evolutionary conservation analysis of PAH protein sequences from multiple organ-
isms. Alignment of partial PAH protein sequences (residues 1-139) from Homo sapiens, Mus musculus, 
Rattus norvegicus, Drosophila melanogaster, Caenorhabditis elegans, and Dictyostelium discoideum. 
The red box indicates the Ser70 and Leu91 residues. The online tool PRALINE was used to perform the 
analysis. Values ranging from 0 to 10 represent the conservation degree of each amino acid residue. 
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Deletion PAH: c.206_208delCTT is pathogenic 

It is well known that PAH: c.168+5G>C is a pathogenic variation (Alibakhshi et al., 2014, 

Buratti et al., 2007, Georgiou et al., 2012, Jeannesson-Thivisol et al., 2015, Kostandyan et al., 

2011, Murad et al., 2013, Sterl et al., 2013, Zare-Karizi et al., 2011, Zygulska et al., 1993). 

c.206_208delCTT led to a non-frameshift deletion of the Ser70 residue, which is evolutionarily 

highly conserved across multiple species (Figure 4). qRT-PCR and immunoblotting showed 

that although the transcript expression level of mutated PAH (c.206_208del) was comparable 

to the wild type group (Figure 5A), the abundance of the PAH (Ser70del) protein was signifi-

cantly reduced relative to wild-type PAH (P < 0.001) (Figures 5B and C). Besides, the mutated 

PAH (Ser70del) protein showed significantly decreased enzymatic activity compared to that of 

wild type PAH (P < 0.001) (Figure 5D). The Ser70 residue is located in the second beta strand 

(residues 62-73) of the regulatory domain (Figure 6B). The deletion of Ser70 probably disrupts 

the regulatory activity and catalytic potency of PAH. Taken together, these findings suggest 

that the deletion PAH: c.206_208delCTT (p.Ser70del) was definitely pathogenic, and the com-

pound heterozygous genotype of PAH: c.206_208delCTT and PAH: c.168+5G>C is the genetic 

causal factor responsible for PKU pathology of patient 2. 

 

Figure 5: Functional analysis of the three novel PAH variations. (A) qRT-PCR results of the tran-
scription level of transiently expressed wild-type PAH and the three PAH mutants (c.271C>A, 
c.206_208delCTT, and c.541_544delGAGG) in HEK-293T cells. (B) Immunoblotting result of the abun-
dances of HEK-293T cell-expressed recombinant proteins of wild-type PAH and the three PAH mutants 
(p.Ser70del, p.Leu91Met, and p.Glu181Lysfs*13) fused with an Myc tag on the N terminal. Anti-Myc 
(1:3000 dilution) and anti-ACTIN antibody (1:160000 dilution) were used for detection of target and ref-
erence proteins. (C) Relative expression levels of wild type and the three mutated PAH were repre-
sented as ratio of PAH/ACTIN bands intensity that normalized to wild type control. (D) Enzyme activity 
testing results of HEK-293T cell-expressed proteins of wild-type PAH and the three PAH mutants. Bar 
plots in (A), (C), and (D) represent mean ± standard deviation (SD) of three biological replicates. Sam-
ples were compared using one-way ANOVA & Tukey HSD test or Kruskal-Wallis & Dunn test. ns: not 
significant. *: P < 0.05, **: P < 0.01, ***: P < 0.001.  
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Deletion PAH: c.541_544delGAGG is pathogenic 

Previous studies indicated that PAH: c.721C>T (p.Arg241Cys) was a pathogenic variant 

(Acosta et al., 2001, Chien et al., 2004, Guldberg et al., 1996, Kim et al., 2006, Kure et al., 

1999, Lee et al., 2004, 2008, Liang et al., 2014, Michiels et al., 1998, Okano et al., 1994, 2004, 

Shintaku et al., 2004, Spaapen et al., 2001, Takarada et al., 1993, Tao et al., 2015, Zhu et al., 

2010, Zurfluh et al., 2008). c.541_544delGAGG resulted in a protein-coding frameshift and a 

premature stop codon, leading to a truncated PAH (Glu181Lysfs*13) form (192 aa, ~22.19 

kDa). qRT-PCR showed that the transcript level of the PAH (c.541_544del) mutant was signif-

icantly higher than that of wild-type PAH (P < 0.05) (Figure 5A). However, the truncated PAH 

(Glu181Lysfs*13) protein was clearly less abundant (P < 0.001) (Figures 5B and C), suggesting 

that the truncated version of PAH protein was extremely unstable and rapidly degraded. Fur-

thermore, the enzyme activity of PAH (Glu181Lysfs*13) mutant was completely abolished 

(Figure 5D). The partial catalytic domain (residues 121-427) and the whole oligomerization 

domain (residues 428-452) on the C-terminal were missing from the truncated PAH 

(Glu181Lysfs*13) protein (Figure 6C), which blocks the tetramerization of the monomeric 

PAH (Glu181Lysfs*13) mutant. Taken together, these results demonstrate that PAH: 

c.541_544delGAGG was a clinically significant variation with severe pathogenicity. Based on 

the genetic, biochemical, and structural modeling results, the compound heterozygosity condi-

tion of PAH: c.541_544delGAGG and PAH: c.721C>T (p.Arg241Cys) accounted for the mo-

lecular etiopathology of PKU in patient 3. 

 

Figure 6: Struc-
tural analysis 
of the three mu-
tated PAH pro-
teins. (A) Struc-
tural modeling of 
the mutated 

PAH 
(p.Leu91Met) te-
tramer. Left 
panel: The PAH 
(p.Leu91Met) te-
tramer repre-
sented by 90°-
leftward rotation. 
Middle panel: 
structure of the 
tetramer repre-
sented in car-
toon form; the 
four monomers 
are denoted with 
different colors. 
Right panel: 

structure of the polypeptide ranging from amino acid residue 71 to 102 of the PAH regulatory domain 
(RD). Red arrow indicates position of Leu91 on the third helix (residue 91 to 102). Sticks indicate the 
Leu91 residue. (B) The position of the Ser70 residue on the beta strand and helix structure ranging from 
amino acid residue 47 to 83 of PAH RD. Ser70 is indicated by the red box and arrow. Left panel: cartoon 
form. Right panel: ball & stick form. (C) Structural modeling of the mutated PAH (p.Glu181Lysfs*13) 
protein. Middle panel: structure of the truncated PAH (p. Glu181Lysfs*13) protein represented in cartoon 
form. Left and right panel: structure of PAH (p. Glu181Lysfs*13) represented by 90°-leftward rotation 
and 180°-rightward rotation, respectively. The online tool SWISS-MODEL was used for the analysis. 
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DISCUSSION 

The monomeric PAH protein consists of three functional domains: a regulatory domain 

(RD, residues 1-120) at the N terminal, a central catalytic domain (CD, 121-427), and a multi-

merization domain (MD, 428-452) at the C terminal (Erlandsen et al., 1997, Fusetti et al., 1998, 

Hufton et al., 1995, Kobe et al., 1999). The RD regulates enzyme activity, the CD is involved 

in iron-mediated incorporation of oxygen into the amino acid substrate and the subsequent hy-

droxylation reaction, and the MD mediates the tetramerization of the monomeric PAH protein 

(Fitzpatrick, 2003). Under physiological conditions, PAH proteins are normally found in an 

equilibrium state between tetrameric, dimeric, and oligomeric forms (Martinez et al., 1995). 

Activation of PAH requires the binding of Phe to the RD and subsequent conformational 

changes. Previous studies have shown that some, also naturally occurring, variations in the RD 

destabilize PAH and decrease its concentration by facilitating aggregation and degradation pro-

cesses (Bjorgo et al., 1998, Eiken et al., 1996, Gjetting et al., 2001, Waters et al., 1998a, b, 

1999, 2000). It has been further demonstrated that some variants in the vicinity of the Leu91 

residue have significant effects on PAH stability and enzymatic activity. For instance, the mis-

sense variant p.Tyr92Ile reduces  enzyme activity of PAH by ~25 % and is responsive to BH4 

administration (Fiori et al., 2005, Leuzzi et al., 2006, Mirisola et al., 2001). Further, p.Pro89Ser, 

in the compound heterozygous genotype with Arg408Gln, can induce a mild HPA phenotype 

(Chen et al., 2015, Su et al., 2019). Finally, p.Ser87Arg, which is responsive to BH4 addition 

(Bueno et al., 2013, Desviat et al., 2004, Jeannesson-Thivisol et al., 2015), can lead to ~25-

82 % reduction of PAH activity (Couce et al., 2013). Patients carrying both p.Ser87Arg and 

frame-shift variation p.Gly352fs, splicing variant c.1065+1G>A, or missense variant 

p.Ser349Pro, show mild HPA symptoms (Bueno et al., 2013, Desviat et al., 2004, Jeannesson-

Thivisol et al., 2015). 

In this study, we identified a novel missense variant, PAH: c.271C>A (p.Leu91Met). We 

found that the Leu91 residue is evolutionarily conserved across multiple species (Figure 4) and 

that PAH: c.271C>A (p.Leu91Met) is likely a deleterious variant. The Met substitution of 

Leu91 is located in the third helix of the RD (Figure 6A) and thus might influence its regulation 

activity. c.271C>A slightly reduced the transcript and protein level of PAH compared to the 

wild-type control (Figures 5A-C). Moreover, the enzyme activity of PAH (Leu91Met) barely 

differed from wild-type PAH (Figure 5D). These results suggest that the missense variant PAH: 

c.271C>A (p.Leu91Met) is benign. However, we cannot rule out that it has mild pathogenic 

effects. In fact, patients carrying it together with the pathogenic variation c.1238G>C 

(p.Arg413Pro) showed classical PKU symptoms (Table 1). Nonetheless, based on the combined 

molecular genetics, biochemical, functional, and clinical evidence, we speculate that homozy-

gous c.271C>A (p.Leu91Met) is unable to cause obvious HPA or PKU phenotypes, because 

the residual enzyme activity of the Leu91Met mutant was sufficient to convert Phe to Tyr. 

However, p.Leu91Met could still have an effect when the other PAH allele harbors severe path-

ogenic variations such as c.1238G>C or a functional null variant, which might affect the as-

sembly of a biologically functional PAH tetramer and the normal conversion of Phe to Tyr. For 

example, individuals with the compound heterozygous genotype of PAH: c.271C>A plus a 

pathogenic variation such as c.1238G>C are likely to develop HPA or PKU. Considering the 

clinical evidence of our patient 1, further functional, structural, and BH4-loading studies are 

required to determine whether p.Leu91Met is a mild HPA and BH4-responsive variation.  

The novel 3-bp deletion c.206_208delCTT discovered in this study led to a non-frameshift 

deletion of the Ser70 residue, which generated the same alteration in protein level as the known 

pathogenic variation c.208_210delTCT (Cao et al., 2014, Hillert et al., 2020, Lee et al., 2004, 
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Liang et al., 2014, Okano et al., 1998, 2011, Song et al., 2005, Su et al., 2019, Tao et al., 2015, 

2021, Zhao et al., 2019, Zhou et al., 2012, Zhu et al., 2013). Immunoblotting and biochemical 

assays showed that homozygous c.206_208delCTT greatly reduces the PAH protein level and 

enzyme activity (~12 % less than the wild-type control) (Figures 5B-D). Because the Ser70 

residue is located in the second beta strand (residues 62-73) of PAH-RD (Figure 6B), its ab-

sence greatly disrupts the regulatory activity of the domain, leading to accelerated protein turn-

over and almost completely reduced catalytic function. The third novel variant we found, the 

4-bp deletion c.541_544delGAGG, causes a frameshift and generates a premature stop codon 

that leads to the absence of partial CD and whole MD, thus generating a truncated version of 

PAH (PAH Glu181Lysfs*13; 192 aa). Our results show that the homozygous deletion severely 

affects PAH protein level and enzyme activity (Figures 5B-D). In conclusion, according to mo-

lecular genetics, biochemical, and structural modeling results, the two novel deletions PAH: 

c.206_208delCTT and PAH: c.541_544delGAGG are severe pathogenic variations, signifi-

cantly influencing the degradation, activation, tetramerization, and catalyzation processes of 

PAH proteins. 

However, this study has several limitations that should be acknowledged. First, the sample 

size for each novel variant was relatively small, with only five patients across three variants, 

which limits the statistical power to establish robust genotype-phenotype correlations. Second, 

we did not perform mechanistic experiments to elucidate the molecular pathways leading to 

disease, such as investigations of mutant PAH protein degradation, tetramer formation stability, 

or BH4 responsiveness. Third, in vivo disease modeling using animal systems (e.g., mice or 

zebrafish) was not conducted to validate the pathogenicity of these variants in a physiological 

context. In our future studies, we plan to expand the PKU and HPA patient cohort to increase 

sample sizes for each variant category. Additionally, we will conduct comprehensive mecha-

nistic studies, including but not limited to: (1) investigating how mutant PAH protein degrada-

tion occurs using pulse-chase assays and proteasome inhibition experiments; (2) assessing te-

tramer formation stability through native gel electrophoresis and size-exclusion chromatog-

raphy; (3) evaluating BH4 responsiveness through in vitro enzyme assays with varying BH4 

concentrations; and (4) developing in vivo disease models using mice or zebrafish to validate 

pathogenic mechanisms and test potential therapeutic interventions. These future studies will 

provide deeper insights into the molecular pathogenesis of PKU and may identify novel thera-

peutic targets for personalized medicine approaches. 

In addition, the significant regional variability in HPA incidence, as highlighted by epide-

miological studies, emphasizes the critical importance of adequate sample sizes in genetic stud-

ies. While our study identified three novel variants in the Chinese population, the relatively 

small number of patients per variant limits our ability to accurately estimate allele frequencies 

and establish robust genotype-phenotype correlations. Future multi-center collaborative studies 

with larger cohorts are essential to validate our findings and to comprehensively characterize 

the mutation spectrum in the Chinese PKU/HPA population. 

 

CONCLUSION 

In summary, to further prevent the prevalence of HPA, we carried out a long-term and wide-

ranging genetic screen among patients with HPA or PKU in Southern and Northern China. 

Through molecular analysis of five patients with PKU and their family members, we identified 

three novel variations, the 3-bp deletion c.206_208delCTT, the 4-bp deletion c.541_544del-

GAGG, and the missense variant c. 271C>A. We showed that the two deletions significantly 

affect PAH protein expression level and enzymatic activity. Taken together, genetic, bio-
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chemical, and structural modeling data, combined with clinical evidence, indicated that the two 

deletions were pathogenic and responsible for the molecular etiopathology of PKU. Our work 

further broadens the known variation spectrum of the human PAH gene and promotes our un-

derstanding of the molecular basis of PKU etiopathogenesis. This will aid in more comprehen-

sive screening, prenatal diagnosis, and genetic counseling of the PKU disease, and contribute 

to further reduction of newborn defects. 
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